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This Research Topic is a call for papers 
to provide an up to date assessment 
of current attempts to introduce 
tolerogenic therapies into clinical 
practice. Tolerance has been a highly 
sought after goal in the field of organ 
transplantation for over half a century, 
and is now readily achievable in rodent 
models, but considerable barriers remain 
to successfully translating tolerogenic 
treatments to the clinic. 

The initial call for this Research Topic 
has been aimed to provide an overview 
of recent advances made within the 
European RISET and American ITN 
networks with regard to tolerogenic 
strategies in clinical transplantation, 

autoimmune disease, and allergy. Articles will also cover the barriers to clinical tolerance 
induction and new emerging approaches to overcome such barriers. 

1. Collaborative networks working towards the goal of therapeutic tolerance induction 
2. Prope tolerance and minimization of immunosuppression 
3. Lessons from operationally tolerant patients 
4. Targeted withdrawal of immunosuppression 
5. Stem cells and hematopoietic chimerism as a route to tolerance 
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6. Promoting regulatory T cells 
7. Tolerogenic dendritic cells and negative vaccination 
8. Inhibitory pathways and mechanisms in tolerance 
9. Memory T cells and heterologous immunity 
10. The innate response to allotransplants 
11. Chronic graft loss–what are the missing links? 
12. The impact of graft microenvironment on tolerance
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The following six articles consider various novel approaches to 
tolerance induction. Becker et al. (2012) argue that as we gain a 
better understanding of the mechanisms by which Treg are induced 
we should reconsider the clinical use of monoclonal antibodies 
that target CD4, as these are proving to be particularly effective in 
a whole range of rodent models of transplantation and autoim-
munity. Hamad et al. (2012) suggest that the side effects that so far 
have limited translation of CD3 or CD20 antibody treatments in 
Type 1 Diabetes to the clinic (i.e., cytokine release, immunosup-
pression and EBV proliferation) could be avoided by targeting the 
FasL molecule, based on the resistance of mice that carry mutations 
in the Fas pathway of apoptosis to this autoimmune disease. In a 
different vein, Hirayama et al. (2012) discuss how the naturally 
acquired tolerance to non-inherited maternal antigens (NIMA) due 
to reciprocal microchimerism between the mother and fetus during 
pregnancy may be exploited to limit the risk of graft versus host 
disease in the choice of donors for bone marrow transplantation. 
Staying in the arena of hematopoietic transplantation, Carvalho 
et al. (2012) tackle the question of fungal infections and how tolero-
genic process may be required to limit the pathology caused by 
such infections in transplant recipients and how the interplay of 
anti-fungal and anti-allo responses may impact on the balance of 
effector cells and Treg generated. Andreev et al. (2012) similarly 
discuss this effector/regulatory balance in the lung in the context 
of asthma when compared to cancer. A paper by Mannie et al. 
(2012) describes how covalently coupling myelin derived peptide 
antigens to specific cytokines can target the antigen, presumably 
via the cytokine receptors, for presentation in a tolerogenic con-
text in rodent models as a potential treatment for inflammatory 
demyelinating diseases such as multiple sclerosis.

The final six articles discuss in more detail some of the barriers that 
remain to clinical translation of tolerogenic therapies to the clinic. 
Pasquet et al. (2011) question the long held assumption derived from 
classical neonatal tolerance that achieving hematopoietic chimerism 
is sufficient for full tolerance and provide evidence that Treg activity 
is also required. Costimulation blockade has long been recognized as 
a means to induce tolerance and Treg with negative or coinhibitory 
signaling thought to be important for the maintenance of anergy and 
Treg activity. McGrath and Najafian (2012) highlight the increasing 
complexity and redundancy of these multiple pathways and how this 
provides both challenges and potential opportunities in attempts to 
target them therapeutically. A particular barrier to the translation 
of traditional costimulation blockade is the presence of memory 

Being able to induce therapeutic tolerance for the treatment of 
immunological diseases was once considered by many to be an unat-
tainable dream, but recent developments in our understanding of 
immune regulation and tolerance-compatible immunosuppressive 
drugs may be turning that dream into reality. Tolerance induction in 
many rodent models of autoimmune disease and graft rejection is 
now almost trivial, and the problem has become not how to achieve 
tolerance experimentally but how to translate this knowledge to real 
clinical applications in human disease. This volume brings together 
17 articles that highlight some of the different approaches being 
investigated for translating potentially tolerogenic therapies to the 
clinic and the barriers that still need to be overcome.

The first two articles review the current status of clinical trials 
that result from large networks of basic laboratories and clinical 
consortia coordinated by the International Tolerance Network 
(Page et al., 2012) and the European Framework Program (Issa 
and Wood, 2012). These networks encompass an enormous range 
of trials including the minimization of immunosuppressive drugs 
in organ transplantation, the induction of mixed hematopoietic 
chimerism without myeloablation, and the use of a variety of anti-
body and cell therapies that attempt to elicit immune regulation in 
autoimmune disease, and they vary in scope from small pilot studies 
to large scale phase III clinical trials. In addition, patients who do 
achieve long term graft survival or remissions are being analyzed 
in order to try and determine potential signatures or biomark-
ers to indicate whether and when, during the course of therapy, 
immunological tolerance has been established.

The next three articles focus on attempts to exploit immune 
mechanisms, either by generating regulatory T cells (Treg) in vitro 
for subsequent direct administration to patients, or by utilizing 
the inherent ability of appropriately differentiated dendritic cells 
to present antigens for the induction of tolerance and Treg in 
vivo. Sagoo et al. (2012) discuss the issue of the antigen specific-
ity of Treg required for achieving full tolerance to alloantigens, 
particularly with respect to the issue of direct and indirect antigen 
presentation. The following two reviews focus on different aspects 
of tolerogenic antigen presenting cell-based therapies for the 
induction of immune regulation within the patient. Lutz (2012) 
focuses on the differentiation status of the dendritic cell required 
to present antigen for tolerance, Moreau et al. (2012) make a case 
for the use of autologous, donor antigen pulsed “TolDC.” Together, 
they highlight the promise of “cell therapy” in transplantation and 
autoimmunity.
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three papers discuss further, often ignored, potential difficulties for 
realizing tolerogenic therapies: the activation of the innate immune 
system, in particular NK cells (Benichou et al., 2012), the impact of 
lymphoid trafficking of regulatory and effector T cells to and from 
tissues (Burrell et al., 2011), and the interaction of the immune 
system with the tissue microenvironment, especially the vasculature 
(Bruneau et al., 2012).

In summary, we have made considerable progress toward trans-
lating potentially tolerogenic therapies from rodent models into the 
clinic, to the point where we now have a much clearer understand-
ing of the barriers that remain and how we may yet overcome them.

T cells, as discussed in the article by Krummey and Ford (2012). 
Tolerance in rodent models is often induced in mice where naïve T 
cells predominate, having been maintained in a low pathogen envi-
ronment while treatments for autoimmune disease are often tested 
at, or just after, disease induction. Real transplant and autoimmune 
patients, however, often have high frequencies of memory T cells 
generated either by heterologous immunity to previous pathogens 
or due to extended periods of autoreactive inflammatory disease. 
While memory T cells are often not dependent on CD154/CD40 
costimulation, the authors suggest that the addition of LFA-1 or 
VLA-4 blockade may be a way to overcome this barrier. The final 
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Since the concept of immunologic tolerance was discovered in the 1940s, the pursuit of
tolerance induction in human transplantation has led to a rapid development of pharmaco-
logic and biologic agents. Short-term graft survival remains an all-time high, but successful
withdrawal of immunosuppression to achieve operational tolerance rarely occurs outside
of liver transplantation. Collaborative efforts through the NIH sponsored Immune Toler-
ance Network and the European Commission sponsored Reprogramming the Immune
System for Establishment of Tolerance consortia have afforded researchers opportunity to
evaluate the safety and efficacy of tolerogenic strategies, investigate mechanisms of toler-
ance, and identify molecular and genetic markers that distinguish the tolerance phenotype.
In this article, we review traditional and novel approaches to inducing tolerance for organ
transplantation, with an emphasis on their translation into clinical trials.

Keywords: B cell therapeutics, cellular therapies, costimulation blockade, mixed chimerism, regulatory T cells,

T cell depletion, tolerance, transplantation

INTRODUCTION
Immunologic tolerance was first introduced in 1945 when Ray
Owen observed that placental interchange resulted in red cell
chimerism between dizygotic bovine twins (Owen, 1945). In the
ensuing decade, Peter Medawar, McFarlane Burnet, and colleagues
elaborated upon this phenomenon of acquired immunologic
tolerance with experimental models of transplantation, which
awarded them the Nobel Prize in Physiology or Medicine in 1960.
Most of the work at the time involved non-self antigen exposure
in immunologically immature hosts, until 1959 when Schwartz
and Dameshek demonstrated a marked delay in the adult rabbit
immune response to iodine-labeled injections of human serum
albumin when treated with 6-mercaptopurine (Schwartz and
Dameshek, 1959). Their descriptions of the inhibition of immune
pathways in this “drug-induced immunological tolerance” notably
foreshadowed the era of pharmacologic development for tolerance
induction.

The next 50 years heralded a boom in drug development and
subsequent improvements in graft survival. In contrast to 1-year
graft survival in 1977 of 53 and 78% for deceased and living-related
donors, respectively (Eggers, 1988), modern immunosuppression
has enabled transplant recipients to enjoy very favorable graft sur-
vival. One-year rates having asymptotically approached 93–96%;
therefore, short-term graft survival alone can no longer be held
as the metric of success for new immunosuppressants. Instead, as
10-year graft survival rates still trail at 47–61%, new agents must
address factors leading to chronic rejection as well as the comor-
bidities associated with chronic immunosuppression. The decisive
measure of success is for a therapy to demonstrate allospecific
immunosuppression while minimizing side effects and preserving
immune competence to infectious pathogens and cancer dur-
ing drug administration, and permanent graft survival after its
withdrawal.

While transplant tolerance has been largely elusive in human
organ transplantation, it has been an achievable feat in

animal – particularly murine – models. Non-human primate stud-
ies have identified successful preclinical tolerogenic approaches,
from T cell depletion and mixed chimerism to costimulation
blockade and cellular therapies (Hamawy and Knechtle, 1998;
Kawai et al., 2011). Our experience with FN18-CRM9 CD3
immunotoxin in rhesus macaques showed that T cell depletion led
to graft survival over 600 days, with five of six long-term survivors
demonstrating donor-specific tolerance by skin grafting (Knechtle
et al., 1997; Torrealba et al., 2003). Kawai et al. (1995) reported tol-
erance induction in four cynomolgus macaques that developed
multilineage mixed chimerism. Costimulation (CD154) block-
ade enhanced mixed chimerism and tolerance induction when
added to their chimerism-inducing non-myeloablative regimen
(Kawai et al., 2004). In the above studies, however, a considerable
number of animals developed chronic rejection, sometimes even
years before their grafts were terminally rejected. This underscores
the metastable nature of tolerance, at least in non-human pri-
mates, which is likely mediated by donor-specific regulatory T cells
expressing TGFβ (Knechtle and Burlingham, 2004; Torrealba et al.,
2004; Ashton-Chess et al., 2007).

Tolerance is infrequently achieved outside of liver transplanta-
tion in humans and is often encountered serendipitously due to
non-compliance or physician-driven immunosuppression with-
drawal for severe adverse effects or malignancy. In clinical practice,
operational tolerance is defined as“a well-functioning graft lacking
histological signs of rejection, in the absence of any immuno-
suppressive drugs (for at least 1 year), in an immunocompetent
host” (Ashton-Chess et al., 2007; Orlando et al., 2010). Orlando
et al. (2009) provided a comprehensive review of all successful and
unsuccessful cases of clinical operational tolerance after liver or
kidney transplantation. One hundred of 461 liver recipients (22%)
remained immunosuppression free 1 year after withdrawal; a total
of 163 cases of successful withdrawal were reported (Orlando et al.,
2009). In kidney transplantation, over 200 claimed cases of opera-
tional tolerance of over 1 year were reviewed (Orlando et al., 2010).
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With approximately 28,000 patients undergoing organ trans-
plantation each year, clinicians face a daunting statistic stacked
against them.

In pursuit of tolerance, a concerted international effort was
made to translate promising basic science findings into clin-
ical practice in transplantation. The US National Institute of
Allergy and Infectious Diseases (NIAID) recruited partnerships
through tolerance experts in academia, industry, and foundations,
and established the US National Institutes of Health sponsored
Immune Tolerance Network (ITN) in 1999 (Bluestone et al., 2010).
Similarly, the European Commission funded the multinational
consortium Reprogramming the Immune System for Establish-
ment of Tolerance (RISET) in 2003. These consortia afforded
researchers to evaluate the safety and efficacy of tolerogenic strate-
gies, investigate mechanisms of tolerance, and identify molecular
and genetic markers that distinguish the tolerance phenotype.
Here, we review traditional and novel approaches to inducing
tolerance for organ transplantation (Figure 1; Table 1). We will
discuss within each topic the pre-clinical studies that have or may
lead to clinical trials, to focus this topic on the translation of these
therapies.

MOLECULE-BASED APPROACHES
T CELL THERAPIES – DEPLETION
Early attempts at transplantation in humans were fraught with
early graft failure due to a robust alloimmune response mediated
by activated T cells. We have since learned that the suppres-
sion of these alloreactive T cells permits long-term graft survival
and, at times, operational tolerance (Starzl et al., 1963; Meier-
Kriesche et al., 2004; Womer and Kaplan, 2009). In the 1980s,
Strober et al. (1989) observed that some renal transplant patients
undergoing total lymphoid irradiation acquired tolerance to their
allografts after withdrawal of immunosuppression and demon-
strated donor-specific unresponsiveness in vitro. Over 30 years
later, the concept of eliminating alloreactive T cells upon induc-
tion continues to prevail, as T cell depletion remains the most
common induction therapy in the U.S (HHS/HRSA/HSB/DOT,
2009). While steroids, calcineurin inhibitors, rapamycin, and
mycophenolate mofetil comprise essential components of most
immunosuppressive regimens, we will focus our discussion on
induction strategies.

Anti-thymocyte globulin (ATG), the oldest depleting agent dat-
ing back to the late 1890s, has been a mainstay in induction
therapy since the 1960s (Gaber et al., 2010). Due to its potency
and markedly heterogeneous target antigen specificities, ATG is
particularly useful in high-risk recipients as well as in preventing
ischemia-reperfusion injury (Cecka et al., 1993; Shield et al., 1997;
Michallet et al., 2003; Bunnapradist and Takemoto, 2005; Chappell
et al., 2006; Beiras-Fernandez et al., 2009). ATG has been found to
promote regulatory T cells in vitro and in murine studies (Lopez
et al., 2006; Shimony et al., 2012). The NIAID and ITN are cur-
rently conducting a phase II clinical trial using rabbit ATG and
rituximab (plus tacrolimus and sirolimus) for tolerance induction
in living-donor renal recipients (Markmann, 2011).

Alemtuzumab (Campath-1H, Genzyme), a humanized mAb
to CD52 found densely distributed on T and B lymphocytes
and natural killer cells (Magliocca and Knechtle, 2006), has been

an increasingly popular therapeutic, with three ITN-sponsored
trials and over 40 clinical trials registered for liver and kidney
transplantation. Ten years ago, we conducted a pilot study of 29
kidney transplant recipients receiving Campath-1H induction and
a steroid and calcineurin inhibitor-free maintenance regimen, con-
firming its efficacy as an induction agent (Knechtle et al., 2003,
2009). When compared to other induction regimens, patients
treated with Campath-1H experienced less rejection, especially
in patients with delayed graft function, without increased risk
of infection or malignancy (Knechtle et al., 2004). Hanaway et al.
(2011) in a multicenter, randomized, prospective trial, found
that kidney recipients treated with alemtuzumab had significantly
reduced early acute rejection rates compared to induction with
basiliximab in low-risk and rATG in high-risk patients. As alem-
tuzumab has been associated with rapid homeostatic proliferation
of memory T cells after depletion, increased B cell activating factor
(BAFF), and higher rates of alloantibody production and humoral
rejection (Knechtle et al., 2003; Pearl et al., 2005; Trzonkowski
et al., 2008; Bloom et al., 2009; Thompson et al., 2010), strate-
gic pairing with other immunosuppressive agents may overcome
these hurdles. Clinical studies evaluating alemtuzumab in com-
bination therapy with costimulation blockade, regulatory T cell
infusion, and donor stem cell transfusion are some of the novel
approaches to tolerance induction currently in study.

T CELL THERAPIES – COSTIMULATION BLOCKADE
Alloreactive T cell activation requires antigen-specific engagement
of the T cell receptor with major histocompatibility complex
molecules (signal 1), followed by antigen non-specific ligation
of a variety of receptor–ligand combinations, or costimulation
(signal 2; Jenkins and Schwartz, 1987). Blockade of costimulation
effectively prevents T cell activation and allograft rejection (Kirk
et al., 1997; Li et al., 1999). While costimulation blockade ren-
ders the T cell anergic (Schwartz, 1990), these anergic T cells may
express inducible costimulator (ICOS) and play a regulatory role
(Vermeiren et al., 2004). In addition, costimulation blockade does
not require radical ablation of the immune system by lymphocyte
depletion or irradiation, thus shifting the emphasis from induction
to maintenance immunosuppression (Larsen et al., 2006).

Costimulatory signals of the CD28:B7 (CD80/86) immunoglob-
ulin superfamily and CD40:CD154 (CD40L) tumor necrosis factor
(TNF) family are the most studied and potentially most important
activating costimulation pathways. Cytotoxic lympocyte antigen-4
(CTLA-4) shares about 30% homology with CD28, and binds with
10–20-fold higher affinity than CD28 to B7 molecules on the anti-
gen presenting cell (APC). Not only does this potently inhibit
the T cell, but also its ligation with APC B7 molecules induces
indoleamine 2,3-dioxygenase expression, promoting the suppres-
sive functions in CTLA4+ regulatory CD4+ cells (Munn et al.,
2004). Abatacept (Orencia, Bristol-Myers Squibb) and belata-
cept (Nulojix, Bristol-Myers Squibb), fusion proteins composed of
CTLA-4 and immoglobulin IgG1, have utilized this mechanism to
confer potent inhibition of alloreactive T cell responses. Belatacept
was developed to increase affinity for CD86; with an increase in
affinity by fourfold for CD86 and by twofold for CD80, Belatacept
more effectively inhibited T cell activation in vitro compared to
its predecessor CTLA-4Ig (Larsen et al., 2005). Preclinical studies
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FIGURE 1 | Approaches to transplant tolerance induction. (Top left)
Mixed chimerism is achieved by infusing donor bone marrow into
myelo-conditioned recipients, to establish co-existence of donor and
recipient cells in the setting of organ transplantation. The dotted arrows
indicate cell types originating from the bone marrow, unrelated to mixed
chimerism. (Top right) Allospecific T cell responses can be abrogated
through a number of mechanisms, including irradiation, pharmacologic

lymphodepletion by ATG or alemtuzumab, suppression of activation by
costimulation blockade or IL-2 receptor blockade. (Bottom right) Tolerogenic
cell types, including regulatory T cells, macrophages, and mesenchymal
stromal cells, can inhibit effector T cells through direct ligation or inhibitory
cytokine production. (Bottom left) The humoral response can be suppressed
through B cell depletion, and blockade of survival factors (BAFF), plasma cells,
and complement.

using CD28:B7 blockade were able to demonstrate prolonged graft
survival in non-human primate models of islet transplantation
(Adams et al., 2002).

In a randomized, phase III human clinical trial called Belat-
acept Evaluation of Nephroprotection and Efficacy as First-line
Immunosuppression Trial (BENEFIT), recipients of living or

standard criteria deceased donors underwent basiliximab induc-
tion with mycophenolate mofetil and a steroid taper. Belatacept
maintenance, compared to cyclosporine, resulted in superior renal
function, cardiovascular and metabolic profiles in the first 2 years
(Larsen et al., 2010; Vanrenterghem et al., 2011; Pestana et al.,
2012); extension of the trial to recipients of extended criteria
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Table 1 | Strategies for tolerance induction.This table outlines the pharmacologic, biologic, and cellular therapies discussed in this article,

categorized byT cell agents, B cell agents, and cellular therapies (including mixed chimerism).

Category Therapeutic Mechanism

T cell depletion Anti-thymocyte globulin (ATG) Depleting polyclonal antibodies to thymocytes that express multiple target antigens; possible

induction of regulatory T cells

Alemtuzumab Depleting mAb to CD52, on T, B, NK cells, some monocytes

Costimulation blockade Abatacept CTLA-4 Ig, blockade of CD28:CD80/86 costimulatory pathway

Belatacept CTLA-4 Ig, blockade of CD28:CD80/86 costimulatory pathway

Efalizumab Blockade of LFA-1:ICAM-1 costimulatory pathway

Other T cell therapies Basiliximab Blockade of CD25 (interleukin 2 receptor α chain)

Aldesleukin + rapamycin Interleukin 2 + rapamycin, to increase regulatory T cell proliferation and survival, and stabilize

the expression of Forkhead box P3 (FoxP3)

B cell therapeutics Rituximab Depleting mAb to CD20

Belimumab Blockade of B cell activating factor (BAFF), causing depletion of follicular and alloreactive B cells,

decrease in alloantibody response, and promotion of immature/transitional B cell phenotype and

a regulatory cytokine environment

Atacicept Blockade of BAFF and APRIL

BR3-Fc Blockade of BAFF, causing decrease in peripheral, marginal zone, and follicular B cells

Bortezomib Proteosome inhibitor, causing apoptosis of mature plasma cells

Eculizumab Blockade of complement protein C5, to prevent complement mediated injury due to circulating

alloantibody

Cellular therapy Mixed chimerism Infusion of donor bone marrow into myoablated/immune-conditioned recipient, to produce co-

existence of donor and recipient cells

Regulatory T cells Infusion of expanded regulatory T cells, to inhibit inflammatory cytokine production, down-

regulate costimulatory and adhesion molecules, promote anergy and cell death, convert effector

T cells to a regulatory phenotype, and produce suppressive cytokines IL-10, TGFβ, and IL35

Regulatory T cells + IL-2 As above, plus the addition of IL-2 to promote Treg survival, development, and expansion

Dendritic cells Immunomodulatory effects include their ability to acquire and present antigen, expand and

respond to antigen-specific Tregs, constitutively express low levels of MHC and costimulatory

molecules, produce high IL-10 and TGFβ and low IL-12, resist activation by danger signals and

CD40 ligation, resist killing by natural killer or T cells, and promote apoptosis of effector T cells

Macrophages Immune suppression mediated through the enrichment of CD4+ CD25+ Foxp3 cells and cell

contact- and caspase-dependent depletion of activated T cells

Mesenchymal stromal cells Inhibition of T cell activation and proliferation, potentially due to production of IL-10, NO, and

IDO, and suppression of IFNγ and IL-17

donors found similar protective effects on graft function as mea-
sured by mean calculated glomerular filtration rate (Pestana et al.,
2012). All studies, however, documented increased risk of post-
transplant lymphoproliferative disorder in the belatacept-treated
arm, compared to the cyclosporine-treated arm.

Activated T cells rapidly upregulate CD154 (CD40L) expres-
sion and can bind to CD40, which is constitutively expressed
on B cells, dendritic cells (ss), and macrophages (van Kooten
and Banchereau, 1997a,b). Blockade of this pathway significantly
prolongs allograft survival in non-human primate kidney, heart,
skin, peripheral nerve, alloislet, and xenoislet transplantation
(Kirk et al., 1997, 1999; Pearson et al., 2002; Xu et al., 2002, 2003;

Brenner et al., 2004; Kawai et al., 2004; Adams et al., 2005;
Azimzadeh et al., 2006; Hering et al., 2006; Pearl et al., 2007; Aoy-
agi et al., 2009; Thompson et al., 2011; Badell et al., 2012). Newer
antibodies targeting this pathway have avoided platelet activation-
induced thromboembolic complications observed with older anti-
CD154 mAbs (Koyama et al., 2004). Newer CD40/CD40L blocking
agents have yet to be translated to clinical trials.

The lymphocyte function-associated antigen (LFA-1): intra-
cellular adhesion molecule (ICAM) costimulation pathway has
also been studied through therapeutic blockade in transplan-
tation. Badell et al. (2010) reported that short-term treatment
with LFA-1 prolonged islet allograft in rhesus macaques, and
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suggested its utility in treating CD28-costimulation blockade-
resistant T cell populations. Turgeon et al. (2010) observed that
efalizumab (Raptiva, Genentech/Merck Serono) treated patients
experienced fewer immunosuppression-related events compared
to the standard Edmonton protocol, and also required no addi-
tional islet infusions to achieve insulin independence. Efalizumab
was withdrawn from the market in 2009 due to a reported
increased risk of progressive multifocal leukoencephalopathy
(Carson et al., 2009).

OTHER T CELL THERAPIES
While numerous other surface molecules such as ICOS and very
late antigen 4 (VLA-4) have been targeted (Matthews et al., 2003),
we will limit discussion here to two trials sponsored by the ITN. In
1999, Shapiro and colleagues presented results from a multicen-
ter, international clinical trial evaluating the Edmonton protocol
for islet transplantation, which used interleukin-2 receptor α

chain (CD25) blockade for induction (Shapiro et al., 2006). Fifty-
eight percent of patients achieved insulin independence, although
only 31% of them remained independent after 2 years. While
daclizumab (Zenapax, Hoffmann-La Roche), used in the trial, was
discontinued in 2009, basiliximab (Simulect, Novartis) remains a
popular induction agent. The Kidney Disease: Improving Global
Outcomes (KDIGO) group and European Renal Best Practice
Advisory Board recommended for all non-high risk kidney trans-
plant recipients to receive IL2R blockade as first line induction
therapy (Kasiske et al., 2010).

The ITN is also sponsoring a phase I trial in type I diabetes,
using a combination of IL-2 aldesleukin (Proleukin, Prometheus)
and rapamycin to arrest islet cell destruction. Animal studies have
shown that treatment with IL-2 increases regulatory T cell prolif-
eration and survival (Rabinovitch et al., 2002; Tang et al., 2008).
Combination with rapamycin, which stabilizes the expression of
Forkhead box P3 (FoxP3) and enhances suppression (Battaglia
et al., 2006; Singh et al., 2012), may promote tolerance in these
autoimmune and potentially alloimmune settings.

B CELL THERAPIES
The role of B cells in operational tolerance has yet to be defined.
On one hand, an ITN-sponsored collaboration identified a unique
B cell signature associated with 25 operationally tolerant renal
transplant recipients. Not only did tolerant patients exhibit an
increase in total and naïve B cells, but also the majority of genes
that were increasingly expressed were B cell-specific, particularly of
transitional B cells (Newell et al., 2010). While these transitional
B cells could represent a regulatory B cell population based on
their increased IL-10 production as discussed by Redfield et al.
(2011), no difference in B cell subsets (total, naïve, and transitional
cells) or inhibitory cytokines (IL-10 and TGFβ) was detected when
compared to healthy controls (Newell et al., 2010).

On the other hand, B cells play a major role in chronic rejec-
tion (Kwun and Knechtle, 2009), as donor-specific alloantibodies
(DSA) have been causally linked to chronic rejection and long-
term graft failure (Eng et al., 2008; Lefaucheur et al., 2008; Terasaki
and Cai, 2008; Lee et al., 2009). Patients with pretransplant class I
and II DSA have a 10-year graft survival of 30% compared to 72%
without (Otten et al., 2012). Donor-specific antibodies, present in

approximately 30% of renal transplant candidates on the waiting
list (Jordan and Pescovitz, 2006; Jackson and Zachary, 2008) and
developing de novo post-transplant in 26% of recipients (Terasaki
et al., 2006), are a pervasive problem and relevant to the discus-
sion of tolerance induction. While the mechanisms through which
B cells may mediate tolerance are unclear, B cells and their ther-
apeutics have certainly emerged as a growing field of interest in
transplant immunology.

Long-term allograft acceptance has been achieved by augment-
ing traditional immunotherapy with B cell depleting antibodies. In
cynomolgus macaques, Liu et al. (2007) observed long-term islet
allograft survival when rabbit ATG was combined with CD20+
B cell-depleting rituximab for induction and rapamycin for main-
tenance. B cell reconstitution began 100 days after transplantation;
long-term survivors exhibited immature and transitional B cells
(CD19+ CD27-CD38+ IgM+) in contrast with early rejectors
that attained a mature B cell phenotype (CD19+ CD27+ CD38+
IgM−). DSA production was inhibited only in the setting of con-
tinue rapamycin monotherapy. Compared to cyclosporine alone,
treatment with cyclosporine plus rituximab induction (days – 1,
7, 14, and 21) prolonged graft survival, inhibited DSA produc-
tion, and attenuated chronic rejection in a cynomolgus macaque
heart transplantation model (Kelishadi et al., 2010). Kopchali-
iska et al. (2009) found that renal transplant patients undergoing
B cell depletion for desensitization experienced reconstitution
with transitional CD38+ B cells and a significant delay in donor
HLA-specific CD27+ memory B cell repopulation. These stud-
ies support that selective use or pairing of B cell depleting agents
can generate tolerance promoting B cell phenotypes and elim-
inate factors leading to chronic rejection. As B cell depletion
is inadequate for preventing xeno-specific antibodies (Alwayn
et al., 2001) and has had mixed results in desensitization (Ramos
et al., 2007; Munoz et al., 2008; Vo et al., 2008; Kozlowski and
Andreoni, 2011), further evaluation is needed to optimize its use in
transplantation.

Recent studies have used selective targeting of B cell acti-
vation and signaling pathways to overcome the problems of
DSA and desensitization. BAFF, a member of the TNF family
involved in B cell survival, proliferation, and maturation, has
been correlated with increased panel reactive antibodies, DSA,
B cell repopulation, and C4d+ renal allograft rejection (Schnei-
der et al., 1999; Mackay et al., 2003; Xu et al., 2009a,b; Zarkhin
et al., 2009). Its blockade using human recombinant mAb beli-
mumab (Benlysta, Human Genome Sciences/GlaxoSmithKline)
promoted tolerance in murine cardiac and islet allograft models
by (1) depleting follicular and alloreactive B cells, (2) promot-
ing an immature/transitional B cell phenotype, (3) abrogating the
alloantibody response, and (4) sustaining a regulatory cytokine
environment (Zarkhin et al., 2009; Vivek et al., 2011). The same
group evaluated belimumab in a phase II clinical trial for the
desensitization of kidney transplant candidates, but recently ter-
minated the study for not reaching efficacy in its primary goals
(clinicaltrials.gov ID: NCT01025193). Atacicept (ZymoGenet-
ics/Merck Serono) and BR3-Fc (Briobacept, Genentech/Biogen
Idec, discontinued in 2011) are two other BAFF pathway-targeting
agents that have demonstrated reduction of alloantibodies and
peripheral B cells in non-human primates (Vugmeyster et al.,
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2006). As Atacicept has failed to show efficacy in clinical trials for
rheumatoid arthritis and multiple sclerosis (EMD Serono, 2011;
Nanda, 2011), the utility of BAFF/APRIL blockade in human B
cell pathology remains to be answered.

Other strategies have focused on plasma cell and complement
inhibition for diminishing the humoral response. Bortezomib
(Velcade, Millennium), a proteosome inhibitor developed for mul-
tiple myeloma and mantle cell lymphoma (Richardson et al.,2003),
is an antineoplastic agent causing apoptosis of mature plasma cells.
It has been shown to remove alloantibodies and improve allograft
function after antibody-mediated rejection (AMR) in kidney, lung,
and heart transplant recipients, particularly when combined with
plasmapheresis and intravenous immunoglobulin (Patel et al.,
2011; Morrow et al., 2012; Stuckey et al., 2012; Sureshkumar et al.,
2012), but has had less success in desensitization of renal can-
didates and late cardiac antibody-mediated rejection (Guthoff
et al., 2012; Hodges et al., 2012). Waiser et al. (2012) found that
bortezomib was more effective at preserving renal function than
rituximab, when given in conjunction with standard therapy for
antibody-mediated renal allograft rejection. Currently, three clin-
ical trials are listed for the use of bortezomib in desensitization
and clonal deletion of kidney recipients and candidates (clini-
caltrials.gov, ID: NCT01349595, NCT00722722, NCT01408797).
Eculizumab (Soliris, Alexion) is a recombinant humanized mAb
to complement protein C5. Several clinical trials are currently
evaluating its efficacy in reducing AMR in DSA + candidates,
improving graft function in DSA + recipients, and preventing
AMR in ABO blood group incompatible living donor kidney trans-
plantation (clinicaltrials.gov, ID: NCT01327573, NCT01399593,
NCT01106027, NCT00670774, NCT01095887).

CHIMERISM-BASED APPROACHES
Chimerism is the concept that cells of different donor origins can
coexist in the same organism, i.e., a form of tolerance. Chimerism
itself can be defined into two broad categories: “mixed” or “micro-
chimerism” and “full” or “macro-chimerism.” Mixed chimerism
is defined as the presence of both donor and recipient cell lin-
eages coexisting in the recipient bone marrow. Full chimerism
implies complete elimination of recipient hematopoietic lineages
and population of the recipient bone marrow by 100% donor cells
(Jankowski and Ildstad, 1997).

As described earlier, Owen was one of the first to describe
this finding in the circulating red blood cells of freemartin cat-
tle in which genetically different populations of red blood cells
existed in the same animal (Owen, 1945). Its potential application
to transplantation was revealed through the work of Medawar
and colleagues who found that these same cattle could accept skin
grafts from related, but non-identical donors with no immuno-
suppression (Billingham et al., 1953). Since that time, the idea
of hematopoietic chimerism, as a mechanism for tolerance in
transplant allograft recipients, has captured the imagination of
physicians and researchers working the in the field of organ
transplantation.

Practical implementation of this strategy in the clinic has only
come to fruition in recent years. The lag in Medawar’s observa-
tions and the clinical implementation of his and his colleagues’
findings in solid organ transplant recipients suggests a number

of barriers needed to be overcome before clinical application of
chimerism could be successful (Jankowski and Ildstad, 1997). The
most significant of those barriers is the conditioning of donors
and recipients to produce an environment where both donor
and host hematopoietic cells can co-exist (Jankowski and Ild-
stad, 1997; Sachs et al., 2011). In somewhat simplistic terms, a
mature host immune system has had time to develop and pro-
duce a presumably robust and crowded repertoire of immune
cell populations. In order to produce a mixed population of
cells, that crowded repertoire must be reduced in size to allow
donor hematopoietic cells to exist. Furthermore, recipients must
be conditioned to accept these donor cells. Finally, donor cells
that could attack the host and cause graft-versus-host disease
(GVHD) also need to be eliminated while at the same time pre-
serving the recipient’s ability to produce immune populations
that can defend against infections (Jankowski and Ildstad, 1997;
Sachs et al., 2011).

These barriers favored a strategy of pursuing mixed chimerism
in solid organ transplant recipients, as total marrow ablation asso-
ciated with full chimerism was thought to be too risky in patients
undergoing a semi-elective procedure who would otherwise do
well with standard immunosuppression regimens (Sachs et al.,
2011). Numerous groups but particularly those of Ilstad and Sachs
demonstrated in animal and non-human primate studies that
partial irradiation of the recipient bone marrow with peripheral
deletion of recipient T cells allowed for the development of both
donor and recipient hematopoietic cells and induction of tolerance
to donor tissue without the need for full myoablation (Ildstad and
Sachs, 1984; Sharabi and Sachs, 1989; Kaufman and Ildstad, 1994;
Colson et al., 1995). Mixed chimerism was also found to be bene-
ficial over full chimerism from an infectious risk standpoint both
in Ilstad and Sachs’ work as well as in humans undergoing bone
marrow transplantation for hematopoietic malignancies (Rayfield
and Brent, 1983; Ruedi et al., 1989). While non-myeloablative
conditioning only promoted transient mixed chimerism in the
HLA-mismatched setting, long-term renal allograft survival was
achieved in most patients (Kawai et al., 2011).

Sachs and colleagues took their experimental findings and then
went on to implement these strategies in the clinic (Kawai et al.,
2008; Spitzer et al., 2011). To date, their group has published
two series on induction of mixed chimerism in kidney transplant
recipients and subsequent induction of tolerance. Having found
that tolerance in chimerism has both a central and peripheral
component, their induction strategy now includes thymic irra-
diation to allow for development of a donor T cell reservoir in
these solid organ recipients (Kawai et al., 2008; Sachs et al., 2011;
Spitzer et al., 2011).

The results from the aforementioned studies indicate that in
both HLA-matched and -mismatched recipients induction of
mixed chimerism may be a viable strategy for inducing toler-
ance in solid organ recipients. To date, of the HLA-matched
recipients, seven of eight experienced no episodes of rejection
with the single patient with rejection being treated and back
on standard immunosuppression. All of these patients also had
multiple myeloma so they underwent concomitant bone marrow
transplantation. Unfortunately, despite the success of their solid
organ transplants, three of the recipients have had recurrence of
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their multiple myeloma (Sachs et al., 2011; Spitzer et al., 2011).
Among the HLA-mismatched patients, one of nine experienced
acute rejection, which was effectively treated, and one of nine
currently has chronic allograft injury (Kawai et al., 2008; Sachs
et al., 2011). The Stanford group recently published their expe-
rience of sixteen patients undergoing HLA-matched kidney and
hematopoietic cell transplants (Scandling et al., 2012). Condition-
ing with total lymphoid irradiation and ATG promoted increased
proportions of CD4+ CD25+ regulatory T cells (compared to
naïve CD4 T cells) and chimerism in 15 patients. Eight patients
had successful withdrawal of immunosuppression for 1–3 years,
and only four were unable to withdraw due to recurrent disease
or rejection.

These results, though limited, indicate an exciting future for
chimerism as a strategy for inducing tolerance in solid organ trans-
plant recipients. They serve as evidence that observations in basic
science serve as the basis for new discovery of effective clinical
immunosuppressive therapies in the field of transplant surgery.

OTHER CELL-BASED APPROACHES
REGULATORY T CELLS
The immune repertoire of experimental animal models and
operationally tolerant patients strongly suggests a major role of
regulatory T cells (Tregs) in inducing and maintaining tolerance
(Graca et al., 2002; Levitsky, 2011). The mechanisms by which
these CD4+ CD25+ T cells exert regulatory control of immune
responses are diverse. Upon allorecognition via direct or indi-
rect pathways, Tregs can suppress other T cells through inhibition
of cytokine production, down-regulation of costimulatory and
adhesion molecules, promotion of anergy and cell death, and con-
version of effector T cells to a regulatory phenotype (Wood and
Sakaguchi, 2003; O’Garra and Vieira, 2004). A key transcription
factor in Treg development and function, Forkhead box protein 3
(Foxp3) has been commonly used to distinguish this population
(Hori et al., 2003; Collison et al., 2007), although FoxP3− T cells
producing suppressive cytokines IL10 (type I), TGFβ (type 3),
and IL35 (type 35) have been identified (Nakamura et al., 2004;
Vieira et al., 2004; Collison et al., 2007).

In vitro expansion of Tregs has been shown to preserve sup-
pressive function (Levings et al., 2001; Godfrey et al., 2004), thus
making it an attractive tolerogenic therapy. Polyclonal expansion
using magnetic beads coated with CD3 and CD28 antibodies may
yield a several hundred-fold expansion of antigen non-specific
Tregs that maintain classic surface and intracellular Treg markers
and more importantly their regulatory function (Bluestone, 2005).
Hoffmann et al. (2004) documented up to 40,000-fold expan-
sion in vitro by repeatedly stimulating with CD3 and CD28 and
high dose interleukin 2. While using this technique significantly
inhibits graft-versus-host disease (GVHD) as well as allo- and
auto-immunity (Taylor et al., 2002; Xia et al., 2006), the inhibitory
effect is more pronounced when antigen-specific Tregs are admin-
istered (Masteller et al., 2005; Trenado et al., 2006; Nagahama et al.,
2007; Zeng et al., 2009; Brennan et al., 2011).

Antigen-specific Tregs can be generated in several ways. Cohen
et al. (2002) co-cultured purified CD4+ CD25+ CD62L+ T cells
with irradiated splenocytes and observed a significant delay
in GVHD development in a murine model. Interestingly, the

treated mice later developed severe GVHD, suggesting a lim-
ited half-life of these ex vivo expanded Tregs. Joffre et al. (2008)
observed long-term tolerance in irradiated mice were treated with
alloantigen-specific Tregs in bone marrow, and subsequent skin
and cardiac allograft models. In a rat liver transplant model,
Pu et al. (2007) found that donor-specific splenocyte-stimulated
Tregs prolonged graft survival when compared to third party
splenocyte stimulated Tregs and freshly isolated syngeneic Tregs.
Short-term tacrolimus administration with donor-specific Tregs
further enhanced long-term graft acceptance. Yamazaki et al.
(2006) observed that dendritic cells were more effective than
splenocytes at expanding Tregs and sustaining their Foxp3 expres-
sion. Golshayan et al. (2007) used autologous dendritic cells pulsed
with an allospecific peptide to promote skin graft tolerance; this
approach was later implemented on murine cardiac allografts and
paired with short-term rapamycin treatment to achieve indefinite
graft survival in three of four mice (Tsang et al., 2009). Peptide-
MHC multimers can also be used to create antigen-specific Tregs.
Masteller et al. (2005) employed beads coated with recombinant
islet peptide mimic-MHC class II plus CD28 antibodies and IL-2;
expanded islet peptide mimic-specific Tregs were more efficiently
able to suppress autoimmune diabetes in non-obese diabetic mice
than polyclonally activated Tregs. Antigen-specific Tregs have also
been generated using lentiviral T cell receptor gene transfer into
polyclonally expanded cells (Brusko et al., 2010). Finally, Tregs
expanded up to 50 million fold by artificial APC s have been shown
to maintain suppressor function and reduce GVHD lethality
(Hippen et al., 2011). The ability to massively expand functional
Tregs in such ways may overcome the challenge of extracting
enough circulating Tregs for therapeutic preparation.

In vivo expansion of antigen-specific Tregs has also been
described in a mouse model (Nishimura et al., 2004). Yamazaki
et al. (2003) described the use of antigen-loaded dendritic cells to
stimulate CD4+ CD25+ T cell proliferation in vivo, and induce
expansion of adoptively transferred CD4+ CD25+ T cells as well.
Walker et al. (2003) found that Tregs deemed anergic based on
in vitro stimulation assays were capable of proliferating in vivo
in response to immunization. These studies suggest that thera-
peutically administered antigen-specific Tregs can continue to be
expanded in vivo.

The initial clinical trials utilizing Treg immunotherapy for
hematopoietic stem cell transplantation (HSCT) have shown
promising results (Edinger and Hoffmann, 2011). Brunstein et al.
(2011) recently published the University of Minnesota experi-
ence, where umbilical cord blood (UCB) derived Tregs were
CD3/CD28/IL2 expanded and infused after double UCB trans-
plantation. UCB Tregs were detectable for 14 days, were free of
infusion toxicities, and reduced the incidence of severe GVHD. Di
Ianni et al. (2011) from the University of Pergia, Italy, observed
that co-infusion of Tregs with conventional T cells in the absence
of concurrent immunosuppression prevented lethal GVHD and
promoted immune reconstitution and protective immunity in 28
patients undergoing HLA-haploidentical HSCT. As interleukin-
2 has been found to be critical for Treg survival, development,
and expansion (Nelson, 2004; Malek, 2008), it has been admin-
istered in clinical trials of autoimmunity and refractory chronic
GVHD to augment Treg numbers (Koreth et al., 2011; Saadoun
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et al., 2011). An important consideration to make of Treg therapy
is its cost, with Treg expansion costing $32,000–48,000 per patient
(Leslie, 2011).

TOLEROGENIC DENDRITIC CELLS, MACROPHAGES, AND
MESENCHYMAL STROMAL CELLS
Tolerogenic dendritic cells recently have invoked interest in trans-
plantation. Their tolerogenic properties include the ability to
acquire and present antigen, expand and respond to antigen-
specific Tregs, constitutively express low levels of MHC and
costimulatory molecules, produce high IL-10 and TGFβ and low
IL-12, resist activation by danger signals and CD40 ligation, resist
killing by natural killer or T cells, and promote apoptosis of effector
T cells (Thomson et al., 2009). Turnquist et al. (2007) demon-
strated indefinite cardiac allograft survival in mice treated with
rapamycin-conditioned alloantigen-pulsed dendritic cells. Tregs
stimulated by rapamycin-conditioned DCs compared to control
Tregs more effectively suppressed antigen-specific T cell prolifera-
tion. The regulatory function of DCs mediated by allospecific Treg
expansion has also been confirmed in a murine GVHD model
(Fujita et al., 2007). To prepare for translation to clinical prac-
tice, Boks et al. found that IL-10-generated human tolerogenic
DCs were optimal in producing highly suppressive Tregs, com-
pared to conditioning with vitamin D3, dexamathasone, TGFβ,
and rapamycin (Boks et al., 2012). They recommended maturing
IL-10 DCs with a cocktail of TNFα, IL-1β, and prostaglandin E2

(PGE2) for optimal migration and stability in pro-inflammatory
conditions.

The RISET consortium has supported two clinical trials in the
use of transplant acceptance-inducing cell (TAIC) to promote
renal allograft survival. The concept of TAIC, an immunoreg-
ulatory macrophage, originated from animal models of trans-
plantation and autoimmunity. First, intraportal infusion of rat
embryonic stem cell lines in thymus competent rats induced mixed
chimerism and allowed permanent acceptance of cardiac allografts
(Fandrich et al., 2002). The same group extended this technique
of infusing donor-derived TAIC cells to prolong allograft sur-
vival in a porcine lung transplant model (Warnecke et al., 2009).
In a murine model of inflammatory bowel disease, the infusion
of interferon gamma-stimulated monocyte-derived cells (IFNγ-
MdC) procured from mouse spleen, blood, and bone marrow
reduced inflammation from chronic colitis. These IFNγ-MdC,
described as a non-dendritic cell and more mature form of rest-
ing macrophages expressing F4/80, CD11, CD86, and PDL-1,
mediated their suppressive effects through the enrichment of
CD4+ CD25+ Foxp3 cells and cell contact- and caspase-dependent
depletion of activated T cells (Brem-Exner et al., 2008).

In a phase I/II clinical trial, 12 renal transplant recipients under-
went postoperative intravenous infusion of macrophages derived
from isolated donor splenic monocytes (Hutchinson et al., 2008b).
Three of the 12 patients completed their immunosuppression min-
imization protocol of sequentially withdrawing steroids, sirolimus,
and minimizing tacrolimus. Upon confirming the safety of TAIC
infusion, a second clinical trial was conducted in five living-related
kidney recipients. The induction regimen differed from the first
trial, with ATG administered with steroids, tacrolimus, and a
preoperative infusion of a greater number of TAICs. Although

a higher rate of early acute rejection was observed, three patients
were weaned to low-dose tacrolimus monotherapy and one off
all immunosuppression for at least 8 months (Hutchinson et al.,
2008a). None of the patients in either trial were sensitized to donor
antigens using this technique.

Mesenchymal stromal cells (MSCs) have also been evaluated in
the transplant setting. Their immunomodulatory properties are
several, including their capacity to inhibit T cell activation and
proliferation, possibly due to the production of nitric oxide and
indoleamine-2,3-dioxygenase (Singer and Caplan, 2011). In addi-
tion, upon coculturing with purified immune subpopulations,
Aggarwal and Pittenger (2005) described bone marrow-derived
MSCs as increasing Treg proportions, decreasing TNFα and IFNγ

production by mature DCs, TH1 cells, and NK cells, and increas-
ing IL-10, IL-4, and PGE2 . Co-infusion of MSCs with donor bone
marrow has been shown to enhance mixed chimerism, reverse
GVHD, and improve vascularized skin grafts in rats (Aksu et al.,
2008). In a rat islet transplantation model, Solari et al. (2009)
demonstrated long-term islet allograft survival, normal serum
insulin levels, and normoglycemia when autologous MSCs were
co-transplanted with marginal islet masses. Promising results from
a phase II clinical trial showed that 39 of 55 patients with steroid-
resistant, severe acute GVHD responded to MSC therapy and
experienced a significant survival benefit (Le Blanc et al., 2008).
Phase III randomized, placebo-controlled clinical trials, how-
ever, failed to show benefit in the setting of refractory GVHD
(Allison, 2009; Ankrum and Karp, 2010).

Recently, MSCs harvested from term fetal membranes have
been shown to significantly suppress allogeneic lymphocyte pro-
liferation in mixed lymphocyte reactions, by suppressing IFNγ

and IL-17 production and increasing IL-10 production (Karlsson
et al., 2012). Duijvestein et al. (2011) found that coadministra-
tion with immunosuppressive agents used in inflammatory bowel
disease (azathioprine, methotrexate, 6-mercaptopurine, and anti-
TNFα antibodies) did not affect MSCs suppressive function
in vitro, and even had an additive inhibitory effect with some
drugs. This suggests that the use of MSCs may be effective in
the setting of immunosuppressive drugs used for transplantation
as well.

Cell-based approaches to tolerance induction are promising,
but further investigation in how these cell populations regulate
alloimmune responses is necessary. Moreover, this technology
may be limited due to prohibitive costs, availability (with only
a few centers capable of amplifying cell populations to sufficient
numbers), and issues of standardization and biologics regulation
(Bluestone et al., 2007).

CONCLUSION
Operational tolerance in organ transplant patients continues to
be an elusive clinical goal but has stimulated a broad variety
of approaches. Research in tolerance has elucidated mechanis-
tic pathways of rejection, T cell regulation, and T cell activation
previously unknown. In concert with therapeutic approaches
to tolerance, diagnostic assays to identify tolerance and distin-
guish it from “non-tolerance” are needed, and progress continues
in this area relying in part on microarray analysis of tolerant
patients. For instance, Li et al. (2012) have identified a small set of
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13 genes common to both adult and pediatric liver transplant
patients demonstrating operational tolerance. The work by the
group of Sanchez-Fueyo continues to publish on biomarkers asso-
ciated with operationally tolerant liver transplant recipients and
their data suggest that both blood and liver tissue gene expres-
sion can predict the outcome of immunosuppression withdrawal
(Bohne et al., 2012). Interestingly, the genetic signature of tol-
erance in liver transplantation may differ significantly from that
of kidney transplantation for reasons that are unknown at this
time (Sagoo et al., 2010). While most clinical work on tolerance

focuses on liver transplantation since this organ lends itself best
to transplant tolerance, only a miniscule fraction of liver trans-
plant patients appear to have achieved stable tolerance to date,
and efforts in this arena need to be conducted under strict clin-
ical guidance in protocols designed to protect the patients’ best
interests (Levitsky, 2011). Nevertheless, it would appear likely that
as immunologic monitoring evolves into a clinical reality in the
coming years, that some patients may benefit from successful with-
drawal of immunosuppression while maintaining excellent graft
function and intact host defenses.
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Manipulation of the immune system to prevent the development of a specific immune
response is an ideal strategy to improve outcomes after transplantation. A number of
experimental techniques exploiting central and peripheral tolerance mechanisms have
demonstrated success, leading to the first early phase clinical trials for tolerance induc-
tion.The first major strategy centers on the facilitation of donor-cell mixed chimerism in the
transplant recipient with the use of bone marrow or hematopoietic stem cell transplanta-
tion. The second strategy, utilizing peripheral regulatory mechanisms, focuses on cellular
therapy with regulatory T cells. This review examines the key studies and novel research
directions in the field of immunological tolerance.

Keywords: tolerance, immune regulation, cellular therapy, chimerism, regulatory T cell, clinical trials,

transplantation

INTRODUCTION
Strategies to prevent the development of a specific immune
response are invaluable in the quest to achieve improved out-
comes after solid organ transplantation (SOT), bone marrow and
hematopoietic stem cell transplantation (BMT; HSCT), as well
as for the treatment of autoimmune diseases. Specific immune
unresponsiveness is the hallmark of clinical tolerance, which in
turn may be defined as the long-term survival of an allograft with
normal function and no evidence for rejection, in the absence of
immunosuppressive drug therapy. The quest for tolerance began
with the landmark paper by Billingham et al. (1953), in which
tolerance was induced to a mouse skin allograft by injection of
a recipient mouse with donor-derived F1 cells as a neonate. Cur-
rent experimental and early clinical strategies to promote tolerance
center on the induction of central tolerance by deletion of donor-
reactive leukocytes, most commonly the induction of chimerism,
or on peripheral tolerance, most commonly the induction or
expansion of regulatory T cells (Treg; Wood et al., 2012).

CHIMERISM
During T cell development in the thymus, T cells with T cell recep-
tors (TCRs) that are strongly reactive to host MHC molecules
are deleted by a process termed negative selection (i.e., central
deletion). This physiological process has been harnessed experi-
mentally for the induction of tolerance to foreign antigens. The
method used by Medawar to achieve tolerance to skin allografts
over 60 years ago was in a fortunate strain combination with
only a class I MHC mismatch (Billingham et al., 1953). More
recently, similar methods have been used to achieve “central
deletion” in fully MHC-mismatched models of transplantation
(Cober et al., 1999; Butler et al., 2000; Petit et al., 2004; Mathes
et al., 2005). Nevertheless, such strategies are neither consistently

successful nor easily translatable to the clinic. Alternatively,
hematopoietic complete chimerism through myeloablative ther-
apy and donor-derived bone marrow transplantation results in the
repopulation of the host thymus with donor-type dendritic cells
(DCs) that delete donor-reactive T cells. Complete chimerism is
the replacement of all host hematopoietic cells with donor-derived
stem cells such as hematopoietic stem cells (HSCs). Because
such donor-derived stem cells have the ability to replicate per-
petually, they theoretically continue to provide donor-type DCs
indefinitely.

A number of successful clinical cases in SOT have been reported
whereby patients with hematological indications for bone mar-
row ablation who also require renal transplantation have received
a BMT and a kidney transplant from the same donor, resulting
in long-term donor-specific tolerance (Buhler et al., 2002; Fud-
aba et al., 2006; Spitzer et al., 2011). Nevertheless, the morbidity
and mortality of myeloablative therapy and risk of graft-versus-
host disease (GvHD) in most transplant recipients makes this
mode of therapy unacceptable to those without a hematological
indication for bone marrow ablation. On the other hand, mixed
chimerism, where donor cells represent a varying proportion (but
not 100%) of the total hematopoietic pool is a more promis-
ing area of research (Kawai et al., 2011). Mixed chimerism can
be established using non-myeloablative conditioning regimens,
therefore maintaining immunocompetence and reducing the risk
of GvHD (Figure 1).

There is evidence for the operation of both central dele-
tional and peripheral regulatory mechanisms in mixed chimerism
(Pilat and Wekerle, 2010; Sachs et al., 2011). In models where
mixed chimerism is induced following total body irradiation
(TBI), the specific depletion of donor cells is associated with
the appearance of donor-reactive T cells in the periphery and
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FIGURE 1 | Development of tolerance through mixed chimerism.

A conditioning regimen is administered which consists of a combination of
drugs (occasionally together with irradiation) to allow the engraftment of
allogeneic bone marrow (BM) or hematopoietic stem cells (HSCs). A bone
marrow transplant (BMT) or hematopoietic stem cell transplant (HSCT) is
given to the patient. The donor HSCs seed into the recipient’s BM niches
together with the recipient’s HSCs, providing a self-renewing source of donor

and recipient hematopoietic cells, leading to widespread multilineage mixed
chimerism. Donor dendritic cells seed the thymus, and together with
recipient dendritic cells, mediate central clonal deletion of newly developing
donor-reactive and recipient-reactive thymocytes. Peripheral regulation also
takes place whereby newly developing donor-reactive and recipient-reactive
T cells that escape negative selection in the thymus are suppressed in the
periphery by regulatory T cells (Treg).

the loss of tolerance (Khan et al., 1996). This loss of tolerance
may be avoided by removal of the thymus before depletion
of donor cells, highlighting the importance of the intrathymic
chimerism in the maintenance of tolerance. In less intensive
conditioning mechanisms where costimulatory blockade is used
to facilitate mixed chimerism, intrathymic deletion remains an
important mechanism contributing to tolerance and there is no
evidence of a role for Treg (Wekerle et al., 2000; Fehr et al., 2008).
Nevertheless, regimens that produce less complete deletion of
pre-existing donor-reactive T cells may be dependent on periph-
eral tolerance mechanisms. For example, in a costimulation-based
non-myeloablative BMT model, depletion of CD25+ cells at the
time of BMT prevents the induction of tolerance (Bigenzahn et al.,
2005). CD4+ T cells isolated from these chimeras display reg-
ulatory capabilities. In another model, the challenge of mixed
chimeras with naïve T cells does not lead to the rejection of skin
allografts, suggesting a role for peripheral regulatory mechanisms
(Domenig et al., 2005). Moreover, mixed chimerism induction
techniques that actively employ peripheral regulation, for example,
by the infusion of Treg, may facilitate the development of mixed

chimerism and lead to more robust tolerance (Seung et al., 2003;
Pilat et al., 2010).

A series of promising clinical trials for SOT utilizing mixed
chimerism for the induction of tolerance have been performed.
An initial trial enrolled six patients with renal failure consequent
to multiple myeloma (Fudaba et al., 2006). Patients received non-
myeloablative BMTs and renal transplants from an HLA-identical
sibling followed by a donor leukocyte infusion as treatment for
both the multiple myeloma and renal failure. Four patients tran-
siently developed mixed chimerism, which was later lost, while
the other two patients eventually developed full donor chimerism.
Interestingly, all patients successfully accepted their renal trans-
plants long-term (up to >9 years) without any immunosuppres-
sion. Following this study, a similar approach was piloted in five
patients without a hematological malignancy (Kawai et al., 2008;
LoCascio et al., 2010). Patients received an HLA-mismatched hap-
loidentical bone marrow transplant along with a renal transplant
from the same donor. All patients developed transient mixed
chimerism, but this was lost after day 21. Four patients in the trial
currently maintain graft function after weaning from their initial

Frontiers in Immunology | Immunological Tolerance August 2012 | Volume 3 | Article 254 | 23

http://www.frontiersin.org/Immunological_Tolerance/
http://www.frontiersin.org/Immunological_Tolerance/archive


“fimmu-03-00254” — 2012/8/18 — 16:15 — page 3 — #3

Issa and Wood Tolerogenic therapies

immunosuppression (follow-up 2–5 years post-weaning). How-
ever, one kidney graft was lost due to acute antibody-mediated
rejection, leading to a modification in the trial protocol to include
B cell depletion with rituximab.

In another recent proof-of-concept study, 12 living donor
HLA-matched kidney transplant recipients received a donor-cell
infusion of 5–16 × 106/kg CD34+ cells mixed with 1–10 × 106/kg
CD3+ T cells after conditioning with total lymphoid irradia-
tion and five doses of rabbit antithymocyte globulin (Scandling
et al., 2011), as per a protocol previously reported as a case
report (Scandling et al., 2008). None of the patients developed
GvHD. In 8 of the 12 patients, maintenance immunosuppres-
sion was eventually discontinued and patients have since been
immunosuppression-free with good graft function and without
evidence of acute or chronic rejection (follow-up 12–36 months).
The remaining four patients experienced rejection episodes on
weaning from immunosuppression and have therefore remained
on immunosuppression. The authors now plan to apply the pro-
tocol to HLA-mismatched transplant recipients. Given the notable
immunosuppression-free success rate and safety profile, it will be
interesting to observe the efficacy of the protocol in this situation.

A recent Phase II clinical trial investigated the use of HSCT
together with a facilitating cell (FC) infusion to promote the
development of chimerism and subsequent tolerance in eight
HLA-mismatched living donor renal transplant recipients (Leven-
thal et al., 2012). FCs were defined as CD8+ bone marrow-derived
cells that did not express the TCR and primarily contained a
plasmacytoid DC population (Kaufman et al., 1994; Grimes et al.,
2004; Fugier-Vivier et al., 2005). In this clinical trial, combined FC
and HSCT transplantation initially led to high levels of chimerism
in all eight renal allograft recipients. Five of the recipients displayed
stable chimerism and donor-specific tolerance and were subse-
quently weaned off maintenance immunosuppression one year
post-transplant. Two patients developed only transient chimerism
and were therefore maintained on low-dose tacrolimus monother-
apy. One patient, although displaying robust chimerism, devel-
oped viral sepsis 2 months post-transplantation and subsequently
lost the kidney graft due to renal artery thrombosis. Immuno-
logical monitoring of the patients enrolled in the trial showed a
significant reduction in circulating CD4+ but not CD8+ cells post-
transplantation. The significance of this observation is unclear,
however it may be indicative of central deletion of alloreactive
CD4+ T cells or peripheral regulation by Treg. Indeed, an increase
in the Treg to effector T cell ratio was observed in chimeric recip-
ients but not those that achieved only transient macrochimerism.

While the above approaches have demonstrated some success
in living donor transplants, the induction of mixed chimerism
in recipients of cadaveric organ transplants may prove more
challenging. BMT has only been trialed on a small scale in cadav-
eric donor transplants, principally in the context of vascularized
composite allograft (VCA) transplants. The first face transplant
performed in France used a post-transplant donor-derived bone
marrow infusion, although it does not appear that this approach
accorded any clear benefit in terms of a reduction in episodes of
rejection (Hequet et al., 2008). Furthermore, microchimerism was
only detectable at a single point 2 months post-operatively and not
thereafter (Hequet et al., 2008). Since then, five VCA transplants

performed in Pittsburgh have employed the “Pittsburgh Proto-
col” in which a bone marrow infusion is given within 15 days of
VCA transplantation (International Hand and Composite Tissue
Allotransplantation Society Congress, Atlanta 2011). Early reports
indicate that patients treated in this manner have been maintained
successfully on single drug immunosuppression with tacrolimus.

Interestingly, the presence of vascularized bone marrow in
many VCA transplants raises the possibility that chimerism may
develop by nature of the simultaneous transplantation of HSCs
within the VCA. To this end, various rat models of hindlimb trans-
plantation using T cell depleting antibody along with immunosup-
pression have achieved long-term allograft survival (Siemionow
et al., 2002a,b, 2003; Ozer et al., 2003, 2004; Siemionow and Klim-
czak, 2009), although mixed chimerism is not always readily
detectable (Quatra et al., 2006). In these models, the bone mar-
row component of the VCA transplant is critical to the attainment
of mixed chimerism and long-term allograft survival (Siemionow
et al., 2005; Siemionow, 2011). Moreover, increased levels of
chimerism are detectable with larger sized VCA allografts in rats,
indicating the role of the transplant in providing donor cells
(Nasir et al., 2008). In a rat model of facial allograft transplan-
tation, mixed macrochimerism has been observed with the use
of only cyclosporine monotherapy (Demir et al., 2004; Kulahci
et al., 2010). Mixed chimerism has also been achieved using
non-depleting CD4+ blockade and depleting CD8+ antibody in
conjunction with rapamycin and α-CD154 costimulatory block-
ade, without a bone marrow transplant, relying on bone marrow
in a mouse hindlimb VCA to provide donor cells for chimerism
(Li et al., 2008). In general, clinical data have not been particularly
encouraging, with no evidence for the development of chimerism
in VCA transplantation. This may be due to only small amounts
of bone marrow being transferred that have limited functionality
in the adult (Granger et al., 2002; Petruzzo et al., 2003). Moreover,
there is experimental evidence that the recipient thymus is neces-
sary for peripheral chimerism to develop after transplantation of a
bone marrow-containing VCA (Li et al., 2007). In humans the thy-
mus involutes and becomes atrophic after puberty and is therefore
less likely to support the development of chimerism. It is impor-
tant to note that in theory, chimerism is a double-edged sword,
whereby the greater the likelihood of chimerism, the greater the
anti-host alloresponse and risk of GvHD (Wood, 2003).

REGULATORY T CELLS
While the methods described above relate to exploiting the natural
mechanisms used by the immune system to ensure self-tolerance
through central mechanisms, several peripheral regulatory mecha-
nisms also exist as a fail safe mechanism to maintain self-tolerance
and to prevent an overshoot of the normal immune response (Issa
and Wood, 2010; Wood and Goto, 2012). While most autoreac-
tive cells are deleted centrally in the thymus, some autoreactive
T cells escape this process and require peripheral regulation to
prevent autoimmunity. CD4+ Treg are central to these mecha-
nisms. Scurfy mice lacking the Treg-specific transcription factor
forkhead box P3 (foxp3) develop a lymphoproliferative disorder
(Brunkow et al., 2001) and humans with mutations in FOXP3
can develop IPEX (immunodysregulation, polyendocrinopathy,
and enteropathy, X-linked; Bennett et al., 2001). FOXP3 is closely
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linked to suppressive activity and its sustained expression is
required for the maintenance of regulatory activity (Josefowicz
and Rudensky, 2009).

Treg can be divided into thymus-derived naturally occurring
CD4+CD25hiFOXP3+ Treg (nTreg or tTreg; Hori et al., 2003) and
induced or adaptive CD4+ Treg (iTreg), which upregulate FOXP3
in the periphery under defined conditions of antigen-exposure,
for example, in the presence of transforming growth factor β

(TGFβ; Kingsley et al., 2002; Karim et al., 2004, 2005). Type 1
Treg (Tr1) cells are a distinct population of peripherally induced
Treg that develop in the presence of IL-10 and regulate responses
through FOXP3-independent secretion of IL-10 and TGFβ, lead-
ing to bystander regulation of effector T cells (Battaglia et al.,
2006a). nTreg represent 5–10% of the peripheral CD4+ pool and
constitutively express high levels of surface CD25 although this
is not a reliable marker due to its upregulation on recently acti-
vated T cells. Nevertheless, although CD25 appears on recently
activated CD4+ T cells, some of these are true proliferating Treg.
For example, during the secondary antigenic response that devel-
ops after human tuberculin purified protein derivative is injected
into skin, CD4+CD25+ cells proliferate within the skin. Many of
these proliferating cells are in fact FOXP3+ and display functional
and phenotypic markers of Treg (Vukmanovic-Stejic et al., 2008).
It is unclear how much of the peripheral CD4+ population iTreg
represent, but given that these cells are induced in specific inflam-
matory environments it is likely that their number is location and
time-dependent.

In transplantation, both direct and indirect allorecognition
contribute to the immune response that results in graft destruc-
tion. However, with time after transplantation, passenger antigen-
presenting cells are lost and organ parenchyma is less able to
stimulate the host via the direct pathway. The indirect allore-
sponse therefore becomes of increasing importance and may be
more relevant in chronic rejection (Baker et al., 2001). Interest-
ingly, alloreactive T cells that respond by the indirect pathway are
more resistant to inhibition by conventional immunosuppression
and are detectable in the peripheral blood of transplant recipients
years after transplantation (Sawyer et al., 1993; Vella et al., 1997).
The alloreactivity of Treg may therefore be important in determin-
ing their ability to promote tolerance. Indeed, Treg that are both
directly and indirectly alloreactive are able to prevent both acute
and chronic rejection in mice, whereas those that are only directly
alloreactive appear to only be able to prevent acute rejection (Joffre
et al., 2008; Tsang et al., 2008).

Studies assessing the potential of nTreg, iTreg, and Tr1 cells to
promote allograft survival in experimental transplantation have
yielded promising results to date. In these studies Treg may be
induced in vivo by employing costimulatory blockade or lympho-
cyte depletion around the time of transplantation, often together
with an antigen challenge (Cobbold et al., 1986; Qin et al., 1993;
Graca et al., 2000; Kingsley et al., 2007; Francis et al., 2011).
Alternatively nTreg may be expanded ex vivo or converted from
non-Treg cell types to iTreg in vitro.

EX VIVO EXPANSION
Human Treg for cell therapy protocols are produced by isola-
tion of cells from peripheral or umbilical cord blood (UCB) and

subsequent ex vivo expansion or direct use in vivo. In order to
isolate Treg efficiently and to a high purity, reliable markers of
identification are required. Given the non-exclusivity of CD25
and FOXP3 expression, a number of other markers are in use. Of
these, CD127 (the IL-7 receptor α-chain), CD49b (the α-chain
of the integrin VLA-4 – a4b1), CD45RA, and latency-associated
peptide (LAP) are particularly useful. Other Treg markers include
CD152 (CTLA-4), GITR, CD69, and CD44 but these are less use-
ful as they may also be expressed in almost identical patterns on
non-regulatory activated T cells.

The use of the low expression of CD127 for the isolation of
Treg was described approximately 5 years ago (Liu et al., 2006;
Seddiki et al., 2006; Putnam et al., 2009) and is particularly help-
ful as it defines a highly suppressive population of Treg. In a
humanized mouse model of vessel allograft rejection, human ex
vivo-expanded CD25hiCD4+ or CD127loCD25+CD4+ nTreg were
used to modulate immune responses in vivo to reduce neointimal
expansion. Treg expressing low levels of CD127 were found to be
five times more potent than those expressing only CD25. The same
population of CD127loTreg have been shown to be active in the
prevention of human skin graft rejection in a similar humanized
mouse model (Issa et al., 2010). The absence of CD49b is another
helpful marker for Treg identification, as together with CD127 it
allows for Treg isolation by negative selection alone (Kleinewietfeld
et al., 2009).

CD45RA allows cells to be divided into CD25+CD45RA+
FOXP3lo (resting naïve Treg), CD25hiCD45RA−FOXP3hi (acti-
vated Treg), and CD25+CD45RA−FOXP3lo (non-suppressive T
cells) populations (Miyara et al., 2009). Resting naïve and acti-
vated Treg are both suppressive in vitro, whilst only resting naïve
Treg proliferate in vivo and evolve into suppressive CD45RA−Treg.
UCB contains a high number of naïve CD45RA+ cells, and is there-
fore an attractive source of resting naïve Treg (Riley et al., 2009).
However, UCB Treg are low in frequency and require either in
vitro culture or pooling of multiple blood units. Furthermore, as
UCB Treg are allogeneic to both the donor and recipient they are
likely to be subject to an alloresponse therefore complicating their
in vivo use.

LAP has been shown to define a population of Treg that express
high levels of foxp3, secrete immunosuppressive TGFβ, and exhibit
enhanced in vivo regulatory activity (Chen et al., 2008). More-
over, LAP itself is functionally suppressive independent of TGFβ

(Ali et al., 2008). In Treg expansion cultures, the expression of
LAP allows the distinction and selection of activated Treg from
activated non-Treg cell types (Tran et al., 2009).

Ex vivo expansion of isolated Treg is largely performed by
stimulation with αCD3/αCD28 microbeads in the presence of
recombinant human (rh) IL-2 (Sagoo et al., 2008; Trzonkowski
et al., 2009). The non-specific TCR stimulation in this system
leads to the production of a polyclonally reactive population of
Treg. Donor alloantigen-reactive Treg that have been expanded
in the presence of donor-derived APC have been shown to
be more potent suppressors in vitro and in vivo than poly-
clonally reactive Treg, and their specific reactivity implies that
they are safer for in vivo use (Golshayan et al., 2007; Sagoo
et al., 2011). Selection of alloantigen-stimulated Treg from a cul-
ture where allogeneic stimulators are used may be possible by
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enrichment of Treg that co-express the activation markers CD69
and CD71 (Sagoo et al., 2011; J. Hester and K.J. Wood, unpub-
lished data). Other methods for the production of alloantigen-
reactive Treg include retroviral vector transduction of Treg with
genes that encode for TCRs with known antigen specificities
(Jiang et al., 2006).

IN VIVO INDUCTION
In vivo approaches are based on increasing the frequency or
potency of Treg by exposure to antigen, inducing an expan-
sion of nTreg or converting non-Treg to iTreg (Long and Wood,
2009; Francis et al., 2011). Treg may be generated in vivo by
pre-treating mice with a donor alloantigen (in the form of a
donor-specific transfusion) along with a non-depleting α-CD4
mAb (Kingsley et al., 2002, 2007). Treg produced in this man-
ner are capable of preventing allograft rejection in vivo (Wood
et al., 1991; Bushell et al., 1994, 1995; Saitovitch et al., 1995, 1996,
1997; Kingsley et al., 2002, 2007; Bushell et al., 2003; Karim et al.,
2005; Warnecke et al., 2007). While this tolerance appears to be
antigen-specific in nature, another “boosting” blood transfusion
allows tolerance to develop to a third-party allograft (Karim et al.,
2005). CD4+CD25+ Treg isolated from these animals may pre-
vent allograft rejection in naïve mice by adoptive transfer (Hara
et al., 2001; Kingsley et al., 2002) and are able to prevent skin
graft rejection initiated by both CD4+ (Hara et al., 2001; Gol-
shayan et al., 2007) and CD8+ (van Maurik et al., 2002; Jones
et al., 2010) T cells. Alternatively, costimulatory blockade or
lymphocyte depletion using monoclonal antibodies around the
time of transplantation may also promote tolerance induction
(Qin et al., 1990; Qin et al., 1993; Graca et al., 2000; Waldmann
et al., 2006). Interestingly, even nTreg isolated from naïve ani-
mals may prevent rejection, although 10-fold more such Treg
are required to attain long-term allograft survival compared to
Treg isolated from tolerant mice treated with antigen exposure
(Graca et al., 2002). The folate receptor 4 (FR4) allows the iden-
tification of these alloantigen-stimulated Treg (Yamaguchi et al.,
2007). Alloantigen-stimulated FR4high Treg are significantly more
effective at prolonging mouse skin allograft survival compared to
FR4intermediate Treg.

Another method for in vivo generation is the injection of IL-
2-IL-2 mAb complexes into mice, resulting in an over 10-fold
expansion of Treg in vivo. Animals treated by this method are
resistant to experimental autoimmune encephalomyelitis (EAE)
induction and display tolerance to islet allografts (Webster et al.,
2009). Injection of IL-2-IL-2 mAb complexes together with recom-
binant granulocyte-colony stimulating factor (G-CSF) induces
expansion of Treg and myeloid-derived suppressor cells (MDSCs)
in vivo, promoting mouse skin allograft survival in MHC Class
II-mismatched models (Adeegbe et al., 2010).

There has been a great deal of discussion regarding the func-
tional stability of Treg. Zhou et al. (2009) demonstrated that some
Treg lose foxp3 (becoming exfoxp3 cells), developing an activated
memory-type phenotype, and are pathogenic in vivo. This loss
of foxp3 was linked to a proinflammatory microenvironment in
which Treg acquire an effector T cell phenotype, secreting IL-17
and interferon γ (IFNγ; Yang et al., 2008; Ayyoub et al., 2009;
Komatsu et al., 2009; Voo et al., 2009; Chadha et al., 2011).

Importantly, Treg may not be particularly effective at suppress-
ing IL-17 producing T cells (Heidt et al., 2010; Zhang et al., 2010;
Chadha et al., 2011), although data from our own studies in kidney
transplant patients treated with the leukocyte depleting mono-
clonal antibody alemtuzumab (Campath or anti-CD52 antibody)
suggest that Treg present in these patients can regulate Th17 cells
(Hester et al., 2011). Stability of Treg is important to consider in
transplantation as there is evidence that Treg transfer into lym-
phopaenic mice may result in the loss of foxp3 expression in up
to 50% of the adoptively transferred cells (Duarte et al., 2009).
This is a particularly important point to consider if Treg cellular
therapy is to be employed in patients who are lymphopaenic post-
immunosuppressive induction therapy. However, a recent study
by Miyao et al. (2012) has elegantly demonstrated that the plas-
ticity of Treg is due to only a minor population of foxp3+ cells.
In this study, suppressive foxp3+Treg do not develop effector cell
function even in inflammatory or lymphopaenic environments.
While such Treg may transiently lose foxp3 expression, on activa-
tion foxp3 is re-expressed and suppressive capabilities return. It is
therefore only a small minority (2–3%) of the peripheral foxp3+
pool which are originally non-regulatory and which may then lose
foxp3 to become pathogenic. Overgrowth of this small population
may explain previous data demonstrating the plasticity of Treg.
Importantly in this study, it is epigenetic control of Foxp3 that
dictates whether foxp3+ cells are true Treg. Demethylation of the
Treg cell-specific demethylated region (TSDR) indicates that cells
are committed suppressive Treg, regardless of the ongoing expres-
sion of foxp3. Identification of the methylation status of the TSDR
is therefore a valuable indicator of the purity of cell preparations
produced for clinical use.

REGULATORY B CELLS
There are multiple reports of clinical operational tolerance, or
long-term functioning allograft survival in the absence of any
immunosuppression. This has most commonly been observed
in liver transplantation (Lerut and Sanchez-Fueyo, 2006) but has
also been reported in a small number of renal transplant recipi-
ents (Orlando et al., 2010). In a study where the immune profile
of tolerant renal transplant recipients was analyzed, the most
striking feature was a bias towards a differential expression of B
cell-related genes and an expansion of peripheral blood B cells
in tolerant patients (Newell et al., 2010; Sagoo et al., 2010). This
latter observation raises the interesting possibility that regula-
tory B cells (Bregs) may be playing a role. Bregs express high
levels of CD1d, CD21, CD24, and IgM, have an immature or
transitional phenotype, and are active through the secretion of
suppressive IL-10 (Mauri and Blair, 2010). IL-10-secreting B cells
have been shown to regulate autoimmune responses in vivo (Fil-
latreau et al., 2002; Mauri et al., 2003). There are currently no
clinical studies examining Bregs as a cellular therapy. Further work
is required to determine the optimal methods for the production
of a functionally suppressive population of Bregs that may be used
clinically.

DENDRITIC CELLS
While DCs are known to be pivotal in the development of the
alloresponse, some populations of DCs may also be active in the
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promotion of tolerance (Morelli and Thomson, 2007; van Kooten
et al., 2011). Immature myeloid-derived DCs have been shown to
promote the survival of heart allografts in a donor-specific man-
ner (Lutz et al., 2000) and regulatory DCs with low costimulatory
ability may prevent the development of GvHD in mice (Sato et al.,
2003). However, even mature DCs expressing normal or high levels
of MHC and costimulatory molecules may promote the develop-
ment of tolerance. These DCs prime CD4+ and CD8+ T cells that
in turn develop regulatory activity in vitro (Albert et al., 2001; Ver-
hasselt et al., 2004). In vivo, myeloid-derived DCs matured with
tumor necrosis factor α (TNFα) and expressing high levels of
MHC II are able to protect mice from CD4+ T cell-mediated EAE
(Menges et al., 2002).

The tolerogenic effects of DCs can be potentiated by the
administration of costimulatory blockade agents. For example,
plasmacytoid DCs have been shown to promote the induction
of IL-10-secreting Treg and may promote heart allograft sur-
vival in vivo (Gilliet and Liu, 2002; Abe et al., 2005). However,
with the addition of anti-CD154 antibody, this effect is sig-
nificantly enhanced (Bjorck et al., 2005). A similar effect may
be observed with the administration of costimulatory blockade
with immature myeloid-derived DCs (Lu et al., 1997). Plas-
macytoid DCs may also be important in facilitating mixed
chimerism as described earlier when in the form of FCs (Kauf-
man et al., 1994; Grimes et al., 2004; Fugier-Vivier et al., 2005;
Leventhal et al., 2012). Importantly, FCs have been demon-
strated to promote the generation of Treg and prevent GvHD
development in mice (Colson et al., 2004; Taylor et al., 2007; Huang
et al., 2011).

MYELOID-DERIVED SUPPRESSOR CELLS AND
REGULATORY MACROPHAGES
Myeloid-derived suppressor cells are a heterogeneous population
of cells with both innate and adaptive immune targets, which
include T, B and NK cells (Boros et al., 2010). Common pheno-
typic markers among MDSCs include GR1 and CD11b in mice
and CD33, CD11b, CD34, and low MHC Class II expression
in humans. Experimentally, mouse MDSCs induced by cos-
timulatory blockade in vivo migrate to heart transplants where
they prevent the development of alloresponses and promote the
development of Treg (Garcia et al., 2010). Similarly, anti-CD28
antibody-induced rat kidney allograft tolerance leads to the accu-
mulation of MDSCs in the blood. These MDSCs inhibit effector
T cell proliferation in vitro through the activity of inducible nitric
oxide (NO) synthase. Interestingly, however, the adoptive trans-
fer of MDSC in this model does not induce kidney allograft
tolerance.

Regulatory macrophages (Mregs) are a population of
macrophages which produce large amounts of IL-10 and are
able to suppress T cell proliferation in vitro (Fleming and
Mosser, 2011). A population of cells termed “transplant accep-
tance inducing cells” (TAICs) has also been shown to promote
the survival of heart and lung transplants in animal models
(Fandrich et al., 2002a,b,c). TAICs are impure populations of
macrophages contaminated with other leukocytes, whereas Mreg
preparations are a uniform population of macrophages (Hutchin-
son et al., 2012).

CLINICAL TRIALS OF CELLULAR THERAPY FOR
PERIPHERAL REGULATION
Several studies have investigated the use of Treg for the treatment
of GvHD post-HSC transplantation. These studies are paving the
way for Treg therapy in SOT. Trzonkowski et al. (2009) reported the
“first-in-man” trial of ex vivo-expanded recipient-derived Treg in
two patients: in one case of chronic GvHD a significant alleviation
of symptoms and a reduction of required immunosuppression
was achieved, whereas in one case of severe grade IV acute
GvHD only a transient improvement in symptoms and signs was
reported.

Significantly, two major Phase I/II trials have been carried out
at the University of Minnesota and in Italy. Blazar’s group in
Minnesota evaluated the safety profile of human UCB-derived
partially HLA-matched ex vivo-expanded Treg (Brunstein et al.,
2011). The study was designed as a Phase I dose-escalation trial
and reported a reduced incidence of grades II–IV acute GvHD
in the test group of 23 patients compared to 108 identically
treated historical controls not receiving Treg therapy. Doses of
Treg ranged from 1 × 105/kg to 30 × 105/kg and there was no
reported increase in infectious complications. The Italian study
was performed to assess the safety and efficacy of expanded
CD4+CD25+ human nTreg in prevention of GvHD in 28 patients
with high-risk acute leukaemias undergoing HLA-haploidentical
HSC transplants. Patients were also given donor conventional T
cells to enhance immune reconstitution. Treg were derived from
the same HLA-haploidentical donor by apheresis followed by large
scale CD4+CD25+ magnetic bead selection. Despite no GvHD
prophylaxis being given, chronic GvHD did not develop in 26 out
of 28 patients in whom full donor-type engraftment was achieved.
However, in two of the 26 patients acute GvHD of grade II or
above developed, which may be due to these two patients being
given the highest dose of conventional T cells. Patients in the
Italian trial displayed an overall faster post-transplant immune
reconstitution as well as a reduction in the risk of CMV reac-
tivation compared to those not receiving Treg (Di Ianni et al.,
2011). While Brunstein et al. (2011) used UCB-derived Treg,
Di Ianni et al. (2011) used adult expanded Treg. The differ-
ence in efficacy between these two populations on a cell-by-cell
basis is unclear from these studies. However, as discussed earlier,
UCB-derived Treg may contain a higher proportion of “naïve”
CD45RA+ Treg and therefore a greater number of Treg which
may readily proliferate in vivo. This would theoretically repre-
sent an advantage in terms of the cell dose required to prevent
disease.

Other ongoing trials not yet published include one being
conducted by Matthias Edinger at the University Hospital in
Regensburg using CD25hi magnetically isolated non-expanded
Treg infused into post-HSCT recipients (Edinger and Hoffmann,
2011). Trials using Tr1 cells for GvHD are also ongoing at the San
Raffaele Hospital in Milan. Early results have been promising with
no adverse side effects (Roncarolo and Battaglia, 2007; Allan et al.,
2008; Battaglia and Roncarolo, 2011).

Two Phase I/II trials of TAICs assessed the safety of administra-
tion of these cells in 5–12 kidney transplant patients (Hutchin-
son et al., 2008a,b, 2009). The studies aimed to determine
the possibility of immunosuppression withdrawal. The infusion
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of TAICs appeared safe but did not promote tolerance, with
acute rejection developing in several patients on withdrawal of
immunosuppression. Nevertheless, renal function was maintained
in four out of five patients that were tapered to low-dose tacrolimus
monotherapy. Moreover, one patient achieved complete immuno-
suppression withdrawal for 8 months before experiencing a rejec-
tion episode. Moving on from this approach, more uniform Mreg
populations have been trialed in two renal transplant recipients,
leading to a reduction in the required dose of immunosuppres-
sion with good graft function at 3 years post-transplantation
(Hutchinson et al., 2011).

The European Union is currently funding the first study for
the evaluation of immunomodulatory cellular therapy in SOT
(www.onestudy.org). The ONE Study, a multicenter Phase I/II
clinical trial, will evaluate the safety and feasibility of various types
of cell therapy including expanded nTreg, Tr1 cells, Mregs, and
tolerogenic DCs in living-donor kidney transplantation. All cen-
ters will utilize a common adjunctive immunosuppressive protocol
in order to provide a true comparison of the various cellular thera-
pies. Control patients will be transplanted in 2013 and cell therapy

groups in 2014, providing a follow-up period of 12 months. Table 1
summarizes the concluded and ongoing clinical trials of cellular
therapy.

IMMUNOTHERAPY FOR THE PROMOTION OF TOLERANCE
Treg and effector T cells preferentially employ different intra-
cellular activation pathways. Treg utilize IL-2-dependent STAT-5
(Burchill et al., 2007; Vogtenhuber et al., 2010), whereas effector
T cells utilize the phosphoinositide 3-kinase/Akt/mTOR path-
way (Delgoffe et al., 2009). Rapamycin, an mTOR inhibitor, takes
advantage of this distinction. The beneficial effects of rapamycin
on Treg survival and proliferation have been demonstrated in
vitro and in vivo (Battaglia et al., 2005, 2006b,c; Gao et al., 2007;
Zeiser et al., 2008; Hendrikx et al., 2009). Experimental work in
mouse allograft models has demonstrated that rapamycin inhibits
chronic cardiac allograft rejection and that this effect is poten-
tiated when used in combination with an α-CCR5 antibody (Li
et al., 2009). In this study, an increase in intragraft numbers of
CD4+CD25+foxp3+ Treg was observed. A similar effect has also
been observed clinically, with rapamycin increasing the frequency

Table 1 | Concluded and ongoing clinical studies using cellular therapy for peripheral regulation.

Group Number of

patients

Condition Therapy Outcome

Trzonkowski

(Trzonkowski et al., 2009)

2 HLA-matched

BMT or HSCT

Expanded CD4+CD25+CD127−

donor Treg as treatment for GvHD

Patient 1: Reduction of immunosuppression

Patient 2: Transient clinical improvement

Martelli

(Di Ianni et al., 2011)

28 HLA-haploidentical HSCT Freshly isolated CD4+CD25+

donor Treg

Low incidence of acute and chronic GvHD

with improved immune reconstitution

Blazar

(Brunstein et al., 2011)

23 Double unit unrelated

UCB

Expanded CD4+CD25+ third-party

UCB Treg as prophylaxis against

GvHD

Reduced incidence of grade II-IV GvHD

Trzonkowski

(Trzonkowski et al., 2011)

4 BMT/HSCT Expanded CD4+CD25+CD127−

donor Treg as treatment for GvHD

Alleviation of one case of chronic GvHD, no

effect on acute GvHD

Edinger (Edinger and

Hoffmann, 2011)

9 HSCT Freshly isolated Treg Ongoing: appears safe and feasible

Roncarolo (Battaglia and

Roncarolo, 2011)

16 HLA-haploidentical HSCT Allostimulated donor Tr1 cells Ongoing: appears safe and feasible

Geissler/Fandrich

(Hutchinson et al., 2009)

1 Deceased donor kidney

transplant

TAICs: feasibility study Immunosuppression reduced to low-dose

tacrolimus therapy, safe and feasible

Geissler/Fandrich

(Hutchinson et al., 2008b)

12 Deceased donor kidney

transplants

TAICs No clear benefit, but safe and feasible

Geissler/Fandrich

(Hutchinson et al., 2008a)

5 Living-donor kidney

transplants

TAICs Four patients tapered to low-dose

tacrolimus monotherapy but higher rate

of early acute rejection

Geissler/Fandrich

(Hutchinson et al., 2011)

2 Living-donor kidney

transplants

Mregs Both patients tapered to low-dose

tacrolimus monotherapy

The One Study

(Wood et al., 2012)

Recruiting Living-donor kidney

transplants

Treg, Mreg, Tr1 cells, tolerogenic

DCs

Ongoing feasibility study

Bluestone/Herold

(Gitelman et al., 2012)

Recruiting

(14 patients)

Treatment of type 1

diabetes

Autologous expanded

CD4+CD25+CD127−Treg

Ongoing feasibility study
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of CD62Lhigh Treg in the peripheral blood of lung transplant recip-
ients (Lange et al., 2010). Experimentally, the adoptive transfer of
a small number of alloantigen-specific Treg along with low dose
rapamycin treatment has been shown to induce long-term survival
of cardiac allografts in mice (Raimondi et al., 2010). Moreover,
alloantigen-pulsed rapamycin-conditioned DCs have been shown
to promote long-term engraftment of vascularized skin allo-
grafts in rats with an associated expansion of CD4+foxp3+ Treg
(Horibe et al., 2008).

Rabbit anti-murine thymocyte globulin (mATG), a T cell
depleting polyclonal antibody has also shown promise. ATG pro-
motes the generation of Treg (Lopez et al., 2006), and when
combined with CTLA4-Ig and rapamycin, mATG shifts the effector
memory T cell-Treg balance in favor of Treg, prolonging the sur-
vival of skin allografts in a fully MHC-mismatched mouse model
(D’Addio et al., 2010).

Interestingly, glucocorticoids may act on human Langerhans
cells to promote a phenotype that favors the induction of Treg
in vitro (Stary et al., 2011). Some patients treated with gluco-
corticoids have increased numbers of dermal FOXP3+CD25+
Treg as well as increased numbers of epidermal Langerhans cells
that display upregulated expression of TGFβ mRNA. However,
there is no clear clinical evidence that ATG or glucocorticoids
are beneficial in terms of increasing Treg numbers in transplant
recipients.

Alemtuzumab may favor Treg survival, with evidence from
one study demonstrating a higher proportional depletion of T
effector cells than Treg (Bloom et al., 2008). However, data in
this study are confounded by the introduction of rapamycin
in patients early after transplantation. Indeed, in a separate
study Treg numbers in alemtuzumab-treated patients remained
low until the late introduction of rapamycin (Trzonkowski et al.,
2008). Interestingly, Bregs have been identified in renal trans-
plant recipients treated with alemtuzumab (Heidt et al., 2012).
Alemtuzumab induction has been trialed at the University of
Wisconsin for the minimization of immunosuppression (Knech-
tle et al., 2009). In this study, induction with alemtuzumab
together with rapamycin maintenance monotherapy successfully
led to long-term graft survival in nine of 10 patients although
five patients developed anti-donor antibodies and graft C4d
deposition.

Blockade of the IL-2-CD25 or CD28-CD80/CD86 pathways
is an effective method of producing T cell anergy experimen-
tally (Vincenti, 2008), however these pathways are also essential
for the survival of Treg. Indeed, in mouse models where these
pathways are targeted, there is a reduction in the survival and
function of Treg with an associated exacerbation of autoimmunity
in vivo (Tang et al., 2003; Wing et al., 2008). Clinically, how-
ever, there is no difference in circulating Treg numbers between
renal transplant recipients treated with both belatacept (a second-
generation CTLA-4-related. Ig fusion protein) and basiliximab (an
α-CD25 monoclonal antibody, mAb) compared to those treated
with calcineurin inhibitors (CNIs; Bluestone et al., 2008). Nev-
ertheless, CNIs such as cyclosporine have a detrimental effect
on Treg (Ma et al., 2009; Presser et al., 2009), thus confounding
this observation. In this same study patients receiving belata-
cept displayed higher levels of intragraft FOXP3+ T cells during

acute rejection (Bluestone et al., 2008). Belatacept has proven
to be an effective immunosuppressant, but has not yet demon-
strated any efficacy in the promotion of transplant tolerance
in clinical transplantation. This may be related to the block-
ade of CD80/86-CTLA-4 interaction by CTLA-4.Ig. In a study
investigating a novel CD28 antagonist for use in transplanta-
tion, there was an increase in the number and activity of Treg
in a non-human primate (NHP) renal transplantation model
(Poirier et al., 2010). The benefit of this costimulatory block-
ade, unlike CTLA-4.Ig, is that it allows physiological immune
regulation through CD80/86 to continue (Wing et al., 2008).
The effects α-CD25 mAb on Treg are not entirely clear. In
the study by Bluestone et al. (2008), basiliximab was shown
to deplete all CD25-bearing cells, including Treg. However, in
another study examining daclizumab (a humanized α-CD25
mAb) in cardiac transplant patients, Treg generation in the
periphery was not affected (Vlad et al., 2007). The timing of
treatment with α-CD25 antibodies or CTLA-4.Ig may be of
critical importance and may explain some of the differences
between data from animal and human studies. Early use of
these molecules may target Treg, resulting in deleterious effects
in models dependent on Treg function, whereas later use post-
transplantation may preferentially target activated effector T cells.
Other possibilities include a lower sensitivity of human Treg to
CD28 blockade or the presence of other costimulatory molecules
on human Treg that may substitute for the absence of CD28
costimulation.

While CNIs are normally detrimental to Treg, there is some
evidence that low-dose cyclosporine may enhance the number of
Treg in the skin of patients with atopic dermatitis (Brandt et al.,
2009). This appears to be related to the retained ability of patients
on low-dose cyclosporine to produce IL-2, which is necessary
for Treg survival and expansion (Baumgrass et al., 2010; Brandt
et al., 2010).

Memory T cells present a formidable barrier to the induction
of tolerance in higher mammals (Brook et al., 2006; Ford and
Larsen, 2011). A solution to overcoming this barrier is the use of
immunosuppressants that target memory T cell responses while
promoting the generation of immunoregulatory elements. In this
respect, targeting adhesion molecules such as CD2 or LFA-1 is a
promising strategy. Alefacept, an LFA-3.Ig fusion protein binds to
and polymerizes CD2, leading to selective elimination of memory
T cells. Treatment together with CTLA-4.Ig prevents acute rejec-
tion and allows prolonged engraftment of kidney transplants in
a NHP model (Weaver et al., 2009). Efalizumab, an anti-LFA-1
antibody, initially displayed promise in early clinical trials of islet
transplantation (Badell et al., 2010; Posselt et al., 2010; Setoguchi
et al., 2011). Its use however is no longer possible due to withdrawal
from the market after the development of progressive multifocal
leukoencephalopathy in four patients treated for psoriasis with
efalizumab (Tavazzi et al., 2011).

CONCLUSION
With the trailblazing work of Medawar, clinical tolerance
appeared to be eminently within reach. Yet 70 years on, tol-
erance has been achieved in only a small number of patients
in whom full or mixed chimerism was generated. We propose
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that achieving tolerance in each and every transplant recipient
will require a more complete understanding of the biovariabil-
ity between patients that allows tolerance to be easily induced in
some but not others. The attainment of tolerance in a heteroge-
neous population of transplant recipients may therefore require
a tailored approach, with the balanced use of both central and
peripheral tolerance induction techniques.
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Current clinical strategies to control the alloimmune response after transplantation do not
fully prevent induction of the immunological processes which lead to acute and chronic
immune-mediated graft rejection, and as such the survival of a solid organ allograft is
limited. Experimental research on naturally occurring CD4+CD25highFoxP3+ Regulatory
T cells (Tregs) has indicated their potential to establish stable long-term graft acceptance,
with the promise of providing a more effective therapy for transplant recipients. Current
approaches for clinical use are based on the infusion of freshly isolated or ex vivo
polyclonally expanded Tregs into graft recipients with an aim to redress the in vivo balance
of T effector cells to Tregs. However mounting evidence suggests that regulation of
donor-specific immunity may be central to achieving immunological tolerance. Therefore,
the next stages in optimizing translation of Tregs to organ transplantation will be through
the refinement and development of donor alloantigen-specific Treg therapy. The altering
kinetics and intensity of alloantigen presentation pathways and alloimmune priming
following transplantation may indeed influence the specificity of the Treg required and
the timing or frequency at which it needs to be administered. Here we review and discuss
the relevance of antigen-specific regulation of alloreactivity by Tregs in experimental and
clinical studies of tolerance and explore the concept of delivering an optimal Treg for the
induction and maintenance phases of achieving transplantation tolerance.

Keywords: donor-specific, regulatory T cells, operational tolerance, indirect pathway, antigen-specific, direct

pathway, linked suppression, alloantigen

INTRODUCTION
Transplantation presents a life-saving treatment for patients with
end stage organ failure, however the success of this procedure
is restricted by the recipient immune response directed against
donor graft alloantigens and the clinical caveats associated with
immunosuppressive drugs aimed at controlling this immune
response. Current strategies for clinical management of trans-
plant recipients using sustained immunosuppression do not fully
prevent induction of the immunological processes which lead to
graft rejection, namely chronic allograft failure, and as such the
survival of a solid organ allograft is limited (Meier-Kriesche et al.,
2004b; Lamb et al., 2010). Whilst early attrition rates for solid
organ transplantation have significantly improved over the last
few decades, attributed to reduced ischemia times, improved clin-
ical procedures and patient care management, long term survival
of allografts have remained relatively unchanged, requiring the
majority of patients to have further organ transplants (Meier-
Kriesche et al., 2004a; Lodhi et al., 2011). As this inevitably results
in an escalating shortage of donor organs, there is a pressing
need to develop an alternative method to control the alloimmune
response which can establish stable long-term graft acceptance
through induction of donor-specific immunological tolerance.

Transplantation tolerance can be defined as a state of immune
unresponsiveness, downregulation or deviation of an immune
response to an inflammatory situation or insult such as that

generated by the recipient immune response following trans-
plantation. Decades of experimental research have identified that
mechanistic bases of immune tolerance may be through processes
of deletion, anergy, antigen sequestration or immunological igno-
rance, and also the focus of this review, through processes of
active regulation. Implementing mechanisms of immune regula-
tion for tolerance induction are more desirable as an approach as
it will, in principle, provide a mechanism which can adapt to the
dynamic and evolving immune response post-transplantation.
Amongst the T cell subsets with immunomodulatory properties,
the regulatory roles of thymus derived CD4+CD25highFoxP3+
naturally occurring regulatory T cells (Tregs) have been recog-
nized for many years and substantial research efforts have sought
to exploit their suppressive functions to deliver a tolerogenic
cell therapy for transplantation (Hippen et al., 2011; Lombardi
et al., 2011). This transition to the clinic has been facilitated
by the significant progress made over the last 5 years in identi-
fication of further markers to delineate stable suppressive Treg
subsets, such as CD45RA, CD161, CCR6, and low expression of
IL-7 receptor α chain CD127, in addition to previously described
expression of transcription factor Forkhead box p3 (FoxP3),
CTLA-4, GITR, and CD62L (Liu et al., 2006; Miyara et al., 2009).
Recently, their development as a cell therapy has been trans-
lated to clinical hematopoietic stem cell transplantation settings
(Sakaguchi, 2004; Sagoo et al., 2008) and use in phase I and
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II clinical trials are showing tentative yet encouraging results in
terms of both safety and efficacy (Brunstein et al., 2011; Di Ianni
et al., 2011). The main therapeutic approach currently in use is
to infuse freshly isolated or ex vivo polyclonally expanded Tregs
into graft recipients with an aim to provide a more favorable
in vivo balance of T effector cells to regulatory cells. However,
our current understanding of the alloimmune response suggests
that regulation of donor-reactive immunity primed by specific
pathways of alloantigen-presentation following transplantation
may be central to achieving long-term or indefinite graft sur-
vival (Nepom et al., 2011; Wood et al., 2011). This concept is now
being supported by mounting experimental evidence from basic
and clinical studies, which indicate that the next stage in opti-
mizing translation of Tregs to solid organ transplantation will be
through the refinement and delivery of donor alloantigen-specific
Treg therapy.

This review article discusses the relevance of antigen-specific
regulation of alloreactivity by Tregs and explores the concept and
goal of defining an optimal Treg for the prevention of trans-
plant rejection and induction of organ transplant tolerance. We
identify the main features of the immune response which Tregs
need to control by firstly reviewing evidence for the induction
and temporal pattern of the alloimmune response, in terms of
alloantigen presentation and allopriming following transplanta-
tion, and the resulting effector mechanisms of graft rejection.
We then review evidence for the association of Tregs and Treg-
mediated donor-specific immune regulation in clinical transplan-
tation with particular focus on data emerging from the study
of operationally tolerant transplant recipients. After reviewing
these findings we then discuss the mechanistic bases of tolerance
induction by antigen-specific Tregs, and the requirements of an
optimized Treg to improve the success of this approach for the
induction and maintenance phases of achieving donor-specific
tolerance.

THE ALLOIMMUNE RESPONSE
Induction of the adaptive immune response to an allograft begins
with recognition of alloantigen by recipient T cells which is now
well characterized and known to occur through three main pro-
cesses known as the direct, the indirect, and the semi-direct
pathways of antigen presentation. The relative contributions of
the direct and indirect pathways of alloantigen presentation
toward graft rejection have been reviewed in detail elsewhere
(Afzali et al., 2007; Gokmen et al., 2008), however the key ques-
tions we examine here are whether the differential activity of
these alloantigen presentation pathways are associated with trans-
plantation tolerance, and whether their activity is modulated
though a process of active regulation which may otherwise be
achievable using alloantigen-specific Treg therapy. Our under-
standing of factors such as the temporal activity and intensity of
alloantigen presentation pathway activity, and resulting alloim-
mune priming following transplantation is integral to identifying
the specificity of the Treg required and the time or frequency
at which it needs to be administered to deliver an optimized
and targeted therapeutic. We therefore begin by providing a brief
updated overview of allorecognition, which is summarized in
Figure 1A.

PATHWAYS OF ALLOANTIGEN PRESENTATION
The direct pathway of alloantigen presentation is so named
as intact allogeneic major histocompatibility complex (MHC)
molecules expressed by donor allograft derived cells are directly
presented to recipient T cells. The most potent driver of CD4+
and CD8+ T cell responses with specificity for alloantigen pre-
sented by the direct pathway is through the migration of donor
antigen-presenting cells (APCs) from the allograft to the sec-
ondary lymphoid organs (Larsen et al., 1990). Here, donor MHC
alloantigens are recognized by alloreactive T cells which are esti-
mated to be of a relatively high endogenous frequency of between
1:100 and 1:100,000 T cells in humans (Hornick et al., 1998;
Game et al., 2003; Benitez and Najafian, 2008), and even higher
(1:10) in mouse (Suchin et al., 2001). As such, they are able
to elicit a vigorous inflammatory T cell response toward the
allograft resulting in early or acute rejection. This pre-existing
population of T cells with specificity for the direct pathway is
a long-standing conundrum in immunology, as recipient T cell
recognition of foreign MHC molecules which have not previously
been encountered in the thymus violates the rules of self-MHC
restriction therefore, direct allorecognition may be attributed
to cross-reactivity, namely the ability of self-MHC restricted T
cell T cell receptors (TCRs) to recognize polymorphic residues
on foreign MHC through structural similarities between donor
and recipient MHC molecules (Lombardi et al., 1991; Lechler
et al., 1992), although evidence exists which favors the hypoth-
esis that the peptide primarily determines the diversity of the T
cell response (Weber et al., 1995). The latter may also explain
the occurrence of alloreactivity when donor and recipient MHC
are structurally dissimilar. Based on the nature of direct pathway
allorecognition (Gras et al., 2011), the direct pathway alloreac-
tive T cell compartment is predicted to arise equally from within
either naive CD45RA+ or memory CD45RO+ T cell compart-
ments and is polyclonal in nature (Merkenschlager and Beverley,
1989; Lombardi et al., 1990). Macedo et al. have recently provided
further evidence for this by studying effector functions (IFNγ

production), proliferation and precursor frequencies in isolated
human CD4+ and CD8+ naive and central/effector memory T
cell subsets, in response to stimulation with allogeneic peripheral
blood mononuclear cells (PBMCs; Macedo et al., 2009). These
characteristics have particular relevance to the development and
application of effective immunosuppressive approaches to control
the direct alloresponse. A lesser described stimulator of the direct
alloresponse is that of the presentation of allogeneic MHC by
non-professional antigen presenting cells such as activated donor
endothelium or epithelium within donor tissue. While several
studies have shown this may be able to stimulate T cells requir-
ing lower costimulatory signal thresholds, such as memory T cells
(London et al., 2000; Berard and Tough, 2002), other work has
shown this may not necessarily result in productive stimulation
of alloreactivity (Marelli-Berg et al., 1996).

The indirect pathway of alloantigen presentation occurs when
recipient bone-marrow derived APCs capture, process, and
present allogeneic MHC determinates to recipient T cells. In
this pathway, alloantigen may be acquired from the circulation
from shed donor graft material, collected by recipient APCs traf-
ficking through the allograft, or through the phagocytosis of
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FIGURE 1 | (A) Alloantigen presentation via the direct, semi-direct and indirect pathways following organ transplantation, and (B) the relative intensity of each
antigen-presentation pathway during the post-transplantation (post-Tx) period.

donor APCs that have migrated to the draining lymph nodes.
As stimulation of this pathway is dependent upon the limitless
supply of graft-derived antigens, it is initiated immediately post-
transplantation and sustained throughout the life of the graft.
The pre-existing endogenous frequency of alloreactive T cells with
specificity for the indirect pathway is detected to be much lower
than that of the direct pathway, with a range in frequency of
1:100,000–1:1,000,000 T cells (Hornick et al., 2000; Baker et al.,
2001a). Although this antigen presentation pathway becomes

active immediately following transplantation, the initially low
frequency indirect alloresponse is not generally considered to be
of sufficient intensity to be the main stimulus of early or acute
graft rejection in a clinical setting, although in some experimen-
tal models of graft rejection described later it has been shown to
induce acute rejection. Instead, the continuous and progressive
priming of the immune response to indirectly presented alloanti-
gens is thought to gradually amplify effector T cell responses with
indirect allospecificity to culminate in chronic immune-mediated
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rejection (Vella et al., 1997; Hornick et al., 2000; Baker et al.,
2001a; Gokmen et al., 2008).

The semi-direct pathway is the most recently described path-
way of antigen presentation and occurs when intact allogeneic
MHC:peptide complexes are captured from donor cell mem-
branes by recipient APCs and incorporated, with maintenance
of sufficient molecular and structural integrity to prime recipient
T cell alloresponses to the direct pathway (Herrera et al., 2004;
Smyth et al., 2006; Riond et al., 2007; Smyth et al., 2007). There
is, therefore, the potential for any given APC to simultaneously
present alloantigen both via the direct and indirect pathways. In
addition to dendritic cells (DCs) and macrophages, a significant
proportion of B lymphocytes have also been shown to acquire
allogeneic MHC molecules, and this process is also now known
to be bidirectional whereby cells of donor origin can also cap-
ture and present recipient derived MHC complexes (Brown et al.,
2008, 2011).

The ability of the semi-direct pathway to link both the direct
and indirect pathways of alloimmune priming of T cell responses
may simplify the matter of selecting an appropriate allospe-
cific Treg to regulate the alloreponse by permitting linked or
bystander suppression by allospecific Treg, a concept which we
return to later. The semi-direct pathway, therefore, illustrates that
neither pathway of alloantigen presentation is mutually exclu-
sive post-transplantation. This is further revealed by studying the
mechanisms, kinetics, and altering intensity of the alloimmune
response.

DYNAMICS OF ALLOANTIGEN PRESENTATION
An important aspect of administering optimized donor-specific
Treg cell therapy is to determine when to deliver their imm-
munoregulatory effects in vivo. A sensible presumption would
be to apply them in advance of or simultaneously to the induc-
tion of alloantigen presentation pathway activities, to counteract
the allopriming effect. Our understanding of the dynamics of the
alloimmune response is provided in part by studying the sur-
vival and trafficking of donor and recipient APCs in vivo but is
also revealed more directly by experimental and clinical studies
reporting on the duration and intensity of both direct and indirect
pathway primed T cell alloresponses following transplantation
(Figure 1B).

The contribution of alloimmune priming by the direct path-
way was first demonstrated by seminal experiments examining
the effects of donor allograft passenger APCs on kidney allo-
graft survival (Lechler and Batchelor, 1982a). Several studies have
since confirmed that abrogation of the direct pathway typically
results in a prolongation of graft survival rather than achieving
an outcome of true tolerance (Garrod et al., 2010; Fernandes
et al., 2011; Gupta et al., 2011), suggesting it is not the only
driver of graft rejection. Due to the clearance of donor passen-
ger APCs, the direct alloresponse it is thought to be a relatively
short-lived (Lechler and Batchelor, 1982a,b; Hornick et al., 1998),
allowing indirect allospecific T effectors responses to dominate.
Clearance of donor APCs has recently been shown to be a highly
efficient process mediated by recipient cytotoxic lymphocytes
(CTLs; Laffont et al., 2006) and natural killer (NK) cell killing,
the latter of which can efficiently remove allogeneic donor APC

introduced by adoptive transfer or by a skin allograft within hours
post-transplantation, to limit any consequent priming of direct
pathway alloreactive effector T cell responses (Laffont et al., 2008;
Garrod et al., 2010). However, the discovery of the semi-direct
pathway implies that the direct pathway is not completely inhib-
ited by this process. Therefore, these data clearly suggest that
targeted approaches to control both the direct pathway, perpet-
uated by the semi-direct pathway, and the indirect pathway may
be better able to deliver tolerance induction.

Recent data supports this view by providing evidence of the
presentation of donor alloantigen by the semi-direct pathway
for prolonged periods post-transplantation. In a rat model of
complete MHC mismatched (LEW→BN) liver transplantation,
Toyokawa et al. were able to detect donor MHC Class II L21-6+
CD11c+ cells within allografted tissues up to 200 days post-
transplantation (Toyokawa et al., 2008), but surprisingly found
they disappeared much earlier when grafts were performed into
recipient animals pre-depleted of macrophage and DC compart-
ments using clodronate liposomes. While the authors speculated
that this early loss of cells expressing donor MHC class II may be
due to lack of a survival advantage conferred by recipient APCs
through microenvironment conditioning, other studies of surface
MHC transfer suggest that the prolonged persistence of donor
MHC expression of CD11c+ cells is more likely to be due to the
semi-direct pathway. In a mouse kidney graft model of spon-
taneous tolerance (DBA-2→C57BL/6), Brown et al. were able
to demonstrate activity of the semi-direct pathway as early as 8
days post-transplantation by counter-staining lymphoid tissues
for both recipient and donor MHC class II expression (Brown
et al., 2008). They were able to detect a surprisingly high propor-
tion of APCs with I-Ad (DBA-2 MHC class II) and I-Ab (C57BL/6
MHC Class II) expression (∼30%), which remained detectable
for extended periods of over 80 days post-transplantation. In the
study by Tokoyawa et al., the semi-direct pathway is, therefore,
a more likely explanation for prolonged direct pathway donor
alloantigen presentation, particularly as in this same study they
also detected upregulation of MHC class II expression by donor
allograft epithelial and endothelial cells during inflammation,
which could have provided a continuous source of donor alloanti-
gen. This would however need to be confirmed by staining for
both donor and recipient MHC expression.

Although CD4+ T cells with direct allospecificity are well
placed to provide help to alloreactive CD8+ T cells, through the
likely 3-cell clusters formed between direct alloreactive CD4+ and
CD8+ T cells interacting with a donor-derived APC expressing
both allogeneic MHC class I and II, there must be an alternative
provision of help for CD8+ T cells, as otherwise the clearance
of donor passenger APCs would result in a parallel reduction
of alloreactive CD8+ CTL responses. This long-standing conun-
drum is partly resolved by demonstration of a helper T cell-
independent mechanism of CD8+ T cell alloactivation (Jones
et al., 2006) and partly by the provision of T cell help via CD4+ T
cells with indirect allospecificity (Lee et al., 1994). Precisely how
an indirect alloreactive CD4+ T cell with self-MHC restriction
would encounter a direct allospecific CD8+ T cell interacting with
a cell expressing intact allogeneic Class I MHC, is resolved by the
semi-direct pathway where an APC can present both allogeneic
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class I and processed allopeptides in the context of Class II
self-MHC. Fischer et al. have shown that combining tolerogenic
conditioning of recipient murine DCs through Rapamycin drug
treatment, with DC capture of intact MHC Class I from allogeneic
cell lysates, results in alloantigen presentation via the semi-direct
pathway, and drives regulation of direct alloreactive CD8+ T cell
responses in vitro and in vivo. This study indicates the potential
of this pathway in mediating effective immune regulation as well
as alloimmune priming (Fischer et al., 2011). Whereas presenta-
tion of donor-derived MHC Class I via the semi-direct pathway
may remain sustained, as stable graft function develops through
sustained immunosuppression or developing immune regulatory
processes, presentation of MHC Class II via this pathway may
play a lesser role during the post-transplant period as it’s sources
and activation-induced expression subside with diminution of the
inflammatory microenvironment.

Combined, these data shed an alternative view on the role of
donor APCs in priming the alloresponse early post transplanta-
tion, where their main effect may also be through the provision
of an early and high density source of donor antigen to prime the
indirect and semi-direct pathways. Activity of these two pathways
has recently been demonstrated on a more direct visual basis by
the detection of Yae (antibody with specificity for Class I H2-Kd

peptide presented by I-Ab complex) and MHC class II I-Ad dou-
ble positive APCs within lymphoid tissue of C57BL/6 (H2-Kb)
mice that have received a BALB/c (H2-Kd) heart graft, demon-
strating the capacity of recipient APCs to simultaneously prime
both direct and indirect T cell alloresponses (Brown et al., 2011).
The predominance of alloantigen presentation via the indirect
pathway early in the post-transplantation period in addition to
its more usual role in chronic rejection is now becoming a better
established phenomenon.

In this respect, the contribution of the indirect pathway toward
allograft rejection has been firmly established by studies using
donor grafts from MHC class II−/− mice, where rejection can
be efficiently induced in the complete absence of direct path-
way presentation of alloantigen (Auchincloss et al., 1993; Honjo
et al., 2004). Graft rejection dependent on indirect pathway pre-
sentation of alloantigens or minor antigens is also now well
described (Jurcevic et al., 2001; Sims et al., 2001; Smith et al.,
2001; Fernandes et al., 2011), and can occur with little or no
change (Garrod et al., 2010; Gupta et al., 2011) in the kinetics of
graft rejection compared to when the direct pathway is also active.
In support of these findings Brennan et al. have demonstrated the
efficiency of the indirect pathway compared to the direct path-
way of alloantigen presentation (Brennan et al., 2009). This study
co-transferred murine CD4 and CD8 T cells with TCR trans-
genes conferring specificity for either the direct pathway (I-Ad

and H2-Kd, respectively), or the indirect pathway (H2-Kd:I-Ab

complex) into C57BL/6 mice (I-Ab) which were then challenged
with BALB/c (I-Ad) heart or skin grafts. On adoptive transfer,
T cells with indirect allospecificity proliferated with much more
rapid kinetics compared to T cells with direct specificity, which
was also reflected by endogenous alloreactive T cell populations.
Using a murine transplant model Gupta et al. were able to mea-
sure the kinetics of alloantigen presentation though the direct
or indirect pathways by grafting skin from a BALB/c or CB6F1

(C57BL/6 × BALB/c F1) mouse onto a C57BL/6.TEa.Rag2−/−
recipient mouse, in which the T cells have indirect specificity
for I-E alpha peptide presented by C57BL/6 MHC class II I-Ab

(Gupta et al., 2011). They found that on indirect presentation
alone, where BALB/c donor alloantigens must first be processed
via the indirect pathway for presentation to TEa T cells, rejection
was delayed by 6 days compared to direct antigen presentation
(endogenous expression of I-Eα:I-Ab complex by CB6F1 DCs),
suggesting this short delay was caused by the time lag required for
antigen processing and presentation by the recipient DCs before
subsequent T cell proliferation. Although these findings concur
with the concept that late graft rejection is associated with a
gradually priming and maintenance of the indirect pathway, they
fundamentally differ from the findings by Brennan et al., however
these differences may be attributed to the allograft model or TCR
transgenic T cells used, suggesting although these models are ideal
for dissecting mechanistic basis of alloimmune priming, examin-
ing clinical data may be more informative for developing practical
therapeutic strategies for intervention.

IMPLICATIONS FOR DONOR-SPECIFIC TREG THERAPY
The experimental findings described above underpin two main
features of alloimmunity, firstly that the indirect pathway is
active immediately following transplantation and secondly that
the direct pathway can contribute toward the maintenance of
the indirect pathway and may be active later in the post-
transplantation period through the semi-direct pathway. It may,
therefore, be tempting to speculate that Treg therapy would be
best applied either pre-transplantation or at the time of trans-
plantation to prevent any initial priming of memory alloreactive
T cell responses, perhaps through modulation of APC activities
(Misra et al., 2004; Mahnke et al., 2007; Herman et al., 2012).
However, several recent studies have demonstrated that mainte-
nance of alloantigen presentation throughout the lifetime of the
organ transplant is also key to achieving tolerance, particularly so
when mechanistically Tregs are involved.

Chiffoleau et al. have shown that a rat model of donor-
specific heart transplant tolerance (fully MHC mismatched
LEW.1W→LEW.1A) is associated with an expansion of splenic
Tregs. In parallel, the study detected the persistence and even
proliferation (possibly a consequence of the deoxyspergualin
analogue tolerising protocol used) of donor DCs for over 100
days post-transplantation, which were restricted to the allo-
grafted tissue, achieving a localized tissue chimerism (Chiffoleau
et al., 2002). Interestingly, this group found that pre-depletion
of donor APCs from the heart allograft prior to transplanta-
tion by cyclophosphamide treatment, resulted in a reduction in
splenic Tregs and abrogation of the tolerogenic effect. In vitro
analysis further confirmed that CD4+ T cells from tolerised ani-
mals showed direct pathway donor-specific suppressive activity.
Therefore, using this particular tolerising protocol, alloantigen
presentation via the direct pathway was critical for induction of
transplant tolerance and generation of donor-specific Tregs, sug-
gesting this may be mechanistically a critical contributor toward
the successful approach of using mixed-chimerism to induce tol-
erance to a solid organ transplant (Ko et al., 1999b; Andreola et al.,
2011).
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Several other studies have also shown that persistent presen-
tation of donor alloantigen is also essential for the maintenance
of solid organ transplant tolerance in rodent models. Hamano
et al. showed that stable tolerance of a murine allogeneic heart
graft induced by anti-CD4 monoclonal antibodies and donor-
specific transfusion (DST) was lost when second donor-matched
hearts were transplanted 200 days after the removal of the pri-
mary hearts, that is, once all donor-alloantigen had been cleared
from the recipient mouse (Hamano et al., 1996). This implies
that unlike the study by Chiffoleau et al., donor-microchimerism
through the survival of donor APCs is not essential for mainte-
nance of tolerance (Ko et al., 1999a), but rather that activation
of semi-direct or indirect pathways of alloantigen presentation,
by any source of alloantigen, may be more critical. This the-
ory corresponds with evidence of the requirement of continuous
presence of donor alloantigens for Treg survival in allograft tol-
erance models (Scully et al., 1994; Chen et al., 1996; Hamano
et al., 1996). Two recent studies add further support to this con-
cept by using miniature swine models of allotransplantation to
study the stability of tolerance and the contribution of alloanti-
gen presentation via the indirect pathway toward maintenance of
tolerance (Okumi et al., 2008; Weiss et al., 2009). Okumi et al.
were able to demonstrate that once a primary MHC class I mis-
matched tolerised kidney allograft had been removed and all
endogenous donor alloantigen had been cleared, animals could
be sensitized to reject a second identical donor graft by injec-
tion of donor MHC Class I peptides. However, immunization
of long-term tolerised animals with donor MHC Class I pep-
tides did not lead to the rejection of a primary graft, indicating
that alloantigen presentation via the indirect pathway could both
break tolerance and be crucial in the induction and maintenance
of tolerance.

The relevance of these studies toward developing Treg therapy
is challenging to conclude, largely because of the intricacies and
variation within each experimental model, with respect to trans-
genic mice used or tolerising protocols applied, which may or not
be associated with Treg mediated regulatory processes. What can
be deduced is that for induction of long-term stable graft toler-
ance, active presentation of alloantigen is required, which over the
life-time of an allograft will be mediated primarily by the indi-
rect pathway. Sustained alloantigen presentation may function
by promoting antigen-driven activation, expansion, or survival
of in vivo induced or adoptively transferred donor-specific Tregs
(Walker et al., 2003; Sanchez-Fueyo et al., 2006), which may in
turn stimulate other alloantigen-specific immune regulatory pro-
cesses, a concept which is explored in more detail in the following
section.

DONOR-SPECIFIC TREG CONTROL OF ALLOIMMUNE
RESPONSES FOLLOWING TRANSPLANTATION
As well as their critical role in immune homeostasis and regu-
lation of autoimmunity (Sakaguchi and Sakaguchi, 2005), Tregs
can function to regulate the alloimmune response through
a number of mechanisms which include release of immuno-
suppressive cytokines, modulation of APC and endothelial
functions, or direct suppression of CD8+ and CD4+ T effec-
tor cells to summarize but a few (Shevach, 2009). Here we

examine the requirements of Tregs to control several important
aspects of the alloimmune effector response, outlining where the
advantages of donor-specific Treg use for immune regulation
may lie.

DONOR-SPECIFIC TREGS DELIVER LOCALISED IMMUNE REGULATION
Targeting the immunoregulatory properties of Tregs to the sites
of anti-donor effector responses would circumvent the issue of
the relative paucity of Tregs, which would otherwise limit their
efficacy in vivo. The effector arm of the indirect alloresponse is
broad and can occur at remote sites to the donor allograft as dis-
cussed later, however as indirect allospecific T cells are unable
to recognize the tissue allograft directly to mediate direct lysis
or cell mediated immunity, that is in a completely MHC mis-
matched donor recipient setting, they would only potentially
be able to directly damage the allograft by bystander killing.
In contrast, direct allospecific T cells accumulate and act at
the graft site through recognition of expressed intact MHC. An
immediate advantage of transferring Tregs with direct pathway
alloantigen-specificity would, therefore, be that they would natu-
rally localize to the equivalent site of allospecific effector T cell
priming to mediate their regulatory effects. Indeed, Tregs have
been described to specifically accumulate at sites of alloantigen
sources, alloimmune effector priming or target activity, to estab-
lish a state of local immune privilege (Golshayan et al., 2007, 2009;
Dijke et al., 2008). In experimental models of allograft tolerance,
Tregs with the ability to transfer tolerance to naive recipients have
also been detected within draining lymph nodes and also donor
allografted tissue (Graca et al., 2002). In a recent study by Heslan
et al., analysis of T cells isolated from tolerised allografts, also
capable of transferring donor-specific tolerance to naive recipi-
ents, showed skewed TCR Vβ repertoires which may reflect an
accumulation of oligioclonal donor alloantigen specific regula-
tory T cells (Heslan et al., 2005). What many studies have been
unable to demonstrate is whether Tregs are generated elsewhere
and then migrate to the graft site from the periphery or whether
they are induced within an allografted tissue itself. However these
studies do highlight the major advantage offered by a therapeutic
strategy to adoptively transfer donor-specific Tregs into trans-
plant recipients, by allowing their immunomodulatory functions
to be readily concentrated at the source of their cognate alloanti-
gen expression and subsequent immune activation (Golshayan
et al., 2007). We have recently demonstrated that transfer of
human Tregs selected for direct pathway donor allospecificity are
more effective at preventing rejection of a human skin graft in
a humanized mouse xenograft model, compared to polyclonal
Tregs (Sagoo et al., 2011). On studying early trafficking of adop-
tively transferred human Tregs (3 days), similar numbers of both
allospecific and polyclonal Tregs were recruited to skin allografts,
although a higher proportion of allospecific Tregs were found to
be in contact with skin resident alloantigen (HLA-DR+) bear-
ing donor cells. These data allow speculation that donor-specific
Treg mediated suppression occurs primarily at sites of alloantigen
expression and effector target tissue, and possibly acts through
early interaction and modulation of APC function and effector
cell recruitment, as implicated by other in vitro and in vivo studies
(Golshayan et al., 2009; Herman et al., 2012). Analysis at later time
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points (4 weeks) showed significantly higher numbers of allospe-
cific Tregs were present in allografted tissues, which concurs
with the hypothesis that antigen-driven expansion or survival
of allospecific Tregs had occurred (Walker et al., 2003; Sanchez-
Fueyo et al., 2006), and which may contribute to the improved
efficacy of donor-specific Tregs in this model. These findings also
resonate with functional differences detected between antigen-
specific and polyclonal Tregs in other murine models of tolerance
induction (Golshayan et al., 2007; Joffre et al., 2008; Tsang et al.,
2009). In contrast, considerable success using polyclonal Tregs in
preventing experimental graft versus host disease (GvHD) has
also been demonstrated (Edinger et al., 2003; Trenado et al.,
2003). The disparity between the relative efficacy of polyclonal
Tregs in these transplantation settings may again be related to
the localization of alloreactive responses, which during GvHD
is more systemic and, therefore, equally amenable for polyclonal
Treg mediated regulation.

The frequency and distribution of Tregs have also been stud-
ied in the context of clinical transplantation both in observa-
tional/association studies, and also in several studies extending
to cellular function analysis of Treg mediated suppression, the
latter of which is discussed later. As summarized in Table 1
(Columns A and C), several studies examining clinically stable
allograft recipients, those undergoing rejection, and healthy “con-
trol” individuals, in general find no consistent differences in the
frequencies of peripheral blood circulating levels of Tregs. Shan
et al. (2011) have recently compiled a more comprehensive review
of over 20 observational clinical studies which have examined
the association of detected human Tregs with liver, heart, lung,
and kidney allograft outcome. Their meta-analysis shows that ele-
vated intra-graft Tregs detected by relative increase in FoxP3+
cells or quantitative mRNA expression expression could, in gen-
eral, be positively correlated with improved graft function or
outcome, whereas numbers of circulating Tregs, the most com-
mon method of analysis, could not be consistently correlated with
outcome. This finding again reinforces the concept of targeting
Tregs to the correct in vivo site for optimal alloimmune sup-
pression. This is further supported by a study by Bestard et al.
which found that renal transplant patients whom developed T cell
hyporesponsiveness toward their donor after transplantation also
had significantly higher levels of CD4+FoxP3+ cells within their
allograft infiltrates compared to patients whom showed donor-
reactivity (Bestard et al., 2007). Similar observations of elevated
foxp3 mRNA expression in allograft biopsies have also been made
in combined bone marrow transplant (BMT) and kidney allograft
patients whom develop operational tolerance (Kawai et al., 2008).

Indeed, studies of human Tregs in patients with operational
tolerance are more revealing and in general bode well for cell ther-
apy approaches aiming to increase in vivo Treg numbers (Table 2,
Column A). Several studies have detected increases in percent-
ages of CD4+CD25+ Tregs as a proportion of total CD4+ T cells
and also absolute numbers of Tregs in peripheral blood circula-
tion in tolerant liver transplant recipients compared to healthy
controls, patients with stable graft function whom are maintained
on immunosuppressive drugs, and patients with active immune-
mediated graft rejection (Li et al., 2004, 2008; Martinez-Llordella
et al., 2007; Pons et al., 2008). Li et al. have further confirmed

that higher percentages of FoxP3+ cells are also detected in
biopsy material from some tolerant liver transplant patients (Li
et al., 2008). More recently, expansion of in vivo numbers of cir-
culating Tregs has been strongly linked to immunosuppression
withdrawal protocols and establishment of tolerance in cohorts
of liver transplant recipients (Nafady-Hego et al., 2010). The
association of Tregs with operational tolerance in other organs
such as kidney is not as consistent, with the majority of studies
observing that tolerant patients do not have higher percentages
or absolute number of Tregs in circulation compared to other
patient groups described (Louis et al., 2006; Braudeau et al.,
2007; Newell et al., 2010; Sagoo et al., 2010). In two recent stud-
ies examining the largest cohorts of renal transplant patients
with established long-term operational tolerance to date, neither
study detected expansion of CD4+CD25high Tregs in peripheral
blood (Newell et al., 2010; Sagoo et al., 2010). While all clin-
ical studies of renal transplant recipients described in Table 2
identified no differences in percentages or numbers of circu-
latory Tregs between tolerant individuals and healthy control
subjects, two studies did detect a significant reduction of Tregs in
patients with chronic graft rejection (Louis et al., 2006; Braudeau
et al., 2007). This observation suggests that tolerance may not
be directly related to a numerical advantage in peripheral Tregs,
more rather that tolerant individuals may maintain Tregs num-
bers similar to that of healthy individuals, whereas reduced Treg
numbers may be associated with poor graft outcome. This dif-
ference may of course be a consequence of patients whom go
on to develop chronic rejection having lower pre-transplant fre-
quencies of Tregs, which is an important question that can be
examined by the prospective and longitudinal immune mon-
itoring of transplant recipients. Reviewing the clinical studies
of operational tolerance summarized in Table 2 highlights an
emerging dichotomy between liver and kidney transplantation
and the differing role of circulatory Tregs within each organ trans-
plant setting. This deserves further investigation and warrants
deeper phenotypic and functional analysis, particularly in view
of some divergence in genetic profiles of immunological toler-
ance that have recently been identified between these two organs
(Martinez-Llordella et al., 2008; Perucha et al., 2011; Sawitzki
et al., 2011).

As suggested earlier, analysis of Treg frequencies in peripheral
blood may be entirely perfunctory, and may not be indica-
tive of allograft infiltrating Tregs or active mechanisms of reg-
ulation taking place within the tissue. Interestingly, despite
observing no differences in peripheral blood Treg numbers
between patient study groups, by studying urine sediment,
which is anticipated to be reflective of the cellular composi-
tion of the kidney allograft, Newel et al. were able to detect
higher foxp3 expression by operationally tolerant patients com-
pared to healthy control subjects, highlighting the subtleties of
immunological monitoring that need to be considered when
interpreting observations in clinical transplantation (Newell
et al., 2010). Although intragraft Treg composition is challeng-
ing to measure directly, an intermediate method of assessing the
role of Tregs and immune regulation in tolerance is through
the detection of donor-specific hyporesponsiveness by allograft
recipients.
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EVIDENCE FOR DONOR-SPECIFIC TREG-MEDIATED REGULATION
OF ALLOIMMUNITY
Measuring recipient alloreactivity toward donor antigen pre-
sented by the direct or indirect pathways has been achieved using
several ex vivo methods as summarized in Tables 1 (Column A)
and 2 (Column B), and has evidenced that detectable active
donor-reactive immunity is in general correlated with poor graft
outcome and development of acute and chronic graft rejec-
tion, respectively (Table 1 Column B and Table 2 Column C;
Vella et al., 1997; Ciubotariu et al., 1998; Poggio et al., 2004;
Hernandez-Fuentes and Lechler, 2005). Furthermore, by com-
paring recipient T cell responder frequencies against donor
stimulation to that of HLA mismatched third party (3rdParty)
stimulation, it can be used as a method to detect donor-
specific hyporesponsiveness and, therefore, determine whether
established stable graft function or immunological tolerance
is alloantigen-specific. Monitoring of donor-reactive immune
responses has demonstrated that hyporesponsiveness to the direct
pathway can develop shortly after solid organ transplantation and
is in general associated with stable graft function (Hornick et al.,
1998; De Haan et al., 2000). Donor-specific cytotoxic or T cell
hyporesponsiveness has been detected in kidney (Ghobrial et al.,
1994; Mason et al., 1996; Mestre et al., 1996; Hornick et al., 1998;
Baker et al., 2001b), heart (Hu et al., 1994; Hornick et al., 2000;
Van Hoffen et al., 2000) and lung (De Haan et al., 2000) trans-
plantation, although this is not a universal finding (Eberspacher
et al., 1994; Loonen et al., 1994; Steinmann et al., 1994; Oei
et al., 2000). In addition, hyporesponsivessness to donor anti-
gen presented by the indirect pathway has also been described
(Salama et al., 2003b). As shown in Tables 1 and 2, the contri-
bution of Tregs toward regulation of donor alloreactivity can be
measured by the recovery of effector functions or proliferation
when Tregs are removed or added into an assay in which donor
alloantigen is used as a stimulator of either the direct or indi-
rect T cell alloresponse. Again, comparison of suppressive activity
toward a 3rdParty stimulator can further reveal whether Tregs
have alloantigen-specific suppressive functions.

Our review of clinical studies which have examined the con-
tribution of Tregs toward established donor-hyporesponsiveness
shows a high degree of concordance in demonstrating donor-
specific Treg mediated suppression of T cell alloreactivity toward
direct (Velthuis et al., 2006, 2007; Bestard et al., 2007; Kreijveld
et al., 2007; Akl et al., 2008; Sewgobind et al., 2008; Hendrikx
et al., 2009) and indirect (Salama et al., 2003b; Spadafora-Ferreira
et al., 2007) pathway anti-donor responses in patients with sta-
ble allograft function. Two of these studies were prospective and
were, therefore, able to show that donor-specific Treg activity
with direct pathway specificity developed relatively early on post
transplantation from 6 months onwards (Bestard et al., 2007;
Hendrikx et al., 2009). Within the studies examined the per-
centage of stable allograft recipients with detectable evidence of
donor-specific Treg functions ranged from 20 to 83% of donor-
hyporesponsive patients between study cohorts. Some studies
however, were either unable to detect any donor-specific T cell
hyporesponsiveness (Baan et al., 2007), or unable to uncover
any donor-specific Treg activity despite patients showing donor-
specific T cell hyporesponses to direct pathway donor stimulation

(Game et al., 2003). These variations may be in part explained
by the differing immunocompetence and immune status between
individual patients and within patient cohorts based on their
pre- and post-transplant immunosuppressive regimens, or sim-
ply technical peculiarities of the assays performed. Incongruence’s
may also be influenced by differences in time post-transplantation
that patients were screened for donor-specific Treg activity,
where in addition to Tregs, other more dominant donor-specific
immunoregulatory mechanisms may be actively contributing
toward the detected dampening of anti-donor responses.

In support of this latter hypothesis, a study examining regu-
lation of direct pathway alloreactivity in tolerant liver transplant
recipients (Yoshizawa et al., 2005), suggests that donor alloanti-
gen specific Treg activity is one of multiple mechanisms that may
contribute to the maintenance of liver graft survival. Yoshizawa
et al. were able to detect an increase in donor-directed alloreac-
tivity after depletion of Tregs from in vitro MLR assays, however
tolerant recipient T cells still remained largely hyporesponsive to
donor stimulation suggesting other mechanisms such as clonal
deletion, induction of donor-specific cell anergy or involvement
of other immunomodulatory cell subsets were established during
tolerance. Further evidence for this is provided by work from our
group as part of the Indices of Tolerance and Riset consortium,
where we were able to correlate direct pathway donor-specific
hyporesponsiveness with tolerance in renal transplant patients,
but this could not be attributed to CD4+CD25+ Treg mediated
donor-specific functions by ex vivo analysis (Sagoo et al., 2010).
As increased numbers of Tregs were more strongly associated
with operational tolerance in liver transplantation as described
earlier, the findings by Nafady-Hego et al. may be readily antic-
ipated (Nafady-Hego et al., 2010). In their ex vivo functional
assays to study donor-specific Treg suppression, Nafady et al.
found that only the patient cohort with established tolerance
demonstrated donor-specific Treg mediated regulation of donor-
directed T cell alloresponses, with patients undergoing active
weaning showing a similar emerging although not significant
effect.

Drawing any firm conclusions from these findings is a chal-
lenge as very few studies to date have directly assessed Treg
activity in clinical transplantation tolerance. However, the data
reviewed in Tables 1 (Columns B and C) and 2 (Columns C
and D) clearly indicate that donor-specific hyporesonsivess to
the direct and indirect pathways of alloantigen presentation are
features of stable graft function and also operational tolerance.
Furthermore they suggest that naturally occurring Tregs may play
a prominent role in the establishment and possibly maintenance
of donor-specific immunological tolerance in liver transplanta-
tion. This is an important aspect which can only be assessed by
clinical studies which perform longitudinal immune monitoring
of transplant recipients during immunosuppression weaning pro-
tocols as is more routinely performed in liver transplantation. In
contrast, while in kidney transplantation Tregs with direct path-
way donor-specificity appear to contribute toward suppression
of donor-specific responses during stable graft function or the
phase of tolerance induction, they do not appear to play a promi-
nent role in toward the maintenance of established operational
tolerance.
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Although there is evidence of Treg-mediated regulation of
indirect pathway directed anti-donor responses in stable renal
transplant patients (Salama et al., 2003a), clinical studies of oper-
ational tolerance suggest that maintenance of the immunological
donor-specific hyporesponsive state can also be attributed to
other immuoregulatory processes than naturally occurring Tregs.
Several years ago, VanBuskirk et al. were able to demonstrate
that some patients displaying stable tolerance to either a kid-
ney or liver allograft had evidence of donor-specific regulation
of indirect pathway T cell responses. This was detected using
a trans-vivo delayed-type hypersensitivity (DTH) linked sup-
pression assay, measuring DTH swelling responses to tetanus
toxin recall antigen stimulation when applied with or without
donor antigen (VanBuskirk et al., 2000). This study identified
regulation of donor-specific responses was dependent on either
IL-10 or TGFβ, although no further analysis of the mechanis-
tic basis or source of either cytokine was studied. Following on
from this work, Haynes et al., have recently been able to corre-
late both reduced T cell responses to indirectly presented donor
alloantigens and evidence of active regulation of indirect allore-
activity with improved kidney transplant outcome (Haynes et al.,
2012). Again using the trans-vivo DTH assay, they were able to
show that tolerant patients had reduced donor-specific T cells
responses with reactivity toward indirectly presented donor anti-
gens, which were actively regulated through a TGF-β dependent
mechanism detected using an in vivo linked suppression assay.
Although again, immune regulation was not directly attributed to
antigen-specific naturally occurring FoxP3+ Tregs or any partic-
ular lymphocyte subset, this certainly implies a role for adaptive
or induced Th3 Treg mediated regulation, by CD4 or possibly
CD8 T cell subsets. In this study, the importance of alloimmune
priming and immune regulation of the indirect pathway for tol-
erance induction was also very clearly illustrated by the complete
absence of indirect pathway alloresponses detected in identical
twins receiving isogenic kidney transplants. Haynes et al. also
performed a parallel assessment of other kidney graft patients
including those with stable graft function and those undergoing
chronic rejection, and showed a progressive spectrum of immune
responses to the indirect pathway and the degree of active regu-
lation of this alloresponse, associated with graft function, where
patients with biopsy proven chronic rejection had the highest level
of indirect alloreactivity, with the lowest regulatory ability.

These studies highlight the significance of active processes of
regulation of the indirect pathway of alloantigen presentation in
tolerance, suggesting that deletion may not be the primary mech-
anism involved, however they did not examine and, therefore,
exclude the role of naturally occurring CD4+CD25highFoxP3+
Tregs, either their direct suppressive activities or their ability to
mediate linked suppression and thereby induce alternative net-
works of immunomodulatory cells. Indeed, the clinical studies
of operational tolerance reviewed here are all restricted by their
assessment of only limited immunoregulatory cellular pheno-
types or mechanisms. Nonetheless, what can be inferred from
these studies is that in both liver and kidney transplantation tol-
erance, naturally occurring Tregs with donor-specificity may be
related to immune regulation of the alloresponses early post-
transplantation, to induce transplantation tolerance. There then

appears to be some divergence between allografted tissues which
requires further investigation, however current data suggests that
in operational kidney transplantation tolerance, immunoregula-
tion mediated by Tregs does not remain a dominant mechanism.
An emerging hypothesis is, therefore, that Tregs with indirect
allospecificity may induce other immunosuppressive mechanisms
through linked or bystander suppression to generate infectious
tolerance which are involved in maintenance of the tolerant state.
We can find evidence to support this hypothesis by examining
the mechanisms and immunological factors identified follow-
ing experimental and clinical transplantation tolerance induction
protocols.

LESSONS ON RELEVANCE OF DONOR-SPECIFIC TREGS FROM
TOLERANCE INDUCTION PROTOCOLS
Linked suppression is a feature of immune regulation which can
be elicited by Tregs with indirect allospecificity, whereby a Treg
can encounter an APC presenting its specific MHC:peptide com-
plex and can exert suppression upon other T cell responses, with
specificity for other unrelated antigens also presented by the
same APC, namely via the indirect pathway (Chen et al., 1996;
Wise et al., 1998; Niimi et al., 2001). Mechanistically, linked sup-
pression is achieved through many of the classical suppressive
functions of Tregs described, such as modulation of APC func-
tions to generate tolerogenic functions, Treg-T cell competition
for space or ligands on the APC both of which can result in
anergy, or local production of immunosuppressive cytokines or
factors which modulate lymphocyte functions (Qin et al., 1993;
Waldmann et al., 2006). In addition to induction of adaptive
CD4+CD25+FoxP3+ Tregs, these mechanisms may result in the
generation of other immunomodulatory cell subsets, such as the
recently described CD8+CD28− suppressor T cells (Suciu-Foca
et al., 2003), Tr1 cells (Battaglia et al., 2006), or Th3 cells, the
importance of which has been further underlined in transplan-
tation tolerance by recent work from the Burlingham research
group described earlier (VanBuskirk et al., 2000; Haynes et al.,
2012). The presence of donor-specific Tregs may, therefore, act to
dampen the inflammatory alloimmune response early on post-
transplantation by suppressing alloimmune T effector responses
for induction of transplantation tolerance. Once a tolerogenic
environment is established in vivo, subsequent antigen presenta-
tion may occur predominantly via the indirect pathway within a
tolerogenic environment, and depending on the degree of HLA
mismatching, resulting in the expansion of naturally occurring
Tregs, or the induction of adaptive or induced Treg populations,
such as the Th3 to propagate infectious tolerance and maintain
an operational tolerant state. This may explain the incongruence
between clinical studies that have examined the presence and
activities of Tregs with direct pathway allospecificity during the
late transplantation period. Although it remains to be formally
demonstrated in a clinical setting, several studies have implicated
a direct link between Tregs and induction of other immunoreg-
ulatory processes, which is emphasized by the persistence of the
indirect pathway and indirect allospecific Treg functions.

Review of experimental tolerance induction strategies have
shown that in addition to clonal deletion, anergy and exhaus-
tion, immune regulation mediated by Tregs form a common
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mechanistic basis in achieving indefinite graft survival, partic-
ularly using methods such as DST, tolerogenic DCs and also
costimulatory blockade (Sykes, 2007). Many tolerance induc-
tion protocols have been shown to require active presentation of
alloantigen through the indirect pathway (Yamada et al., 2001;
Niederkorn and Mayhew, 2002; Rulifson et al., 2002). This cor-
responds to studies of allograft tolerance in mice, where Tregs
have been described as being generated by indirect presentation,
which can then exert their suppressive properties against donor
alloantigen presented by the indirect pathway (Wise et al., 1998;
Hara et al., 2001). Also as mentioned previously, the detection of
effective immune regulation of donor alloreactivity to the indi-
rect pathway in clinical studies is correlated with stable graft
function and tolerance. As several studies have indicated that
thymically derived naturally occurring CD4+CD25+ Tregs have
a higher propensity for recognition of self-MHC and thus indi-
rect allospecificity (Jordan et al., 2001; Apostolou et al., 2002;
Romagnoli et al., 2002; Hsieh et al., 2004), it is, therefore, con-
ceivable that presentation of alloantigen by the indirect pathway
following transplantation results in the preferential activation and
expansion of Tregs with indirect allospecificity. This may in part
explain their improved efficacy in experimental models of indirect
pathway antigen presentation compared to direct pathway antigen
presentation (Sanchez-Fueyo et al., 2007), and support their role
in the early induction phase of transplantation tolerance.

The requirement of the indirect pathway and the role of
Tregs in tolerance induction are heavily implicated by tolerance
induction protocols using DST or hematopoietic stem cell trans-
plantation (HSCT) in experimental and clinical transplantation
(Kishimoto et al., 2004). Generation of mixed chimerism as an
approach to achieve tolerance to a solid organ transplant aims
to generate both peripheral and central tolerance to the allo-
graft, and has recently been extensively reviewed by Pasquet et al.
(2011). Establishing mixed chimerism creates an in vivo situation
where alloantigen presentation via the indirect pathway is signif-
icantly potentiated in activity and intensity and may, therefore,
be more permissive to the promotion of indirect allospecific
Tregs and tolerance induction. Le Guern et al. have provided
experimental data which links the mixed chimerism approach for
tolerance induction, with Treg induction and linked suppression.
In a murine model of fully mismatched heart transplantation
(C57BL/6→ CBA), recipient mice received an autologous BMT
(I-Ak+) which had been retrovirally transduced to express a single
donor MHC Class II donor allele (I-Ab), followed by a donor or
3rdParty heart allograft. This protocol resulted in the induction
of donor-specific tolerance, in the complete absence of sustained
immunosuppression, which was associated with immune devi-
ation from a Th1 to Th2 predominate cytokine response and
with no indications of chronic rejection associated vasculopathy
(LeGuern, 2004; LeGuern et al., 2010). Furthermore, they were
able to transfer protection against graft rejection to naïve recipients
through CD4+CD25+FoxP3+ Tregs isolated from tolerant mice.

An impressive Phase II clinical study by Leventhal et al. (2012)
has employed the mixed chimerism approach to show induc-
tion of stable operational tolerance in all their study patients
that underwent HLA-mismatched combined HSCT and kid-
ney transplantation. This study used a protocol which included

transfer of pre-plasmacytoid tolerogenic DC graft facilitating cells
in addition to HSC donor inoculum, which by in vitro and
in experimental in vivo research had previously been shown to
mediate induction of CD4+CD25+FoxP3+ donor-specific Tregs.
In patients whom developed durable chimerism, an increase in
the ratio of Tregs to T effectors was detected, along with lack
of donor alloreactivity toward the recipient, which may explain
the absence of GvHD within the cohort. An additional obser-
vation, which we discuss later, was the expansion of CD19+
B cells by a large proportion of the patients, occurring within
the first year post-transplantation. Based on detectable responses
to 3rd Party alloantigens in vitro, it is likely that established
donor-specific immune modulation in these patients was mech-
anistically linked to the induction of donor-specific Tregs. In
another study of combined BMT and kidney transplantation
in HLA-mismatched individuals, Tregs were found to play a
more dominant role early post-transplantation, being expanded
in numbers in the periphery and demonstrating the development
of donor-specific suppressive activity compared to pre-transplant
function. However at 6–12 months post-transplantation, only
some study patients displayed evidence of donor-specific suppres-
sion by Tregs, which was no longer detectable after 1 year, despite
the maintenance of donor-specific hyporesponsiveness. This sug-
gests other forms of immune regulation such as antigen-specific
T effector cell depletion or anergy may have evolved to maintain
allograft tolerance (Andreola et al., 2011). These studies sug-
gest that maintenance of established tolerance may be manifested
through CD4+CD25+FoxP3+ Treg dependent or independent
activity, which may act in concert with or independent of several
other induced immunomodulatory mechanisms.

The use of donor-specific Tregs for transplantation
immunotherapy, therefore, provides an opportunity for the
generation of infectious tolerance and as such, an improved
likelihood of developing stable long-term donor-specific unre-
sponsiveness (Cobbold and Waldmann, 1998; Waldmann et al.,
2006). We next explore the concept of linked suppression in
the context of the improved capacity of donor-specific Tregs to
mediate maintenance of tolerance induction.

DONOR-SPECIFIC TREGS AND CONSEQUENCES OF REGULATION
THROUGH LINKED SUPPRESSION
As described, a key advantage of immunotherapy using Tregs
with indirect donor allospecificity is that they have the capacity
to mediate linked suppression. This allows them to exert control
over broader effector arms of the alloimmune response, which is
particularly relevant for the control of alloantigen-specific B cells
of the alloimmune response.

One of the main effector mechanisms of alloreactive T cells
with indirect allospecificity is through the provision of T cell help
to B cells, which results in the generation of the humoral alloan-
tibody response to an allograft (Suciu-Foca et al., 1995; Colvin,
2007), and leads to alloantibody mediated chronic graft rejection.
The dominant role of T cells with indirect pathway allospeci-
ficity in providing germinal center help to B cells for alloantibody
induction and graft rejection has recently been firmly established.
By adoptive transfer of CD4+ T cells with indirect allospeci-
ficity (BALB/c Class I H2-Kd molecule presented in the context
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of C57BL/6 class II I-Ab) or T cells with direct allospecificity
(CD4+ T cells with direct specificity for I-Abm12), Conlon et al.,
were able demonstrate that only T cells with indirect allospeci-
ficity had the capacity to provide B cell help and induce an
alloantibody response to a heart allograft (BALB/c→C57BL/6),
whereas T cells with direct allospecificity alone were incapable
(BALB/cxBM12→C57BL/6; Taylor et al., 2007; Conlon et al.,
2012). Interactions between cognate T cells and B cells, recog-
nizing different allogeneic peptides presented by the same APC
also promotes epitope spreading of the T cell and alloantibody
responses, resulting in the recognition and alloimmune target-
ing of effector responses to more cryptic antigenic determinates
over the lifetime of the transplant. This correlates with the main
pathological markers of chronic rejection which are typically that
of wound healing such as fibrosis or vasculitis, where proin-
flammatory cytokines generated by antibody-mediated comple-
ment or cellular dependent mechanisms of allograft damage,
induce endothelial and epithelial hyperproliferation. Indeed in
clinical transplantation, epitope spreading has been detected
in patients with detectable indirect pathway T cell alloreactiv-
ity with evidence of chronic allograft dysfunction (Vella et al.,
1997; Ciubotariu et al., 1998; Suciu-Foca et al., 1998; Hornick
et al., 2000). Previous work from our laboratory has demon-
strated the unique capacity of Tregs with indirect allospecificity
to control alloantibody mediated vasculopathy in experimental
heart and skin graft models (Tsang et al., 2009). Using both
MHC-mismatched and semi-allogeneic transplantation models,
Tregs generated with both direct- and indirect pathway allospeci-
ficities were found to be more effective at inducing indefinite
survival of heart transplants than Treg cell lines generated for
direct allospecificity alone. Whilst Tregs with allospecificity for
the direct pathway were only marginally less effective at inducing
indefinite graft survival compared to Tregs with both direct and
indirect pathway allospecificities, Tregs with indirect allospeci-
ficity were essential to prevent chronic vasculopathy, determined
by allograft histopathology. These findings correspond to clinical
observations, where Tregs with indirect pathway donor-specific
suppressive activity in stable renal transplant recipients have been
shown to be able to regulate a shift in recipient alloreactivity to
different donor MHC epitopes during the post-transplant period
(Salama et al., 2003b).

These data clearly argue that development of Tregs with donor-
specificity for the indirect pathway as a cell therapy product
for transplant recipients is likely to be critical for the induction
of long-term graft survival, enabling immunoregulatory mech-
anisms to adapt to the evolving immune response through the
ability of Tregs to control epitope spreading through linked-
suppression. Recipient B cell presentation of donor graft alloanti-
gens is now known to make a critical contribution toward graft
rejection (Noorchashm et al., 2006). As only Tregs with indirect
specificity would have the capability of interacting directly with
its cognate MHC: donor allopeptide complex as presented by a B
cell, it would, therefore, have the potential to modulate the B cell
alloresponse. Treg-mediated modulation of B cell activity has
been evidenced in a previous study of MHC class I mismatched
heart allograft rejection mediated by the indirect pathway, where
graft rejection, induced specifically via CD4+ T cell dependent

induction of alloantibody, was prevented using a tolerance induc-
tion protocol of anti-CD4 and DST, which was shown to generate
Tregs with indirect allospecificity with the capacity to suppress
alloantibody generation (Callaghan et al., 2007).

In addition to the indirect regulatory T cell effect on B cell
activity, through inhibition of helper T cell activity, Tregs have
also been shown to modulate B cell activity through a num-
ber of direct suppressive mechanisms. For example, antigen-
specific murine Tregs raised against a common allergen, through
in vivo administration of an immunodominant peptide, have
been shown to mediate B cell killing on recognition of specific
epitope:MHC complexes through Treg cytolytic activity of Fas-
Fas-L interactions (Janssens et al., 2003). Lim et al. (2004) have
shown that on antigen-mediated activation, Tregs can modulate
their expression of germinal center (GC) B cell follicular zone
homing chemokine receptors (increase CXCR5, decrease CCR7)
and migrate to the T cell B cell boundary areas within human
lymphoid tissue, where they can then directly prevent B cell class
switching and Ig production (Lim et al., 2005). This latter study
went further and by isolating Tregs and B cells from human lym-
phoid tissue, were able to demonstrate that Tregs were not only
able to directly suppress B cell class switching, detected by mon-
itoring Ig transcript analysis in ex vivo transwell assays, but were
also able to suppress the helper T cell response, by preventing
CXCL13 secretion. More recent studies in mouse have shown that
naturally occurring Tregs can migrate and reside in the GC follic-
ular zone where they regulate B cell humoral responses, and that
inhibiting their migration to these zones (using B cells derived
from CXCR5−/− mice) results in aberrant B cell IgM, IgA, IgG1,
and IgG2b antibody production (Wollenberg et al., 2011). More
recently experimental evidence suggests that Tregs may also have
the capacity to protect pre-sensitized individuals, through their
ability to control plasma B cell activity (Jang et al., 2011). Tregs
are, therefore, key in preventing B cell mediated graft destruc-
tion and limiting indirect alloimmunity, which correlates with an
absence of donor-specific alloantibody in clinical transplantation
tolerance and experimental models of transplantation tolerance.

Although the classic view of B cells in transplantation has
focused on their pathogenic activities, an alternative emerging
view is that of the complimentary roles of Regulatory B cells
(Bregs) and Tregs. Bregs have recently been identified to play roles
in regulating autoimmunity in experimental models of collagen-
induced arthritis, experimental autoimmune encephalitis (EAE)
and colitis, which is associated with B cell production of IL-10
(BR1 or B10 cells in human or mouse respectively) or TGFβ pro-
duction (Mauri and Blair, 2010). Ashour and Niederkorn have
demonstrated that Breg and Treg collaboration are associated
with the process of immune modulation in anterior chamber
associated immune deviation (ACAID). Their study showed that
following antigen transfer into the anterior chamber of the eye,
the APC function of B cells was essential in generating peripheral
tolerance through the induction of CD4+ and CD8+ regulatory
T cells (Ashour and Niederkorn, 2006). Further evidence is pro-
vided in a model of EAE, where depletion of B cells was related
to a lack of recovery from the disease and delayed emergence of
FoxP3+ cells within the CNS (Ray et al., 2012). Interestingly, in
this model, B cell induction of Treg proliferation was found be
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dependent on B cell expression of glucocorticoid-induced TNF
ligand (GITRL) rather than IL-10 expression. In fact, B cells are
now becoming well described in their abilities to both positively
and negatively regulate T effector responses, in addition to both
induce and expand Tregs (Lund and Randall, 2010). Thus, an
emerging controversial role of B cells in immunity is apparent,
which is particularly surprising given the established contribu-
tion of allospecific B cells and alloantibody toward organ allograft
rejection.

Currently very few studies have identified a role for Bregs in the
context of transplantation tolerance (Le Texier et al., 2011; Wang
et al., 2011). Le Texier et al. have recently revealed that B cells
isolated from tolerant recipients in a rat model of heart transplan-
tation can mediate infectious tolerance on adoptive cell transfer
(Le Texier et al., 2011). In this model, B cells infiltrated and were
localized to the tolerated organ, did not undergo class switch-
ing being maintained as IgM+ cells within the tissue and the
periphery, and were found to express high levels of BANK-1 and
the inhibitory FcgR2b receptor, indicating the generation of an
inhibitory B cell phenotype. In clinical transplantation, the study
by Haynes et al. mentioned earlier has been the first to examine
the functional regulatory contribution of Bregs. In their study,
they observed highest regulation of indirect pathway alloreactiv-
ity in operationally tolerant recipients which was predominantly
TGFβ dependent. One of the methods they used to examine a
Breg effect was by incorporating B cell depletion into their studies
measuring the in vivo DTH response, which showed regulation of
indirect alloreactivity was mediated through a B cell–independent
mechanism. These two studies suggest that maintenance of estab-
lished tolerance may be more dependent on B cells, rather
than tolerance induction. One possibility may be that following
immunosuppression withdrawal, Breg populations may emerge
which are actively involved in mediating tolerance through other
mechanisms such as IL-10 production (Iwata et al., 2011), which
allows speculation that they then have the potential to promote
other immunomodulatory mechanisms such as induction of Tr1
Tregs. These studies correspond with the B cell dominant gene
expression profile and peripheral expansion of B cells detected
within operationally tolerant patient cohorts (Newell et al., 2010;
Pallier et al., 2010; Sagoo et al., 2010), some of which show alter-
ations in specific memory or transitional B cell subsets. One of
the main difficulties in assessing the role of Bregs in clinical trans-
plantation tolerance is the current lack of a definitive Breg marker.
In view of these findings, a resurgent interest in the regulatory
and allopriming role of B cells in transplantation tolerance is
occurring (Adams and Newell, 2012) which may identify a Breg
subset phenotype. More research may also reveal whether Tregs
can influence or alter the generation of a Breg or B cell reper-
toire composed of more tolerogenic anti-inflammatory subtypes
post-transplantation. This and other questions raised throughout
this review may only be answered by the sequential immuno-
logical monitoring of patients pre- and post-transplantation,
operationally tolerant patients or patients undergoing tapered
weaning protocols, as are currently being performed within
the GAMBIT study (Genetic Analysis and Monitoring of
Biomarkers of Immunological Tolerance) at King’s College
London UK.

SUMMARY AND PERSPECTIVE
Achieving transplantation tolerance may be viewed as two inter-
linked phases, tolerance induction and maintenance of estab-
lished tolerance. This review finds that while Tregs are associated
with, and in some studies, integral to tolerance induction, Treg-
mediated immune regulation may not be a consistent feature of
long-term tolerance, although this may be an organ-specific phe-
nomenon. To obtain a clearer perspective of the role of Tregs in
the process of establishing tolerance, the evolving alloimmune
response needs to be studied on a longitudinal basis in terms
of several immunomodulatory population phenotypes, e.g., Treg,
Tr1, Th3, Bregs, and functions, using an array of complementary
methods, with parallel monitoring of clinical allograft function.
This sort of comprehensive immune monitoring will require a
solidly collaborative approach, but may reveal the true potential
of Tregs for induction of transplant tolerance.

In developing an optimized Treg therapy for clinical induc-
tion of transplantation tolerance, Tregs with indirect donor-
alloantigen specificity are likely to be most effective at delivering
long-term stable graft survival, which is attributed to their abil-
ity to suppress multiple immune cell types, and their potential
to interact with and promote other immunoregulatory processes,
through linked suppression and infectious tolerance. New find-
ings highlight an emerging role of the semi-direct pathway in
alloantigen presentation, which combined with the prominent
role of the indirect pathway in driving rejection and tolerance,
makes a stronger case for the use of indirect allospecific Treg
therapy. Indeed, although Tregs with direct allospecificity may
be able to deliver localized immune regulation to the allograft,
they would be limited in their ability to control the effector and
allopriming arms of the indirect alloresponse, which occur at dif-
ferent anatomical sites, however this would again be dependent
upon the degree of HLA matching between the donor and recip-
ient. Furthermore, although direct allorecognition can lead to
a vigorous inflammatory response resulting in direct cell medi-
ated damage and hyperacute rejection of allografted tissues, it
can be effectively controlled with immunosuppressive drugs to
avoid acute rejection, as evidenced by the high success rate of graft
acceptance early post-transplantation.

Clinical translation of Treg cell therapy faces several major
challenges. First and foremost is the challenge of developing clin-
ically transferrable protocols for the selection and expansion of
human donor alloantigen-specific Tregs, particularly Tregs with
indirect allospecificity (Jiang et al., 2006; Peters et al., 2008). Very
little progress has been made in this respect, which is primarily
due to the complexity of studying indirect allorecognition with
the tools and methods currently available, which is further com-
plicated by the breadth of mismatched allogeneic HLA peptides
that alloreactive T cells may respond to (Waanders et al., 2008).
The advantage is that by generating Tregs with specificity for a
single immunodominant allopeptide, the Tregs will be able to
mediate regulation against all allogeneic peptides through linked
suppression as evidenced by the work described above (LeGuern
et al., 2010). Indeed, work is currently underway in our laboratory
to generate human Tregs with indirect allospecificity, to demon-
strate this potential in an in vivo humanized mouse xenograft
model.
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A potentially serious caveat to using donor alloantigen-specific
Tregs in vivo is the potential of transferring contaminating allore-
active T effectors, or indeed alloantigen-specific Tregs with the
capacity to convert to proinflammatory Th17 effector cells, par-
ticularly in light of their emerging role in contributing toward
graft rejection (Burlingham et al., 2007; Chadha et al., 2011).
Efforts to limit this possibility are focusing on identifying key
triggers and Treg subset markers which describe Tregs with Th17-
conversion potential. However, do we really need to limit transfer
of effector populations of Th17 differentiating cells or will the
transfusion of Tregs into a regulatory or suppressive environment
induced by immunosuppression for example, result in immun-
odominance by Tregs? Treg cell products currently being used in
clinical HSCT can often be composed of only 50% FoxP3+CD4+
T cells, to deliver a Treg and graft versus leukemia (GvL) effect
in vivo, with no adverse or aggressive GvHD effects reported as
a direct consequence (Edinger and Hoffmann, 2011). Further
in vivo studies are required to understand the real risk of donor-
specific Treg infusion in cell therapy.

Another potential limitation of Treg therapy is assessing its
capacity to control alloreactive memory. Memory T cell responses
naturally provide rapid and potent T cell immunity and are
a barrier to most transplantation tolerance induction strategies
(Lakkis and Sayegh, 2003). Although Tregs have been demon-
strated to work extremely effectively at inducing transplantation
tolerance in murine models, very few have examined the capac-
ity of Tregs to primed T cell responses (Marshall et al., 1996), to
inhibit allograft rejection. Studying the efficacy of Tregs in exper-
imental rodent systems and models cannot be accurately assessed
due to the absence of a memory T cell pool, the importance
of which has recently been demonstrated in a study correlating
the presence or frequency of pre-existing T cell memory cells
in non-human primates, with graft rejection (Nadazdin et al.,
2011). The ability of Tregs to regulate memory T cell responses
has been shown to be limited compared to naïve T cells when
applied at the same ratio of Tregs to effectors cells (Yang et al.,

2007; Afzali et al., 2011), which has important implications for
the timing at which Treg therapy may need to be applied as pre-
existing alloreactive memory T cells may otherwise be stimulated
by the transplanted organ to provoke an aggressive alloimmune
response (Brook et al., 2006). Treg therapy may need to be applied
in concert or in succession to immunosuppression to efficiently
overcome donor-specific memory T-cell responses, as recently
demonstrated by Yamada et al. using a presensitised non-human
primate model of combined renal allograft and mixed chimerism,
to induce transplantation tolerance (Yamada et al., 2012). The
humanized mouse also represents a useful tool which can be engi-
neered as a clinically relevant model of human graft rejection to
study human Treg function (Shultz et al., 2007; Nadig et al., 2010;
Sagoo et al., 2011). By reconstituting mice with human PBMCs,
human immune subsets, replete with memory compartments can
be established to permit an assessment of the capacity of human
Tregs to regulate memory immune subsets or processes in order to
achieve transplantation tolerance. It may also allow a more com-
prehensive evaluation of the immunoregulatory effects of Tregs
on a more complete spectrum of functional human immunity,
such as priming of indirect alloresponses and B cell mediated
alloimmunity.

In summary, review of experimental and clinical data on
transplantation tolerance support the use of donor-specific Treg
therapy for establishing immunological tolerance in the clinc,
in particular, Tregs with indirect allospecificity. Although cur-
rent studies lack a clear demonstration of the comparative effi-
cacy of Tregs with either direct or indirect allospecificity, there
is strong evidence for an integral role of Tregs in establish-
ing tolerance, although their contribution toward maintaining
the stable tolerant state is unclear, and requires further investi-
gation. Treg cell therapy may, therefore, be envisaged as being
administered early during the post-transplantation period to
accelerate the generation of other associated immunoregulatory
processes that act toward maintaining stable immunological graft
acceptance.

REFERENCES
Adams, A. B., and Newell, K. A.

(2012). B cells in clinical transplan-
tation tolerance. Semin. Immunol.
24, 92–95.

Afzali, B., Lechler, R. I., and
Hernandez-Fuentes, M. P. (2007).
Allorecognition and the allore-
sponse: clinical implications. Tissue
Antigens 69, 545–556.

Afzali, B., Mitchell, P. J., Scotta,
C., Canavan, J., Edozie, F. C.,
Fazekasova, H., Lord, G. M., John,
S., Barber, L. D., Hernandez-
Fuentes, M. P., Lechler, R. I., and
Lombardi, G. (2011). Relative resis-
tance of human CD4(+) memory
T cells to suppression by CD4(+)
CD25(+) regulatory T cells. Am. J.
Transplant. 11, 1734–1742.

Akl, A., Jones, N. D., Rogers, N., Bakr,
M. A., Mostafa, A., El Shehawy El,
M., Ghoneim, M. A., and Wood, K.

J. (2008). An investigation to assess
the potential of CD25highCD4+ T
cells to regulate responses to donor
alloantigens in clinically stable renal
transplant recipients. Transpl. Int.
21, 65–73.

Andreola, G., Chittenden, M., Shaffer,
J., Cosimi, A. B., Kawai, T., Cotter,
P., Locascio, S. A., Morokata, T.,
Dey, B. R., Tolkoff-Rubin, N. T.,
Preffer, F., Bonnefoix, T., Kattleman,
K., Spitzer, T. R., Sachs, D. H., and
Sykes, M. (2011). Mechanisms of
donor-specific tolerance in recip-
ients of haploidentical combined
bone marrow/kidney transplan-
tation. Am. J. Transplant. 11,
1236–1247.

Apostolou, I., Sarukhan, A., Klein,
L., and Von Boehmer, H. (2002).
Origin of regulatory T cells with
known specificity for antigen. Nat.
Immunol. 3, 756–763.

Ashour, H. M., and Niederkorn, J. Y.
(2006). Peripheral tolerance via the
anterior chamber of the eye: role of
B cells in MHC class I and II anti-
gen presentation. J. Immunol. 176,
5950–5957.

Auchincloss, H. Jr., Lee, R., Shea,
S., Markowitz, J. S., Grusby, M.
J., and Glimcher, L. H. (1993).
The role of “indirect” recogni-
tion in initiating rejection of skin
grafts from major histocompatibil-
ity complex class II-deficient mice.
Proc. Natl. Acad. Sci. U.S.A. 90,
3373–3377.

Baan, C. C., Velthuis, J. H., Van Gurp,
E. A., Mol, W. M., Klepper, M.,
Ijzermans, J. N., and Weimar, W.
(2007). Functional CD25(bright+)
alloresponsive T cells in fully
immunosuppressed renal allograft
recipients. Clin. Transplant. 21,
63–71.

Baker, R. J., Hernandez-Fuentes, M.
P., Brookes, P. A., Chaudhry, A.
N., Cook, H. T., and Lechler, R. I.
(2001a). Loss of direct and main-
tenance of indirect alloresponses in
renal allograft recipients: implica-
tions for the pathogenesis of chronic
allograft nephropathy. J. Immunol.
167, 7199–7206.

Baker, R. J., Hernandez-Fuentes, M.
P., Brookes, P. A., Chaudhry, A.
N., and Lechler, R. I. (2001b). The
role of the allograft in the induc-
tion of donor-specific T cell hypore-
sponsiveness. Transplantation 72,
480–485.

Battaglia, M., Gregori, S., Bacchetta, R.,
and Roncarolo, M. G. (2006). Tr1
cells: from discovery to their clini-
cal application. Semin. Immunol. 18,
120–127.

Benitez, F., and Najafian, N. (2008).
Novel noninvasive assays to predict

Frontiers in Immunology | Immunological Tolerance July 2012 | Volume 3 | Article 184 | 55

http://www.frontiersin.org/Immunological_Tolerance/archive
http://www.frontiersin.org/Immunological_Tolerance/


Sagoo et al. Donor-specific Treg induction of tolerance

transplantation rejection and tol-
erance: enumeration of cytokine-
producing alloreactive T cells. Clin.
Lab. Med. 28, 365–373, v.

Berard, M., and Tough, D. F. (2002).
Qualitative differences between
naive and memory T cells.
Immunology 106, 127–138.

Bestard, O., Cruzado, J. M., Mestre,
M., Caldes, A., Bas, J., Carrera,
M., Torras, J., Rama, I., Moreso,
F., Seron, D., and Grinyo, J. M.
(2007). Achieving donor-specific
hyporesponsiveness is associated
with FOXP3+ regulatory T cell
recruitment in human renal allo-
graft infiltrates. J. Immunol. 179,
4901–4909.

Braudeau, C., Racape, M., Giral, M.,
Louis, S., Moreau, A., Berthelot,
L., Heslan, M., Ashton-Chess, J.,
Soulillou, J. P., and Brouard, S.
(2007). Variation in numbers of
CD4+CD25highFOXP3+ T cells
with normal immuno-regulatory
properties in long-term graft
outcome. Transpl. Int. 20, 845–855.

Brennan, T. V., Jaigirdar, A., Hoang,
V., Hayden, T., Liu, F. C., Zaid, H.,
Chang, C. K., Bucy, R. P., Tang, Q.,
and Kang, S. M. (2009). Preferential
priming of alloreactive T cells with
indirect reactivity. Am. J. Transplant.
9, 709–718.

Brook, M. O., Wood, K. J., and Jones, N.
D. (2006). The impact of memory
T cells on rejection and the induc-
tion of tolerance. Transplantation
82, 1–9.

Brown, K., Sacks, S. H., and Wong, W.
(2008). Extensive and bidirectional
transfer of major histocompatibility
complex class II molecules between
donor and recipient cells in vivo fol-
lowing solid organ transplantation.
FASEB J. 22, 3776–3784.

Brown, K., Sacks, S. H., and Wong, W.
(2011). Coexpression of donor pep-
tide/recipient MHC complex and
intact donor MHC: evidence for a
link between the direct and indi-
rect pathways. Am. J. Transplant. 11,
826–831.

Brunstein, C. G., Fuchs, E. J., Carter,
S. L., Karanes, C., Costa, L. J.,
Wu, J., Devine, S. M., Wingard, J.
R., Aljitawi, O. S., Cutler, C. S.,
Jagasia, M. H., Ballen, K. K., Eapen,
M., and O’Donnell, P. V. (2011).
Alternative donor transplantation
after reduced intensity condition-
ing: results of parallel phase 2 tri-
als using partially HLA-mismatched
related bone marrow or unrelated
double umbilical cord blood grafts.
Blood 118, 282–288.

Burlingham, W. J., Love, R. B.,
Jankowska-Gan, E., Haynes, L. D.,
Xu, Q., Bobadilla, J. L., Meyer, K.

C., Hayney, M. S., Braun, R. K.,
Greenspan, D. S., Gopalakrishnan,
B., Cai, J., Brand, D. D., Yoshida, S.,
Cummings, O. W., and Wilkes, D.
S. (2007). IL-17-dependent cellular
immunity to collagen type V pre-
disposes to obliterative bronchiolitis
in human lung transplants. J. Clin.
Invest. 117, 3498–3506.

Callaghan, C. J., Rouhani, F. J., Negus,
M. C., Curry, A. J., Bolton, E. M.,
Bradley, J. A., and Pettigrew, G.
J. (2007). Abrogation of antibody-
mediated allograft rejection by reg-
ulatory CD4 T cells with indi-
rect allospecificity. J. Immunol. 178,
2221–2228.

Chadha, R., Heidt, S., Jones, N. D., and
Wood, K. J. (2011). Th17, contribu-
tors to allograft rejection and a bar-
rier to the induction of transplan-
tation tolerance? Transplantation 91,
939–945.

Chen, Z. K., Cobbold, S. P., Waldmann,
H., and Metcalfe, S. (1996).
Amplification of natural regulatory
immune mechanisms for transplan-
tation tolerance. Transplantation 62,
1200–1206.

Chiffoleau, E., Beriou, G., Dutartre, P.,
Usal, C., Soulillou, J. P., and Cuturi,
M. C. (2002). Role for thymic
and splenic regulatory CD4+ T
cells induced by donor dendritic
cells in allograft tolerance by LF15-
0195 treatment. J. Immunol. 168,
5058–5069.

Ciubotariu, R., Liu, Z., Colovai, A. I.,
Ho, E., Itescu, S., Ravalli, S., Hardy,
M. A., Cortesini, R., Rose, E. A., and
Suciu-Foca, N. (1998). Persistent
allopeptide reactivity and epitope
spreading in chronic rejection of
organ allografts. J. Clin. Invest. 101,
398–405.

Cobbold, S., and Waldmann, H. (1998).
Infectious tolerance. Curr. Opin.
Immunol. 10, 518–524.

Colvin, R. B. (2007). Antibody-
mediated renal allograft rejection:
diagnosis and pathogenesis. J. Am.
Soc. Nephrol. 18, 1046–1056.

Conlon, T. M., Saeb-Parsy, K., Cole,
J. L., Motallebzadeh, R., Qureshi,
M. S., Rehakova, S., Negus, M. C.,
Callaghan, C. J., Bolton, E. M.,
Bradley, J. A., and Pettigrew, G. J.
(2012). Germinal center alloanti-
body responses are mediated exclu-
sively by indirect-pathway CD4 T
follicular helper cells. J. Immunol.
188, 2643–2652.

De Haan, A., Van Der Gun, I.,
Hepkema, B. G., De Boer, W. J.,
Van Der Bij, W., De Leij, L. F.,
and Prop, J. (2000). Decreased
donor-specific cytotoxic T cell
precursor frequencies one year after
clinical lung transplantation do not

reflect transplantation tolerance:
a comparison of lung transplant
recipients with or without bron-
chiolitis obliterans syndrome.
Transplantation 69, 1434–1439.

Di Ianni, M., Falzetti, F., Carotti, A.,
Terenzi, A., Castellino, F., Bonifacio,
E., Del Papa, B., Zei, T., Ostini, R. I.,
Cecchini, D., Aloisi, T., Perruccio,
K., Ruggeri, L., Balucani, C., Pierini,
A., Sportoletti, P., Aristei, C., Falini,
B., Reisner, Y., Velardi, A., Aversa,
F., and Martelli, M. F. (2011).
Tregs prevent GVHD and promote
immune reconstitution in HLA-
haploidentical transplantation.
Blood 117, 3921–3928.

Dijke, I. E., Korevaar, S. S., Caliskan, K.,
Balk, A. H., Maat, A. P., Weimar, W.,
and Baan, C. C. (2009). Inadequate
immune regulatory function
of CD4+CD25bright+FoxP3+ T
cells in heart transplant patients
who experience acute cellular
rejection. Transplantation 87,
1191–1200.

Dijke, I. E., Weimar, W., and Baan,
C. C. (2008). Regulatory T cells
after organ transplantation: where
does their action take place? Hum.
Immunol. 69, 389–398.

Eberspacher, M. L., Otto, G., Herfarth,
C., and Kabelitz, D. (1994).
Frequency analysis of donor-
reactive cytotoxic T lymphocyte
precursors in in allograft recipients.
Lack of correlation with clini-
cal outcome. Transplantation 57,
1746–1752.

Edinger, M., and Hoffmann, P. (2011).
Regulatory T cells in stem cell
transplantation: strategies and first
clinical experiences. Curr. Opin.
Immunol. 23, 679–684.

Edinger, M., Hoffmann, P., Ermann,
J., Drago, K., Fathman, C. G.,
Strober, S., and Negrin, R. S. (2003).
CD4+CD25+ regulatory T cells
preserve graft-versus-tumor activity
while inhibiting graft-versus-host
disease after bone marrow trans-
plantation. Nat. Med. 9, 1144–1150.

Fernandes, E., Goold, H. D.,
Kissenpfennig, A., Malissen, B.,
Dyson, J., and Bennett, C. L.
(2011). The role of direct presen-
tation by donor dendritic cells in
rejection of minor histocompat-
ibility antigen-mismatched skin
and hematopoietic cell grafts.
Transplantation 91, 154–160.

Fischer, R. T., Turnquist, H. R., Wang,
Z., Beer-Stolz, D., and Thomson, A.
W. (2011). Rapamycin-conditioned,
alloantigen-pulsed myeloid den-
dritic cells present donor MHC
class I/peptide via the semi-direct
pathway and inhibit survival of
antigen-specific CD8(+) T cells in

vitro and in vivo. Transpl. Immunol.
25, 20–26.

Game, D. S., Hernandez-Fuentes, M.
P., Chaudhry, A. N., and Lechler,
R. I. (2003). CD4+CD25+ regula-
tory T cells do not significantly con-
tribute to direct pathway hypore-
sponsiveness in stable renal trans-
plant patients. J. Am. Soc. Nephrol.
14, 1652–1661.

Garrod, K. R., Liu, F. C., Forrest, L. E.,
Parker, I., Kang, S. M., and Cahalan,
M. D. (2010). NK cell patrolling and
elimination of donor-derived den-
dritic cells favor indirect alloreactiv-
ity. J. Immunol. 184, 2329–2336.

Ghobrial, I. I., Morris, A. G., and
Booth, L. J. (1994). Clinical sig-
nificance of in vitro donor-specific
hyporesponsiveness in renal allo-
graft recipients as demonstrated by
the MLR. Transpl. Int. 7, 420–427.

Gokmen, M. R., Lombardi, G., and
Lechler, R. I. (2008). The impor-
tance of the indirect pathway of
allorecognition in clinical trans-
plantation. Curr. Opin. Immunol.
20, 568–574.

Golshayan, D., Jiang, S., Tsang,
J., Garin, M. I., Mottet, C.,
and Lechler, R. I. (2007). In
vitro-expanded donor alloantigen-
specific CD4+CD25+ regulatory T
cells promote experimental trans-
plantation tolerance. Blood 109,
827–835.

Golshayan, D., Wyss, J. C., Abulker, C.
W., Schaefer, S. C., Lechler, R. I.,
Lehr, H. A., and Pascual, M. (2009).
Transplantation tolerance induced
by regulatory T cells: in vivo mech-
anisms and sites of action. Int.
Immunopharmacol. 9, 683–688.

Graca, L., Cobbold, S. P.,
and Waldmann, H. (2002).
Identification of regulatory T
cells in tolerated allografts. J. Exp.
Med. 195, 1641–1646.

Gras, S., Kjer-Nielsen, L., Chen, Z.,
Rossjohn, J., and McCluskey, J.
(2011). The structural bases of
direct T-cell allorecognition: impli-
cations for T-cell-mediated trans-
plant rejection. Immunol. Cell Biol.
89, 388–395.

Gupta, S., Balasubramanian, S.,
Thornley, T. B., Strom, T. B.,
and Kenny, J. J. (2011). Direct
pathway T-cell alloactivation is
more rapid than indirect pathway
alloactivation. Transplantation 91,
e65–e67.

Hamano, K., Rawsthorne, M. A.,
Bushell, A. R., Morris, P. J., and
Wood, K. J. (1996). Evidence that
the continued presence of the
organ graft and not peripheral
donor microchimerism is essential
for maintenance of tolerance to

www.frontiersin.org July 2012 | Volume 3 | Article 184 | 56

http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


Sagoo et al. Donor-specific Treg induction of tolerance

alloantigen in vivo in anti-CD4
treated recipients. Transplantation
62, 856–860.

Hara, M., Kingsley, C. I., Niimi, M.,
Read, S., Turvey, S. E., Bushell, A.
R., Morris, P. J., Powrie, F., and
Wood, K. J. (2001). IL-10 is required
for regulatory T cells to mediate
tolerance to alloantigens in vivo.
J. Immunol. 166, 3789–3796.

Haynes, L. D., Jankowska-Gan, E.,
Sheka, A., Keller, M. R., Hernandez-
Fuentes, M. P., Lechler, R. I.,
Seyfert-Margolis, V., Turka, L. A.,
Newell, K. A., and Burlingham,
W. J. (2012). Donor-specific indi-
rect pathway analysis reveals a
B-cell-independent signature which
reflects outcomes in kidney trans-
plant recipients. Am. J. Transplant.
12, 640–648.

Hendrikx, T. K., Van Gurp, E. A.,
Sewgobind, V. D., Mol, W. M.,
Schoordijk, W., Klepper, M.,
Velthuis, J. H., Geel, A., Ijzermans,
J. N., Weimar, W., and Baan, C.
C. (2009). Generation of donor-
specific regulatory T-cell function
in kidney transplant patients.
Transplantation 87, 376–383.

Herman, S., Krenbek, D., Klimas,
M., Bonelli, M., Steiner, C. W.,
Pietschmann, P., Smolen, J. S., and
Scheinecker, C. (2012). Regulatory
T cells form stable and long-lasting
cell cluster with myeloid den-
dritic cells (DC). Int. Immunol. 7,
417–426.

Hernandez-Fuentes, M. P., and
Lechler, R. I. (2005). Chronic graft
loss. Immunological and non-
immunological factors. Contrib.
Nephrol. 146, 54–64.

Herrera, O. B., Golshayan, D., Tibbott,
R., Salcido Ochoa, F., James, M. J.,
Marelli-Berg, F. M., and Lechler,
R. I. (2004). A novel pathway
of alloantigen presentation by
dendritic cells. J. Immunol. 173,
4828–4837.

Heslan, J. M., Beriou, G., Le Luduec,
J. B., Guillonneau, C., Anegon,
I., Soulillou, J. P., Cuturi, M.
C., and Chiffoleau, E. (2005).
Accumulation of T cells with potent
regulatory properties and restricted
Vbeta7-TCR rearrangements in
tolerated allografts. Transplantation
80, 1476–1484.

Hippen, K. L., Riley, J. L., June, C. H.,
and Blazar, B. R. (2011). Clinical
perspectives for regulatory T cells
in transplantation tolerance. Semin.
Immunol. 23, 462–468.

Honjo, K., Xu, X., and Bucy, R.
P. (2004). CD4+ T-cell recep-
tor transgenic T cells alone
can reject vascularized heart
transplants through the indirect

pathway of alloantigen recognition.
Transplantation 77, 452–455.

Hornick, P. I., Mason, P. D., Baker, R.
J., Hernandez-Fuentes, M., Frasca,
L., Lombardi, G., Taylor, K., Weng,
L., Rose, M. L., Yacoub, M. H.,
Batchelor, R., and Lechler, R. I.
(2000). Significant frequencies of T
cells with indirect anti-donor speci-
ficity in heart graft recipients with
chronic rejection. Circulation 101,
2405–2410.

Hornick, P. I., Mason, P. D., Yacoub,
M. H., Rose, M. L., Batchelor,
R., and Lechler, R. I. (1998).
Assessment of the contribution
that direct allorecognition makes to
the progression of chronic cardiac
transplant rejection in humans.
Circulation 97, 1257–1263.

Hsieh, C.-S., Liang, Y., Tyznik, A. J.,
Self, S. G., Liggitt, D., and Rudensky,
A. Y. (2004). Recognition of the
Peripheral Self by Naturally Arising
CD25+ CD4+ T Cell Receptors.
Immunity 21, 267–277.

Hu, H., Robertus, M., De Jonge, N.,
Gmelig-Meyling, F. H., Van Der
Meulen, A., Schuurman, H. J.,
Doornewaard, H., Van Prooijen,
H. C., and De Weger, R. A. (1994).
Reduction of donor-specific cyto-
toxic T lymphocyte precursors in
peripheral blood of allografted
heart recipients. Transplantation 58,
1263–1268.

Iwata, Y., Matsushita, T., Horikawa, M.,
Dilillo, D. J., Yanaba, K., Venturi, G.
M., Szabolcs, P. M., Bernstein, S. H.,
Magro, C. M., Williams, A. D., Hall,
R. P., St Clair, E. W., and Tedder, T.
F. (2011). Characterization of a rare
IL-10-competent B-cell subset in
humans that parallels mouse regula-
tory B10 cells. Blood 117, 530–541.

Jang, E., Cho, W. S., Cho, M. L.,
Park, H. J., Oh, H. J., Kang, S. M.,
Paik, D. J., and Youn, J. (2011).
Foxp3+ regulatory T cells con-
trol humoral autoimmunity by sup-
pressing the development of long-
lived plasma cells. J. Immunol. 186,
1546–1553.

Janssens, W., Carlier, V., Wu, B.,
Vanderelst, L., Jacquemin, M. G.,
and Saint-Remy, J. M. (2003).
CD4+CD25+ T cells lyse antigen-
presenting B cells by Fas-Fas
ligand interaction in an epitope-
specific manner. J. Immunol. 171,
4604–4612.

Jiang, S., Tsang, J., and Lechler, R.
I. (2006). Adoptive cell therapy
using in vitro generated human
CD4+ CD25+ regulatory t cells
with indirect allospecificity to pro-
mote donor-specific transplanta-
tion tolerance. Transplant. Proc. 38,
3199–3201.

Joffre, O., Santolaria, T., Calise,
D., Al Saati, T., Hudrisier, D.,
Romagnoli, P., and Van Meerwijk,
J. P. (2008). Prevention of acute
and chronic allograft rejection with
CD4+CD25+Foxp3+ regulatory T
lymphocytes. Nat. Med. 14, 88–92.

Jones, N. D., Carvalho-Gaspar, M., Luo,
S., Brook, M. O., Martin, L., and
Wood, K. J. (2006). Effector and
memory CD8+ T cells can be gen-
erated in response to alloantigen
independently of CD4+ T cell help.
J. Immunol. 176, 2316–2323.

Jordan, M. S., Boesteanu, A., Reed, A.
J., Petrone, A. L., Holenbeck, A.
E., Lerman, M. A., Naji, A., and
Caton, A. J. (2001). Thymic selec-
tion of CD4+CD25+ regulatory T
cells induced by an agonist self-
peptide. Nat. Immunol. 2, 301–306.

Jurcevic, S., Chandler, P., Sacks, S.
H., and Simpson, E. (2001). Rapid
rejection of HLA-A2 transgenic skin
graft due to indirect allorecognition.
Transplantation 72, 994–997.

Kawai, T., Cosimi, A. B., Spitzer, T. R.,
Tolkoff-Rubin, N., Suthanthiran,
M., Saidman, S. L., Shaffer, J.,
Preffer, F. I., Ding, R., Sharma, V.,
Fishman, J. A., Dey, B., Ko, D. S.,
Hertl, M., Goes, N. B., Wong, W.,
Williams, W. W. Jr., Colvin, R. B.,
Sykes, M., and Sachs, D. H. (2008).
HLA-mismatched renal trans-
plantation without maintenance
immunosuppression. N. Engl. J.
Med. 358, 353–361.

Kishimoto, K., Yuan, X., Auchincloss,
H. Jr., Sharpe, A. H., Mandelbrot,
D. A., and Sayegh, M. H. (2004).
Mechanism of action of donor-
specific transfusion in inducing
tolerance: role of donor MHC
molecules, donor co-stimulatory
molecules, and indirect antigen
presentation. J. Am. Soc. Nephrol.
15, 2423–2428.

Ko, S., Deiwick, A., Dinkel, A.,
Wonigeit, K., and Schlitt, H. J.
(1999a). Functional relevance
of donor-derived hematopoietic
microchimerism only for induction
but not for maintenance of allograft
acceptance. Transplant. Proc. 31,
920–921.

Ko, S., Deiwick, A., Jager, M. D., Dinkel,
A., Rohde, F., Fischer, R., Tsui, T.
Y., Rittmann, K. L., Wonigeit, K.,
and Schlitt, H. J. (1999b). The func-
tional relevance of passenger leuko-
cytes and microchimerism for heart
allograft acceptance in the rat. Nat.
Med. 5, 1292–1297.

Kreijveld, E., Koenen, H. J., Klasen, I.
S., Hilbrands, L. B., and Joosten, I.
(2007). Following anti-CD25 treat-
ment, a functional CD4+CD25+
regulatory T-cell pool is present in

renal transplant recipients. Am. J.
Transplant. 7, 249–255.

Laffont, S., Coudert, J. D., Garidou, L.,
Delpy, L., Wiedemann, A., Demur,
C., Coureau, C., and Guery, J.
C. (2006). CD8+ T-cell-mediated
killing of donor dendritic cells pre-
vents alloreactive T helper type-
2 responses in vivo. Blood 108,
2257–2264.

Laffont, S., Seillet, C., Ortaldo, J.,
Coudert, J. D., and Guery, J. C.
(2008). Natural killer cells recruited
into lymph nodes inhibit allore-
active T-cell activation through
perforin-mediated killing of donor
allogeneic dendritic cells. Blood 112,
661–671.

Lakkis, F. G., and Sayegh, M. H.
(2003). Memory T cells: a hurdle to
immunologic tolerance. J. Am. Soc.
Nephrol. 14, 2402–2410.

Lamb, K. E., Lodhi, S., and Meier-
Kriesche, H. U. (2010). Long-term
renal allograft survival in the United
States: a critical reappraisal. Am. J.
Transplant. 3, 450–462.

Larsen, C. P., Austyn, J. M., and Morris,
P. J. (1990). The role of graft-derived
dendritic leukocytes in the rejec-
tion of vascularized organ allografts.
Recent findings on the migration
and function of dendritic leukocytes
after transplantation. Ann. Surg.
212, 308–315; discussion 316–307.

Le Texier, L., Thebault, P., Lavault, A.,
Usal, C., Merieau, E., Quillard, T.,
Charreau, B., Soulillou, J. P., Cuturi,
M. C., Brouard, S., and Chiffoleau,
E. (2011). Long-term allograft tol-
erance is characterized by the accu-
mulation of B cells exhibiting an
inhibited profile. Am. J. Transplant.
11, 429–438.

Lechler, R. I., and Batchelor, J. R.
(1982a). Immunogenicity of
retransplanted rat kidney allografts.
Effect of inducing chimerism in
the first recipient and quantitative
studies on immunosuppression of
the second recipient. J. Exp. Med.
156, 1835–1841.

Lechler, R. I., and Batchelor, J. R.
(1982b). Restoration of immuno-
genicity to passenger cell-depleted
kidney allografts by the addition of
donor strain dendritic cells. J. Exp.
Med. 155, 31–41.

Lechler, R. I., Heaton, T., Barber, L., Bal,
V., Batchelor, J. R., and Lombardi,
G. (1992). Molecular mimicry by
major histocompatibility complex
molecules and peptides accounts for
some alloresponses. Immunol. Lett.
34, 63–69.

Lee, R. S., Grusby, M. J., Glimcher, L.
H., Winn, H. J., and Auchincloss,
H. Jr. (1994). Indirect recogni-
tion by helper cells can induce

Frontiers in Immunology | Immunological Tolerance July 2012 | Volume 3 | Article 184 | 57

http://www.frontiersin.org/Immunological_Tolerance/archive
http://www.frontiersin.org/Immunological_Tolerance/


Sagoo et al. Donor-specific Treg induction of tolerance

donor-specific cytotoxic T lympho-
cytes in vivo. J. Exp. Med. 179,
865–872.

LeGuern, C. (2004). Potential role
of major histocompatibility com-
plex class II peptides in regula-
tory tolerance to vascularized grafts.
Transplantation 77, S35–S37.

LeGuern, C., Akiyama, Y., Germana, S.,
Tanaka, K., Fernandez, L., Iwamoto,
Y., Houser, S., and Benichou, G.
(2010). Intracellular MHC class
II controls regulatory tolerance to
allogeneic transplants. J. Immunol.
184, 2394–2400.

Leventhal, J., Abecassis, M., Miller, J.,
Gallon, L., Ravindra, K., Tollerud,
D. J., King, B., Elliott, M. J., Herzig,
G., Herzig, R., and Ildstad, S. T.
(2012). Chimerism and tolerance
Without GVHD or engraftment
syndrome in HLA-mismatched
combined kidney and hematopoi-
etic Stem cell transplantation. Sci.
Transl. Med. 4, 124ra128.

Li, Y., Koshiba, T., Yoshizawa, A.,
Yonekawa, Y., Masuda, K., Ito, A.,
Ueda, M., Mori, T., Kawamoto, H.,
Tanaka, Y., Sakaguchi, S., Minato,
N., Wood, K. J., and Tanaka, K.
(2004). Analyses of peripheral
blood mononuclear cells in oper-
ational tolerance after pediatric
living donor liver transplantation.
Am. J. Transplant. 4, 2118–2125.

Li, Y., Zhao, X., Cheng, D., Haga,
H., Tsuruyama, T., Wood, K.,
Sakaguchi, S., Tanaka, K., Uemoto,
S., and Koshiba, T. (2008). The
presence of Foxp3 expressing
T cells within grafts of tolerant
human liver transplant recipients.
Transplantation 86, 1837–1843.

Lim, H. W., Hillsamer, P., Banham, A.
H., and Kim, C. H. (2005). Cutting
edge: direct suppression of B cells
by CD4+ CD25+ regulatory T cells.
J. Immunol. 175, 4180–4183.

Lim, H. W., Hillsamer, P., and Kim,
C. H. (2004). Regulatory T cells
can migrate to follicles upon T
cell activation and suppress GC-
Th cells and GC-Th cell-driven B
cell responses. J. Clin. Invest. 114,
1640–1649.

Liu, W., Putnam, A. L., Xu-Yu, Z., Szot,
G. L., Lee, M. R., Zhu, S., Gottlieb,
P. A., Kapranov, P., Gingeras, T. R.,
Fazekas De St. Groth, B., Clayberger,
C., Soper, D. M., Ziegler, S. F.,
and Bluestone, J. A. (2006). CD127
expression inversely correlates with
FoxP3 and suppressive function of
human CD4+ T reg cells. J. Exp.
Med. 203, 1701–1711.

Lodhi, S. A., Lamb, K. E., and Meier-
Kriesche, H. U. (2011). Solid organ
allograft survival improvement in
the United States: the long-term

does not mirror the dramatic short-
term success. Am. J. Transplant. 11,
1226–1235.

Lombardi, G., Barber, L., Sidhu, S.,
Batchelor, J. R., and Lechler, R. I.
(1991). The specificity of alloreac-
tive T cells is determined by MHC
polymorphisms which contact the
T cell receptor and which influence
peptide binding. Int. Immunol. 3,
769–775.

Lombardi, G., Sagoo, P., Scotta, C.,
Fazekasova, H., Smyth, L., Tsang, J.,
Afzali, B., and Lechler, R. (2011).
Cell therapy to promote transplan-
tation tolerance: a winning strategy?
Immunotherapy 3, 28–31.

Lombardi, G., Sidhu, S., Daly, M.,
Batchelor, J. R., Makgoba, W., and
Lechler, R. I. (1990). Are primary
alloresponses truly primary? Int.
Immunol. 2, 9–13.

London, C. A., Lodge, M. P., and
Abbas, A. K. (2000). Functional
responses and costimulator depen-
dence of memory CD4+ T cells.
J. Immunol. 164, 265–272.

Loonen, L., Vaessen, L., Balk, A.,
Groeneveld, K., Mochtar, B., Jutte,
N., Claas, F., and Weimar, W.
(1994). Long-term survival of heart
grafts in the presence of donor-
specific cytotoxic T-cell precursors
(CTLp) in the peripheral blood.
Transpl. Int. 7, S596–S598.

Louis, S., Braudeau, C., Giral, M.,
Dupont, A., Moizant, F., Robillard,
N., Moreau, A., Soulillou, J. P., and
Brouard, S. (2006). Contrasting
CD25hiCD4+ T cells/FOXP3
patterns in chronic rejection and
operational drug-free tolerance.
Transplantation 81, 398–407.

Lund, F. E., and Randall, T. D. (2010).
Effector and regulatory B cells:
modulators of CD4(+) T cell
immunity. Nat. Rev. Immunol. 10,
236–247.

Macedo, C., Orkis, E. A., Popescu, I.,
Elinoff, B. D., Zeevi, A., Shapiro,
R., Lakkis, F. G., and Metes, D.
(2009). Contribution of naive and
memory T-cell populations to the
human alloimmune response. Am.
J. Transplant. 9, 2057–2066.

Mahnke, K., Bedke, T., and Enk,
A. H. (2007). Regulatory conver-
sation between antigen present-
ing cells and regulatory T cells
enhance immune suppression. Cell.
Immunol. 250, 1–13.

Marelli-Berg, F. M., Hargreaves, R.
E., Carmichael, P., Dorling, A.,
Lombardi, G., and Lechler, R. I.
(1996). Major histocompatibil-
ity complex class II-expressing
endothelial cells induce allospecific
nonresponsiveness in naive T cells.
J. Exp. Med. 183, 1603–1612.

Marshall, S. E., Cobbold, S. P.,
Davies, J. D., Martin, G. M.,
Phillips, J. M., and Waldmann, H.
(1996). Tolerance and suppres-
sion in a primed immune system.
Transplantation 62, 1614–1621.

Martinez-Llordella, M., Lozano, J. J.,
Puig-Pey, I., Orlando, G., Tisone, G.,
Lerut, J., Benitez, C., Pons, J. A.,
Parrilla, P., Ramirez, P., Bruguera,
M., Rimola, A., and Sanchez-Fueyo,
A. (2008). Using transcriptional
profiling to develop a diagnostic
test of operational tolerance in liver
transplant recipients. J. Clin. Invest.
118, 2845–2857.

Martinez-Llordella, M., Puig-Pey, I.,
Orlando, G., Ramoni, M., Tisone,
G., Rimola, A., Lerut, J., Latinne, D.,
Margarit, C., Bilbao, I., Brouard, S.,
Hernandez-Fuentes, M., Soulillou,
J. P., and Sanchez-Fueyo, A. (2007).
Multiparameter immune profiling
of operational tolerance in liver
transplantation. Am. J. Transplant.
7, 309–319.

Mason, P. D., Robinson, C. M., and
Lechler, R. I. (1996). Detection
of donor-specific hyporesponsive-
ness following late failure of human
renal allografts. Kidney Int. 50,
1019–1025.

Mauri, C., and Blair, P. A. (2010).
Regulatory B cells in autoimmu-
nity: developments and contro-
versies. Nat. Rev. Rheumatol. 6,
636–643.

Meier-Kriesche, H. U., Schold, J. D.,
and Kaplan, B. (2004a). Long-
term renal allograft survival: have
we made significant progress or
is it time to rethink our analytic
and therapeutic strategies? Am. J.
Transplant. 4, 1289–1295.

Meier-Kriesche, H. U., Schold, J. D.,
Srinivas, T. R., and Kaplan, B.
(2004b). Lack of improvement in
renal allograft survival despite a
marked decrease in acute rejection
rates over the most recent era. Am.
J. Transplant. 4, 378–383.

Merkenschlager, M., and Beverley, P.
C. (1989). Evidence for differential
expression of CD45 isoforms
by precursors for memory-
dependent and independent
cytotoxic responses: human CD8
memory CTLp selectively express
CD45RO (UCHL1). Int. Immunol.
1, 450–459.

Mestre, M., Massip, E., Bas, J., Alsina,
J., Romeu, A., Castelao, A. M.,
Buendia, E., and Grinyo, J. M.
(1996). Longitudinal study of the
frequency of cytotoxic T cell precur-
sors in kidney allograft recipients.
Clin. Exp. Immunol. 104, 108–114.

Misra, N., Bayry, J., Lacroix-Desmazes,
S., Kazatchkine, M. D., and Kaveri,

S. V. (2004). Cutting edge: human
CD4+CD25+ T cells restrain the
maturation and antigen-presenting
function of dendritic cells. J.
Immunol. 172, 4676–4680.

Miyara, M., Yoshioka, Y., Kitoh, A.,
Shima, T., Wing, K., Niwa, A.,
Parizot, C., Taflin, C., Heike, T.,
Valeyre, D., Mathian, A., Nakahata,
T., Yamaguchi, T., Nomura, T., Ono,
M., Amoura, Z., Gorochov, G., and
Sakaguchi, S. (2009). Functional
delineation and differentiation
dynamics of human CD4+ T cells
expressing the FoxP3 transcription
factor. Immunity 30, 899–911.

Nadazdin, O., Boskovic, S., Murakami,
T., Tocco, G., Smith, R. N., Colvin,
R. B., Sachs, D. H., Allan, J., Madsen,
J. C., Kawai, T., Cosimi, A. B., and
Benichou, G. (2011). Host alloreac-
tive memory T cells influence tol-
erance to kidney allografts in non-
human primates. Sci. Transl. Med. 3,
86ra51.

Nadig, S. N., Wieckiewicz, J., Wu, D.
C., Warnecke, G., Zhang, W., Luo,
S., Schiopu, A., Taggart, D. P., and
Wood, K. J. (2010). In vivo preven-
tion of transplant arteriosclerosis by
ex vivo-expanded human regulatory
T cells. Nat. Med. 16, 809–813.

Nafady-Hego, H., Li, Y., Ohe, H., Zhao,
X., Satoda, N., Sakaguchi, S., Wood,
K., Uemoto, S., and Koshiba, T.
(2010). The generation of donor-
specific CD4+CD25++CD45RA+
naive regulatory T cells in oper-
ationally tolerant patients after
pediatric living-donor liver trans-
plantation. Transplantation 90,
1547–1555.

Nepom, G. T., St Clair, E. W., and
Turka, L. A. (2011). Challenges in
the pursuit of immune tolerance.
Immunol. Rev. 241, 49–62.

Newell, K. A., Asare, A., Kirk, A.
D., Gisler, T. D., Bourcier, K.,
Suthanthiran, M., Burlingham, W.
J., Marks, W. H., Sanz, I., Lechler, R.
I., Hernandez-Fuentes, M. P., Turka,
L. A., and Seyfert-Margolis, V. L.
(2010). Identification of a B cell sig-
nature associated with renal trans-
plant tolerance in humans. J. Clin.
Invest. 120, 1836–1847.

Niederkorn, J. Y., and Mayhew, E.
(2002). Phenotypic analysis of
oral tolerance to alloantigens:
evidence that the indirect pathway
of antigen presentation is involved.
Transplantation 73, 1493–1500.

Niimi, M., Shirasugi, N., Ikeda, Y., and
Wood, K. J. (2001). Oral antigen
induces allograft survival by linked
suppression via the indirect path-
way. Transplant. Proc. 33, 81.

Noorchashm, H., Reed, A. J., Rostami,
S. Y., Mozaffari, R., Zekavat, G.,

www.frontiersin.org July 2012 | Volume 3 | Article 184 | 58

http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


Sagoo et al. Donor-specific Treg induction of tolerance

Koeberlein, B., Caton, A. J., and
Naji, A. (2006). B cell-mediated
antigen presentation is required for
the pathogenesis of acute cardiac
allograft rejection. J. Immunol. 177,
7715–7722.

Oei, F. B., Welters, M. J., Knoop, C.
J., Vaessen, L. M., Stegmann, A.
P., Weimar, W., and Bogers, A. J.
(2000). Circulating donor-specific
cytotoxic T lymphocytes with high
avidity for donor human leukocyte
antigens in pediatric and adult car-
diac allograft valved conduit recip-
ients. Eur. J. Cardiothorac. Surg. 18,
466–472.

Okumi, M., Fishbein, J. M., Griesemer,
A. D., Gianello, P. R., Hirakata, A.,
Nobori, S., Moran, S., Samelson-
Jones, E., Shimizu, A., Sachs, D.
H., and Yamada, K. (2008). Role
of persistence of antigen and indi-
rect recognition in the mainte-
nance of tolerance to renal allo-
grafts. Transplantation 85, 270–280.

Pallier, A., Hillion, S., Danger, R.,
Giral, M., Racape, M., Degauque,
N., Dugast, E., Ashton-Chess, J.,
Pettre, S., Lozano, J. J., Bataille,
R., Devys, A., Cesbron-Gautier, A.,
Braudeau, C., Larrose, C., Soulillou,
J. P., and Brouard, S. (2010). Patients
with drug-free long-term graft func-
tion display increased numbers of
peripheral B cells with a memory
and inhibitory phenotype. Kidney
Int. 78, 503–513.

Pasquet, L., Joffre, O., Santolaria,
T., and Van Meerwijk, J. (2011).
Hematopoietic chimerism and
transplantation tolerance: a
role for regulatory T cells.
Front. Immunol. 2:80. doi:
10.3389/fimmu.2011.00080

Perucha, E., Rebollo-Mesa, I., Sagoo,
P., and Hernandez-Fuentes, M. P.
(2011). Biomarkers of tolerance:
searching for the hidden phenotype.
Kidney Int. Sup. 1, 40–46.

Peters, J. H., Hilbrands, L. B., Koenen,
H. J., and Joosten, I. (2008).
Ex vivo generation of human
alloantigen-specific regulatory T
cells from CD4(pos)CD25(high)
T cells for immunother-
apy. PLoS ONE 3:e2233. doi:
10.1371/journal.pone.0002233

Poggio, E. D., Clemente, M., Riley,
J., Roddy, M., Greenspan, N. S.,
Dejelo, C., Najafian, N., Sayegh,
M. H., Hricik, D. E., and Heeger,
P. S. (2004). Alloreactivity in renal
transplant recipients with and with-
out chronic allograft nephropathy.
J. Am. Soc. Nephrol. 15, 1952–1960.

Pons, J. A., Revilla-Nuin, B.,
Baroja-Mazo, A., Ramirez, P.,
Martinez-Alarcon, L., Sanchez-
Bueno, F., Robles, R., Rios, A.,

Aparicio, P., and Parrilla, P. (2008).
FoxP3 in peripheral blood is asso-
ciated with operational tolerance
in liver transplant patients during
immunosuppression withdrawal.
Transplantation 86, 1370–1378.

Qin, S., Cobbold, S. P., Pope, H., Elliott,
J., Kioussis, D., Davies, J., and
Waldmann, H. (1993). “Infectious”
transplantation tolerance. Science
259, 974–977.

Ray, A., Basu, S., Williams, C. B.,
Salzman, N. H., and Dittel, B. N.
(2012). A novel IL-10-independent
regulatory role for B cells in sup-
pressing autoimmunity by main-
tenance of regulatory T cells via
GITR ligand. J. Immunol. 188,
3188–3198.

Riond, J., Elhmouzi, J., Hudrisier, D.,
and Gairin, J. E. (2007). Capture
of membrane components via tro-
gocytosis occurs in vivo during
both dendritic cells and target cells
encounter by CD8(+) T cells. Scand.
J. Immunol. 66, 441–450.

Romagnoli, P., Hudrisier, D., and
Van Meerwijk, J. P. (2002).
Preferential recognition of self
antigens despite normal thymic
deletion of CD4(+)CD25(+) reg-
ulatory T cells. J. Immunol. 168,
1644–1648.

Rulifson, I. C., Szot, G. L., Palmer, E.,
and Bluestone, J. A. (2002). Inability
to induce tolerance through direct
antigen presentation. Am. J.
Transplant. 2, 510–519.

Sagoo, P., Ali, N., Garg, G., Nestle, F.
O., Lechler, R. I., and Lombardi,
G. (2011). Human regulatory T
cells with alloantigen specificity are
more potent inhibitors of alloim-
mune skin graft damage than poly-
clonal regulatory T cells. Sci. Transl.
Med. 3, 83ra42.

Sagoo, P., Lombardi, G., and Lechler,
R. I. (2008). Regulatory T cells as
therapeutic cells. Curr. Opin. Organ.
Transplant. 13, 645–653.

Sagoo, P., Perucha, E., Sawitzki,
B., Tomiuk, S., Stephens, D. A.,
Miqueu, P., Chapman, S., Craciun,
L., Sergeant, R., Brouard, S., Rovis,
F., Jimenez, E., Ballow, A., Giral,
M., Rebollo-Mesa, I., Le Moine,
A., Braudeau, C., Hilton, R.,
Gerstmayer, B., Bourcier, K., Sharif,
A., Krajewska, M., Lord, G. M.,
Roberts, I., Goldman, M., Wood, K.
J., Newell, K., Seyfert-Margolis, V.,
Warrens, A. N., Janssen, U., Volk,
H. D., Soulillou, J. P., Hernandez-
Fuentes, M. P., and Lechler, R. I.
(2010). Development of a cross-
platform biomarker signature to
detect renal transplant tolerance
in humans. J. Clin. Invest. 120,
1848–1861.

Sakaguchi, S. (2004). Naturally
arising CD4+ regulatory t cells
for immunologic self-tolerance
and negative control of immune
responses. Annu. Rev. Immunol. 22,
531–562.

Sakaguchi, S., and Sakaguchi, N.
(2005). Regulatory T cells in
immunologic self-tolerance and
autoimmune disease. Int. Rev.
Immunol. 24, 211–226.

Salama, A. D., Chaudhry, A. N.,
Holthaus, K. A., Mosley, K., Kalluri,
R., Sayegh, M. H., Lechler, R. I.,
Pusey, C. D., and Lightstone, L.
(2003a). Regulation by CD25+ lym-
phocytes of autoantigen-specific
T-cell responses in Goodpasture’s
(anti-GBM) disease. Kidney Int. 64,
1685–1694.

Salama, A. D., Najafian, N., Clarkson,
M. R., Harmon, W. E., and Sayegh,
M. H. (2003b). Regulatory CD25+
T cells in human kidney transplant
recipients. J. Am. Soc. Nephrol. 14,
1643–1651.

Sanchez-Fueyo, A., Domenig, C.
M., Mariat, C., Alexopoulos, S.,
Zheng, X. X., and Strom, T. B.
(2007). Influence of direct and
indirect allorecognition pathways
on CD4+CD25+ regulatory T-
cell function in transplantation.
Transpl. Int. 20, 534–541.

Sanchez-Fueyo, A., Sandner, S.,
Habicht, A., Mariat, C., Kenny,
J., Degauque, N., Zheng, X. X.,
Strom, T. B., Turka, L. A., and
Sayegh, M. H. (2006). Specificity
of CD4+CD25+ regulatory T
cell function in alloimmunity.
J. Immunol. 176, 329–334.

Sawitzki, B., Schlickeiser, S., Reinke, P.,
and Volk, H. D. (2011). Monitoring
tolerance and rejection in organ
transplant recipients. Biomarkers
16(Suppl. 1), S42–S50.

Scully, R., Qin, S., Cobbold, S., and
Waldmann, H. (1994). Mechanisms
in CD4 antibody-mediated trans-
plantation tolerance: kinetics of
induction, antigen dependency and
role of regulatory T cells. Eur. J.
Immunol. 24, 2383–2392.

Sewgobind, V. D., Van Der Laan, L.
J., Klepper, M., Ijzermans, J. N.,
Tilanus, H. W., Weimar, W., and
Baan, C. C. (2008). Functional
analysis of CD4+ CD25bright T
cells in kidney transplant patients:
improving suppression of donor-
directed responses after transplanta-
tion. Clin. Transplant. 22, 579–586.

Shan, J., Guo, Y., Luo, L., Lu, J., Li,
C., Zhang, C., Huang, Y., Feng, L.,
Wu, W., Long, D., Li, S., and Li, Y.
(2011). Do CD4+ Foxp3+ Treg cells
correlate with transplant outcomes:
a systematic review on recipients

of solid organ transplantation. Cell.
Immunol. 270, 5–12.

Shevach, E. M. (2009). Mechanisms of
foxp3+ T regulatory cell-mediated
suppression. Immunity 30, 636–645.

Shultz, L. D., Ishikawa, F., and Greiner,
D. L. (2007). Humanized mice in
translational biomedical research.
Nat. Rev. Immunol. 7, 118–130.

Sims, T. N., Afrouzian, M., Urmson, J.,
Zhu, L. F., and Halloran, P. F. (2001).
The role of the class II transactivator
(CIITA) in MHC class I and II regu-
lation and graft rejection in kidney.
Am. J. Transplant. 1, 211–221.

Smith, C. R., Jaramillo, A., Liu, W., Tu,
Y., Kaleem, Z., Swanson, C. J., and
Mohanakumar, T. (2001). CD4+ T
cell recognition of a single discor-
dant HLA-A2-transgenic molecule
through the indirect antigen presen-
tation pathway induces acute rejec-
tion of murine cardiac allografts.
Transplantation 71, 1640–1648.

Smyth, L. A., Afzali, B., Tsang, J.,
Lombardi, G., and Lechler, R.
I. (2007). Intercellular transfer
of MHC and immunological
molecules: molecular mechanisms
and biological significance. Am. J.
Transplant. 7, 1442–1449.

Smyth, L. A., Herrera, O. B., Golshayan,
D., Lombardi, G., and Lechler, R.
I. (2006). A novel pathway of anti-
gen presentation by dendritic and
endothelial cells: Implications for
allorecognition and infectious dis-
eases. Transplantation 82, S15–S18.

Spadafora-Ferreira, M., Caldas, C., Fae,
K. C., Marrero, I., Monteiro, S.
M., Lin-Wang, H. T., Socorro-
Silva, A., Fonseca, S. G., Fonseca,
J. A., Kalil, J., and Coelho, V.
(2007). CD4+CD25+Foxp3+ indi-
rect alloreactive T cells from renal
transplant patients suppress both
the direct and indirect pathways of
allorecognition. Scand. J. Immunol.
66, 352–361.

Steinmann, J., Kaden, J., May, G.,
Schroder, K., Herwartz, C., and
Muller-Ruchholtz, W. (1994).
Failure of in vitro T-cell assays
to predict clinical outcome after
human kidney transplantation.
J. Clin. Lab. Anal. 8, 157–162.

Suchin, E. J., Langmuir, P. B., Palmer,
E., Sayegh, M. H., Wells, A. D., and
Turka, L. A. (2001). Quantifying
the frequency of alloreactive T
cells in vivo: new answers to an
old question. J. Immunol. 166,
973–981.

Suciu-Foca, N., Ciubotariu, R., Itescu,
S., Rose, E. A., and Cortesini,
R. (1998). Indirect allorecognition
of donor HLA-DR peptides in
chronic rejection of heart allografts.
Transplant. Proc. 30, 3999–4000.

Frontiers in Immunology | Immunological Tolerance July 2012 | Volume 3 | Article 184 | 59

http://www.frontiersin.org/Immunological_Tolerance/archive
http://www.frontiersin.org/Immunological_Tolerance/


Sagoo et al. Donor-specific Treg induction of tolerance

Suciu-Foca, N., Liu, Z., Harris, P. E.,
Reed, E. F., Cohen, D. J., Benstein,
J. A., Benvenisty, A. I., Mancini,
D., Michler, R. E., Rose, E. A.,
et al. (1995). Indirect recognition of
native HLA alloantigens and B-cell
help. Transplant. Proc. 27, 455–456.

Suciu-Foca, N., Manavalan, J. S., and
Cortesini, R. (2003). Generation
and function of antigen-specific
suppressor and regulatory T cells.
Transpl. Immunol. 11, 235–244.

Sykes, M. (2007). Immune tolerance:
mechanisms and application in clin-
ical transplantation. J. Intern. Med.
262, 288–310.

Takatsuki, M., Uemoto, S., Inomata, Y.,
Sakamoto, S., Hayashi, M., Ueda,
M., Kanematsu, T., and Tanaka,
K. (2001). Analysis of alloreactivity
and intragraft cytokine profiles in
living donor liver transplant recip-
ients with graft acceptance. Transpl.
Immunol. 8, 279–286.

Taylor, A. L., Negus, S. L., Negus, M.,
Bolton, E. M., Bradley, J. A., and
Pettigrew, G. J. (2007). Pathways of
helper CD4 T cell allorecognition in
generating alloantibody and CD8 T
cell alloimmunity. Transplantation
83, 931–937.

Toyokawa, H., Nakao, A., Bailey, R.
J., Nalesnik, M. A., Kaizu, T.,
Lemoine, J. L., Ikeda, A., Tomiyama,
K., Papworth, G. D., Huang, L.,
Demetris, A. J., Starzl, T. E., and
Murase, N. (2008). Relative con-
tribution of direct and indirect
allorecognition in developing tol-
erance after liver transplantation.
Liver Transpl. 14, 346–357.

Trenado, A., Charlotte, F., Fisson,
S., Yagello, M., Klatzmann, D.,
Salomon, B. L., and Cohen, J. L.
(2003). Recipient-type specific
CD4+CD25+ regulatory T cells
favor immune reconstitution and
control graft-versus-host disease
while maintaining graft-versus-
leukemia. J. Clin. Invest. 112,
1688–1696.

Tsang, J. Y., Tanriver, Y., Jiang,
S., Leung, E., Ratnasothy, K.,
Lombardi, G., and Lechler, R.
(2009). Indefinite mouse heart allo-
graft survival in recipient treated
with CD4(+)CD25(+) regulatory T
cells with indirect allospecificity and

short term immunosuppression.
Transpl. Immunol. 21, 203–209.

Van Hoffen, E., Polen, E., Robertus-
Teunissen, M., De Jonge, N.,
Lahpor, J. R., Gmelig-Meyling, F.
H., and De Weger, R. A. (2000).
High frequency of IL-4 producing
helper T lymphocytes associated
with a reduced incidence of heart
allograft rejection. Transpl. Int. 13,
S216–S224.

VanBuskirk, A. M., Burlingham, W.
J., Jankowska-Gan, E., Chin, T.,
Kusaka, S., Geissler, F., Pelletier, R.
P., and Orosz, C. G. (2000). Human
allograft acceptance is associated
with immune regulation. J. Clin.
Invest. 106, 145–155.

Vella, J. P., Spadafora-Ferreira, M.,
Murphy, B., Alexander, S. I.,
Harmon, W., Carpenter, C. B.,
and Sayegh, M. H. (1997). Indirect
allorecognition of major histocom-
patibility complex allopeptides in
human renal transplant recipients
with chronic graft dysfunction.
Transplantation 64, 795–800.

Velthuis, J. H., Hesselink, D. A.,
Hendrikx, T. K., Van Der Mast, B.
J., Klepper, M., De Greef, G. E.,
Baan, C. C., and Weimar, W. (2007).
Kinetic analysis reveals potency of
CD4+ CD25bright+ regulatory T-
cells in kidney transplant patients.
Transpl. Immunol. 18, 159–165.

Velthuis, J. H., Mol, W. M., Weimar,
W., and Baan, C. C. (2006).
CD4+CD25bright+ regulatory T
cells can mediate donor nonreactiv-
ity in long-term immunosuppressed
kidney allograft patients. Am. J.
Transplant. 6, 2955–2964.

Waanders, M. M., Heidt, S., Koekkoek,
K. M., Zoet, Y. M., Doxiadis, I. I.
N., Amir, A., Heemskerk, M. H.
M., Mulder, A., Brand, A., Roelen,
D. L., and Claas, F. H. J. (2008).
Monitoring of indirect allorecogni-
tion: wishful thinking or solid data?
Tissue Antigens 71, 1–15.

Waldmann, H., Adams, E., Fairchild, P.,
and Cobbold, S. (2006). Infectious
tolerance and the long-term
acceptance of transplanted tissue.
Immunol. Rev. 212, 301–313.

Walker, L. S., Chodos, A., Eggena, M.,
Dooms, H., and Abbas, A. K. (2003).
Antigen-dependent proliferation of

CD4+ CD25+ regulatory T cells in
vivo. J. Exp. Med. 198, 249–258.

Wang, C., Cordoba, S., Hu, M.,
Bertolino, P., Bowen, D. G.,
Sharland, A. F., Allen, R. D.,
Alexander, S. I., McCaughan, G.
W., and Bishop, G. A. (2011).
Spontaneous acceptance of mouse
kidney allografts is associated with
increased Foxp3 expression and
differences in the B and T cell
compartments. Transpl. Immunol.
24, 149–156.

Weber, D. A., Terrell, N. K., Zhang, Y.,
Strindberg, G., Martin, J., Rudensky,
A., and Braunstein, N. S. (1995).
Requirement for peptide in alloreac-
tive CD4+ T cell recognition of class
II MHC molecules. J. Immunol. 154,
5153–5164.

Weiss, M. J., Guenther, D. A., Mezrich,
J. D., Sahara, H., Ng, C. Y., Meltzer,
A. J., Sayre, J. K., Cochrane, M.
E., Pujara, A. C., Houser, S. L.,
Sachs, D. H., Rosengard, B. R.,
Allan, J. S., Benichou, G., and
Madsen, J. C. (2009). The indi-
rect alloresponse impairs the induc-
tion but not maintenance of tol-
erance to MHC class I-disparate
allografts. Am. J. Transplant. 9,
105–113.

Wise, M. P., Bemelman, F., Cobbold,
S. P., and Waldmann, H. (1998).
Linked suppression of skin graft
rejection can operate through indi-
rect recognition. J. Immunol. 161,
5813–5816.

Wollenberg, I., Agua-Doce, A.,
Hernandez, A., Almeida, C.,
Oliveira, V. G., Faro, J., and Graca,
L. (2011). Regulation of the ger-
minal center reaction by Foxp3+
follicular regulatory T cells. J.
Immunol. 187, 4553–4560.

Wood, K. J., Bushell, A., and Jones, N.
D. (2011). Immunologic unrespon-
siveness to alloantigen in vivo: a role
for regulatory T cells. Immunol. Rev.
241, 119–132.

Yamada, A., Chandraker, A., Laufer, T.
M., Gerth, A. J., Sayegh, M. H., and
Auchincloss, H. Jr. (2001). Recipient
MHC class II expression is required
to achieve long-term survival of
murine cardiac allografts after cos-
timulatory blockade. J. Immunol.
167, 5522–5526.

Yamada, Y., Boskovic, S., Aoyama, A.,
Murakami, T., Putheti, P., Smith,
R. N., Ochiai, T., Nadazdin, O.,
Koyama, I., Boenisch, O., Najafian,
N., Bhasin, M. K., Colvin, R. B.,
Madsen, J. C., Strom, T. B., Sachs,
D. H., Benichou, G., Cosimi, A. B.,
and Kawai, T. (2012). Overcoming
memory T-cell responses for induc-
tion of delayed tolerance in nonhu-
man primates. Am. J. Transplant. 12,
330–340.

Yang, J., Brook, M. O., Carvalho-
Gaspar, M., Zhang, J., Ramon, H.
E., Sayegh, M. H., Wood, K. J.,
Turka, L. A., and Jones, N. D.
(2007). Allograft rejection mediated
by memory T cells is resistant to reg-
ulation. Proc. Natl. Acad. Sci. U.S.A.
104, 19954–19959.

Yoshizawa, A., Ito, A., Li, Y., Koshiba,
T., Sakaguchi, S., Wood, K. J.,
and Tanaka, K. (2005). The roles
of CD25+CD4+ regulatory T
cells in operational tolerance
after living donor liver trans-
plantation. Transplant. Proc. 37,
37–39.

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 23 April 2012; accepted: 14
June 2012; published online: 13 July
2012.
Citation: Sagoo P, Lombardi G and
Lechler RI (2012) Relevance of regula-
tory T cell promotion of donor-specific
tolerance in solid organ transplanta-
tion. Front. Immun. 3:184. doi: 10.3389/
fimmu.2012.00184
This article was submitted to Frontiers in
Immunological Tolerance, a specialty of
Frontiers in Immunology.
Copyright © 2012 Sagoo, Lombardi and
Lechler. This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License, which
permits use, distribution and reproduc-
tion in other forums, provided the origi-
nal authors and source are credited and
subject to any copyright notices concern-
ing any third-party graphics etc.

www.frontiersin.org July 2012 | Volume 3 | Article 184 | 60

http://dx.doi.org/10.3389/fimmu.2012.00184
http://dx.doi.org/10.3389/fimmu.2012.00184
http://dx.doi.org/10.3389/fimmu.2012.00184
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


REVIEW ARTICLE
published: 18 May 2012

doi: 10.3389/fimmu.2012.00123

Therapeutic potential of semi-mature dendritic cells for
tolerance induction
Manfred B. Lutz*

Institute of Virology and Immunobiology, University of Wuerzburg, Wuerzburg, Germany

Edited by:

Stephen Paul Cobbold, University of
Oxford, UK

Reviewed by:

Giovanna Lombardi, Kings College
London, UK
Daniel Benitez-Ribas, CIBERehd,
Spain

*Correspondence:

Manfred B. Lutz, Institute of Virology
and Immunobiology, University of
Wuerzburg, Versbacher St. 7, 97078
Wuerzburg, Germany.
e-mail: m.lutz@vim.uni-wuerzburg.de

Dendritic cells (DCs) are major players in the control of adaptive tolerance and immunity.
Therefore, their specific generation and adoptive transfer into patients or their in vivo target-
ing is attractive for clinical applications. While injections of mature immunogenic DCs are
tested in clinical trials, tolerogenic DCs still are awaiting this step. Besides the tolerogenic
potential of immature DCs, also semi-mature DCs can show tolerogenic activity but both
types also bear unfavorable features. Optimal tolerogenic DCs, their molecular tool bar,
and their use for specific diseases still have to be defined. Here, the usefulness of in vitro
generated and adoptively transferred semi-mature DCs for tolerance induction is outlined.
The in vivo targeting of semi-mature DCs as represented by steady state migratory DCs
are discussed for treatment of autoimmune diseases and allergies. First clinical trials with
transcutaneous allergen application may point to their therapeutic use in the future.

Keywords: dendritic cells, tolerance, epicutaneous, transcutaneous, steady state, migration

IMMATURE DCs
Tolerogenicity of dendritic cells (DCs) has been shown by many
experiments in vitro and in vivo (Manicassamy and Pulendran,
2011). There has been a debate whether certain subsets or the
maturation/activation state defines DC tolerogenicity. In mice, all
known lymphoid organ DC subsets have been demonstrated to
bear tolerogenic potential, as shown for CD4+ (Sato et al., 2003b;
Chung et al., 2005), CD8α+ (Belz et al., 2002; Ferguson et al., 2002;
Yamazaki et al., 2008), and plasmacytoid DC (pDC) subsets (Mar-
tin et al., 2002; Ochando et al., 2006; Hadeiba et al., 2008) but
also human monocyte-derived DCs (Sato et al., 2003a). Condi-
tional ablation of DCs during the steady state in mice results in a
loss of self-tolerance (Birnberg et al., 2008; Ohnmacht et al., 2009).
Experimental animal models in transplantation, autoimmunity or
allergy and indications from human studies suggest a tolerogenic
potential of immature DCs (Bluestone et al., 2007; Morelli and
Thomson, 2007; Hilkens et al., 2010; Manicassamy and Pulen-
dran, 2011). Human immature DCs, loaded with the influenza
matrix peptide and keyhole limpet hemocyanin and then injected
i.v. into healthy individuals induced tolerance (Dhodapkar et al.,
2001). Together, not a defined DC subset or the presentation of
foreign antigens dictates DC tolerogenicity but their maturation
state.

In vivo most of tissue- and lymphoid organ-resident DCs are
immature (Wilson et al., 2003) but after ex vivo isolation they
lose their tolerogenic potential due to maturation induced by
the preparation procedure (Maldonado-López et al., 1999). Thus,
immature DCs need to acquire maturation resistance to subse-
quent stimuli to act strictly tolerogenic. This can be achieved
for in vitro generated DCs by specific conditioning to preserve

Abbreviations: APC, antigen-presenting cells; DCS, dendritic cells; Th1, T helper 1;
Th2, T helper 2; Th17, T helper 17; Tregs, regulatory T cells; Tr1, T regulatory type
1; TNF/DCS, TNF-matured DCS.

their immature state (Thomson, 2010). Alternatively, targeting of
immature DCs in vivo can be used to induce tolerance by tar-
geting certain surface receptors that mediate tolerance, such as
first demonstrated for the 33D1 (DCIR2) antibody binding to
the CD4+ DC subset (Finkelman et al., 1996) and later for the
CD8α+ DC subset by DEC205 (CD205) antibody (Hawiger et al.,
2001).

As a third possibility intravenous injection of soluble antigens
reach thymic and splenic DCs, which are then presented under
steady state conditions with half-lives between 3 and 22 h (Muller
et al., 1993). Soluble protein injections such as myelin antigens
may reach preferentially the CD4+ CD11b+ DCs and can lead to
protection from autoimmunity (Li et al., 2008). Injected apoptotic
cells as a source for tolerogenic antigens are captured by spleen DCs
and may represent promising tolerogenic tools in allogeneic trans-
plantation settings (Steinman et al., 2000; Morelli and Larregina,
2010).

It is of note that s.c. injection of immature DCs leads to their
upregulation of costimulatory molecules and a loss of tolerogenic-
ity (Fu et al., 1996). TNF-matured DCs that were tolerogenic when
injected i.v., turn into highly immunogenic DCs when applied
the s.c. route (Voigtländer et al., 2006). This may indicate that
tissue injury mediated maturation by ex vivo isolation proce-
dures or via the s.c. injection route causes danger signals strong
enough to abrogate tolerogenicity of immature DCs. Recently,
human autologous monocyte-derived DCs, treated with antisense
oligonucleotides against CD40, CD80, and CD86 but not loaded
with specific antigens were injected intradermally into type 1 dia-
betes patients (Giannoukakis et al., 2011). Although these DCs
were not further characterized, not even on the stability of the
costimulation blockade, they appeared save for the patients but
also without clinical benefit. Thus, DC injections or in vivo target-
ing may prefer the i.v. route or require specific treatments to gain
maturation resistance.
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MATURE DCs
Mature DCs or, as we proposed earlier, rather fully mature DCs
(Lutz and Schuler, 2002), are inducers of effector T cell responses
by their costimulation, homing, and cytokine production capaci-
ties and therefore candidates for anti-microbial or tumor vaccine
approaches (Steinman, 2008). Further “licensing” of DCs through
CD40 signals leads to elevated cytokine secretion and resistance
to Treg-mediated loss of costimulatory molecules on mature DCs
(Hänig and Lutz, 2008; and references therein). However, although
immature DCs are more efficient in Treg de novo induction from
naive T cells, mature DCs have been demonstrated to act superior
in activating the suppressor function of Tregs. Details on the role
of DC costimulation for Treg generation and function has been
reviewed elsewhere (Pletinckx et al., 2011a).

SEMI-MATURE DCs
Partial maturation resulting in upregulation of MHC and cos-
timulatory molecules and lymph node homing capacity but
lack of proinflammatory cytokine production was termed semi-
maturation (Lutz and Schuler, 2002). An advantage of semi-
mature tolerogenic DCs over immature tolerogenic DCs is their
lymph node homing potential by which DCs can reach T cells
at their anatomical locations. Although under debate, to create
the term “semi-maturation” allowed the collection of arguments
for or against it and then to keep or discard it. So far, further
experimental evidences for the phenotype and tolerogenic poten-
tial of semi-mature DC stages have been obtained and reviewed
(Mills and McGuirk, 2004; Morelli et al., 2005; Braun et al., 2006;
Nouri-Shirazi and Thomson, 2006; Rutella et al., 2006; van Duiv-
envoorde et al., 2006; Young et al., 2007; Frick et al., 2010; Morel
and Turner, 2011). Recently, gene-expression profiling of different
semi-mature DCs (TNF, Trypanosoma antigens) was compared to

fully mature DCs (LPS) and revealed mainly quantitative differ-
ences between these DC types. A common signature of only 24
proinflammatory genes characterized the semi-mature DC types
with a total of 160–466 genes regulated as opposed to almost 5000
genes regulated by LPS (Pletinckx et al., 2011b). These data under-
line that besides the qualitative instruction of pathogen- versus
self-antigen-recognition by triggering or not of pattern recogni-
tion receptors also more fine-tuned quantitative differences in gene
regulation seem to determine DC tolerogenicity versus immuno-
genicity (Figure 1). Here, some specific aspects of semi-mature
tolerogenicity will be discussed.

TOLEROGENICITY OF SEMI-MATURE DCs
Initial findings in the mouse, that TNF-matured bone-marrow-
derived DCs (TNF/DCs) and intravenously injected into mice
could act tolerogenic (Menges et al., 2002) were similar to findings
that cross-tolerance of CD8+ T cells in vitro induced by human
DCs also required TNF stimulation (Albert et al., 2001). Repetitive
injections of peptide-loaded TNF/DCs into mice allowed complete
protection from experimental autoimmune encephalomyelitis
(EAE). The resulting T cell response was characterized by a lowered
IFN-γ production, absence of IL-4, and increased IL-10 produc-
tion of CD4+ T cells as detected by ELISA (Menges et al., 2002).
Thus, a tolerogenic response being compatible with induction of
a regulatory T cell type 1 (Tr1)(Roncarolo et al., 2006). Similar
observations have been made with TNF/DCs in a murine thyroidi-
tis model (Verginis et al., 2005), DNA-matured DCs in experimen-
tal collagen-induced arthritis (Jaen et al., 2009), MyD88-silenced,
and then LPS-matured DCs in rat intestinal allograft transplan-
tation (Yang et al., 2011). Others generated semi-mature DCs
by dexamethasone and 1α,25-dihydroxyvitamin D3 (VD3) treat-
ment alone (Unger et al., 2009) or in parallel with LPS exposure

FIGURE 1 | Semi-maturation as a quantitative level of gene regulation

in DC maturation. DC maturation and the subsequent induction of
polarized Th1 or Th2 responses has been considered mostly as a
consequence of qualitative differing maturation pathways, meaning the
microbial direction of either Th1- or Th2-inducing genes in DCs with
simultaneous down-regulation of tolerance genes (Quality Model). Indeed,
the Notch ligands Jagged-2 and Delta-4 characterize the different DC

types. In parallel, quantitative differences appear for Th1- or Th2-polarizing
DCs (Quantity Model). DC that reach only a semi-mature stage with
various stimuli and induce Th2 cells are characterized by a low number of
regulated proinflammatory genes and only few hundred genes more in
total. In contrast, the same proinflammatory genes are induced in
Th1-polarizing fully mature DCs but almost 5000 genes in total. Thus,
semi-maturation can be observed also by the number of regulated genes.

Frontiers in Immunology | Immunological Tolerance May 2012 | Volume 3 | Article 123 | 62

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


Lutz Tolerogenic semi-mature DCs

of cells that were protective in collagen-induced arthritis model
(Stoop et al., 2010). Semi-mature DCs generated by sequential
dexamethasone and LPS treatment were superior to immature
DCs to prolong allograft survival in mice (Emmer et al., 2006).
In a murine graft versus Of note, in macaques a tolerogenic DC
semi-maturation stage seems to be achieved by using bone mar-
row as a source but not peripheral blood monocytes (Moreau
et al., 2008). When human monocyte-derived DCs were gener-
ated in GM-CSF, IL-4, TGF-β, and IL-10 for 7 days the resulting
regulatory immature DCs could respond to TNF only by par-
tial upregulation of costimulatory molecules as compared to DCs
cultured without TGF-β and IL-10 (Sato et al., 2003a). Unfor-
tunately, their cytokine production, CCR7 expression or homing
potential was not tested and the murine counterparts generated
from bone marrow appeared rather immature, although success-
ful in the treatment of graft-versus-host disease model (Sato et al.,
2003a,b).

A recent study tested the clinical potential of different human
monocyte-derived semi-mature DCs, considering also CCR7-
dependent homing potential and maturation stability (Boks et al.,
2012). Human immature monocyte-derived DCs were compared
with DCs that received additional treatments of dexamethasone,
rapamycin, TGF-β, or IL-10. The results indicated that the treat-
ments with the inhibitors for 1 h, revealed immature DCs without
migration capacity, while following cocktail maturation (TNF,
IL-1β, PGE2) allowed the acquisition of migratory capacity on
CCL21 in vitro and maturation resistance to further TLR expo-
sure. However, it appeared that IL-10, the strongest inhibitor of
DC maturation and the best Treg inducer, also showed the poor-
est migration, indicating that a balanced inhibition/maturation
protocol will be essential for successful application of semi-
mature DC in the clinic. Together, weak maturation stimuli alone
or combinations of suppressive treatments followed by matu-
ration stimuli leads to partial DC maturation with tolerogenic
capacity.

ROLE OF REPETITIVE SEMI-MATURE DC INJECTIONS
After establishing that repetitive injections of TNF/DCs lead to Tr1
cell generation (Menges et al., 2002) additional studies in our lab
indicated that this might be a result of chronic Th2 immunity. After
peptide restimulation of spleen cells from IL-4R deficient mice in
the EAE protection model IL-4 production by ELISA (and in addi-
tion IL-13) was detectable (Wiethe et al., 2008), indicating that
low amounts of IL-4 were produced in wild-type mice but con-
sumed completely and therefore not detectable. Intracellular flow
cytometry showed that both CD4+ T cells and NKT cells recognize
peptide or glycolipid antigens presented by TNF/DCs leading to
their IL-4 and IL-13 production. More detailed investigations on
CD1d presentation by TNF/DCs identified both type I and II NKT
cells to secrete these cytokines (Wiethe et al., 2007). A further aug-
mented activation of so-called non-classical or type II NKT cells,
i.e., CD1d-restricted and glycolipid-recognizing CD4+ T cells with
a diverse TCR repertoire (Godfrey et al., 2004), was observed when
the co-inhibitory molecule B7-H1/PD-L1 was absent on the DCs
(Brandl et al., 2010). Thus, repetitive TNF/DC injections induce
IL-10, little IL-4, and IL-13 production of conventional CD4+
T cells (Figure 2), together with IL-4, IL-13, but not IL-10, by

invariant type I NKT cells as well as by non-classical type II NKT
cells.

Recent analyses showed that a single stimulation of T cells by
TNF/DCs induced a Th2-like profile in vitro and in vivo (Plet-
inckx et al., 2011b), that allows immune deviation of antigen-
specific T cells away from pathogenic Th1 and Th17 responses
in EAE. Only repetition leads to dominant Tr1-mediated con-
trol of EAE. We also tested whether this mixed Th2/Tr1 response
would influence asthma as a Th2 disease model. The data revealed
that TNF/DCs could neither boost nor protect Th2-mediated
asthma in mice, presumably pointing to a neutral effect of Th2-
booster together with Tr1-suppression (Pletinckx et al., 2011b).
This is different to what has been described by others with
intranasally applied OVA allergen also leading to Tr1 cells without
additional Th2 induction and protecting from asthma (Akbari
et al., 2001). These differences in the clinical outcome may
however, also be explained by IL-10 production by the endoge-
nous lung DCs after intranasal asthma therapy, which was not
observed with our adoptively transferred TNF/DCs. Alternatively,
a local control of the disease in lung lymph nodes (Akbari
et al., 2001) rather than systemically injected TNF/DCs, reach-
ing the spleen, may be beneficial in the asthma model. Together,
semi-mature DC-induced mixed Th2/Tr1 responses can pro-
tect from Th1/Th17-induced (Sato et al., 2003a) diseases but
pure Tr1 induction will be necessary to treat also Th2-mediated
diseases.

INFLAMMATION, PATHOGENS, COMMENSALS, AND TUMORS AS
INDUCERS OF SEMI-MATURATION
There is accumulating evidence that typical Th2-inducing
pathogens also induce only partial DC maturation such as shown
for Leishmania amazonensis (Prina et al., 2004), Bordetella per-
tussis (Vojtova et al., 2006), cholera toxin (Bimczok et al., 2007),
Nippostrongylus brasiliensis (Balic et al., 2004), or Echinococcus
multilocularis (Nono et al., 2012). As a consequence the resulting
Th2 response will be dominated by Tr1 cells due to the chronic-
ity of the infection (O’Garra et al., 2004) and was similar as
observed for repetitive injections of TNF/DCs in the autoim-
mune models mentioned above. In addition, commensals such as
Lactobacillus rhammnosus (Veckman et al., 2004) or Bacteroides
vulgatus (Frick et al., 2006) but also exogenous noxes such as
nicotine (Hu et al., 2012) or endogenous inflammasome trig-
gers such as ATP (Ben Addi et al., 2008) can induce partial DC
maturation.

Receptors that mediate semi-maturation include both TNFR1
and TNFR2 (Funk et al., 2000), IL-6R (Frick et al., 2010), aller-
gen targeting to FcγR I (Hulse and Woodfolk, 2008) but also
Trypanosoma brucei-derived VSG antigens with presumably low
affinities for MyD88-dependent Toll-like receptors (TLR; Plet-
inckx et al., 2011b). Treatment of human patients with psoriasis
and multiple sclerosis by fumaric acid similarly induces a Th2-
inducing DC type (Ghoreschi et al., 2011). In sum, inflammatory
mediators, commensal bacteria, or typical Th2-pathogens can
induce DC semi-maturation. This may indicate that commen-
sals and pathogens exploit “this is only an inflammation” signaling
pathways in DCs to escape strong immunity and elimination but
also immunopathology (MacDonald and Maizels, 2008).
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FIGURE 2 |Two distinct DC semi-maturation pathways induce different

types of regulatoryT cells. Immature tissue-resident DCs or in vitro
generated BM-DCs that are triggered through the Wnt/β-catenin pathway or
proinflammatory cytokines become semi-mature DC with migratory potential
to T cell areas. Upon induction of IL-10 production by the DCs as observed via
intranasal antigen application Tr1 cell generation from naive T cells is favored.

Alternatively, repetitive injections of IL-10-deficient semi-mature DC also lead
to Tr1 cell generation. Different, only incompletely understood maturation
pathways activate tissue-resident DC into RelB/p52+ semi-mature DCs
homing to the T cell areas of peripheral lymph nodes. Transport of soluble and
cell-associated antigens have been observed for ssmDCs. By using TGF-β and
retinoic acid naive T cells are converted into Foxp3+ Tregs by ssmDCs.

It has been shown that a mild DC activation can occur through
disrupting DC–DC contacts formed by homotypic interaction via
E-cadherin and this dissociation is indeed accompanied by partial
maturation of the DCs through the Wnt/β-catenin signaling path-
way (Jiang et al., 2007). These disrupted DCs upregulated MHC II
and costimulatory molecules but did not secrete proinflammatory
cytokines. When pulsed with myelin antigen they induced IL-10
producing T cells that controlled EAE (Jiang et al., 2007) using the
same protocol and reaching very similar results as demonstrated
by our group with TNF/DCs before (Menges et al., 2002). In a col-
itis model Wnt signals activating β-catenin in DCs were required
to control the disease, indicative for a tolerogenic DC activation
(Manicassamy et al., 2010). However, so far it remains unclear
whether DCs matured along the β-catenin pathway are resistant to
further stimulation that would be demanding for therapeutic use.

Finally, in human patients suffering from pancreatic ductal ade-
nocarcinoma or chronic pancreatitis conventional DCs and pDCs
isolated from the peripheral blood appeared at a semi-mature stage

with impaired stimulatory function on T cells (Tjomsland et al.,
2010). Similarly, DC infiltrating tumors of non-small cell lung
cancer patients appeared immature or semi-mature or remained
semi-mature when exposed to maturation stimuli (Perrot et al.,
2007). Further investigations have to elucidate whether such DCs
are actively tolerogenic.

LIMITATIONS OF SEMI-MATURE DC TOLEROGENICITY
As already mentioned above injections of semi-mature DCs pro-
tected from Th1/Th17 immunity in the EAE model but not
in Th2-mediated asthma (Pletinckx et al., 2011b). In addition,
TNF/DC application for EAE therapy, i.e., after EAE induction,
failed (our unpublished observations). The reasons for this failure,
however, are obvious. In the preventive setting a large part of the
auto-antigen-specific naive CD4+ T cell repertoire is primed and
polarized into Th2 and subsequently into Tr1 phenotypes. If EAE
induction follows by immunization with the same auto-antigenic
peptide, the frequency of the remaining auto-antigen-specific
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naive CD4+ T cells is insufficient to generate enough pathogenic
Th1 and Th17 cells. This is the principle of tolerance induction by
immune deviation. Reversely, if most auto-antigen-specific cells
are polarized into Th1 or Th17 cells by the EAE protocol, it is
difficult at later time points to generate enough protective Th2 or
Tr1 cells from the remaining antigen-specific T cell pool. Thus,
tolerance induction by immune deviation or induced Tregs/Tr1
cells relies on sufficient numbers of naive auto-antigen-specific T
cells at the time of therapy.

In a type I diabetes model TNF/DCs loaded with an auto-
antigenic peptide on MHC class I molecules also failed to act
tolerogenic on CD8+ T cell autoimmunity (Kleindienst et al.,
2005), indicating that the DC semi-maturation may not allow
tolerization of high affinity CD8+ T cells such as the OT-I trans-
genic T cells used in this system. Furthermore, dose-dependent
effects have been observed in collagen-induced arthritis, where
semi-mature DCs injected at low amounts were protective whereas
high amounts failed to do so (Lim et al., 2009).

As for immature DCs also the stability of the semi-mature phe-
notype is important to maintain tolerogenicity and for this the
injection route may play an essential role. While three i.v. injec-
tions of TNF/DCs were completely protective in the EAE model,
s.c. application of the same DCs was deleterious and all mice died
from severe EAE. One reason was a remaining responsiveness of
TNF/DCs to further maturation signals such as LPS in vitro, which
led to IL-12 production. In vivo, TNF/DCs injected s.c. homed to
the draining lymph node but appeared cytokine negative unlike
endogenous DCs, which showed proinflammatory cytokine pro-
duction (Voigtländer et al., 2006). This indicates that s.c. injection
abrogates semi-mature DC tolerogenicity, in part by interactions
with other DCs. In cancer patients, only s.c. or intralymphatic
but not i.v. injections of DCs matured with tumor antigens could
prime Th1 responses, while T cell activation was observed under
all conditions (Fong et al., 2001), but tolerogenic parameters were
not analyzed for the i.v. settings. Interestingly, intracerebral injec-
tions of TNF/DCs in mice still could act tolerogenic (Zozulya et al.,
2009).

As mentioned above, it will be necessary to establish semi-
mature DCs that remain stable, and this might be achieved by
subsequent treatment with a maturation inhibitor followed by a
maturation inducer (Sato et al., 2003a; Boks et al., 2012).

STEADY STATE MIGRATORY DCs
IN VIVO COUNTERPARTS OF IN VITRO GENERATED SEMI-MATURE DCs?
After all, the question remained whether semi-mature stages of
DCs can be detected in vivo and whether they also exert tolerogenic
functions. Early observations indicated that the afferent lymph
contained “veiled cells” representing DCs with dendrites as a sign
of their maturity (reviewed in (Lutz and Schuler, 2002). Later it
has been shown that peripheral lymph nodes of mice contained
a fraction of DCs that expressed high levels of MHC II and the
costimulatory molecules CD80, CD86, and CD40 on their sur-
face (Ruedl et al., 2000; Henri et al., 2001). Another remarkable
similarity of these lymph node DCs was their endocytosis capac-
ity despite the mature cell surface marker profile (Ruedl et al.,
2001), indicative for an incomplete maturation. These partially
mature DCs exclusively represent the immigrated steady state

migratory fraction of formerly skin-resident DCs. Their migra-
tion through the lymphatics depends on CCR7 expression like for
pathogen-induced migratory DCs (Ohl et al., 2004). They consist
of three major subsets, identified as epidermal Langerhans cells
(LCs), dermal Langerin+, and dermal Langerin− DC subtypes
(Romani et al., 2010), although even more subsets or functional
states may exist (Henri et al., 2010). Also the intestine contains
CCR7-dependent state migratory DCs (ssmDCs) but they appear
less mature after arrival in mesenteric lymph nodes as compared
with their skin migratory counterparts (Worbs et al., 2006). The
reasons for this are unclear.

Analyses in pigs revealed that their skin-draining lymph nodes
contained ssmDC and they appear at a semi-mature state (Bertho
et al., 2011). Human tonsils contain a mature DC fraction (Sum-
mers et al., 2001) but it remains to be shown that these cells are
not resident DCs matured by inflammatory processes since ton-
sils lack connection to afferent lymphatics and surgical removal of
tonsils (which enable such studies) are indicated only after chronic
inflammations. Analyses of human peripheral lymph nodes from
tumor-free melanoma patients, and thereby considered as steady
state lymph nodes, contained two subsets of skin-derived CD1a+
CD11cint LCs and CD1a+ CD11chigh dermal DCs (van de Ven
et al., 2011). Both subsets expressed more CD80, CD86 CD40, and
CD83 as compared to their resident counterparts. Despite their
more mature phenotype, these DCs produced lower amounts of
proinflammatory cytokines and were weaker in priming T cell
responses, indicative for primarily tolerogenic functions. Super-
natants of human tumor cell lines (Kuang et al., 2008) could
induce partial DC maturation in vivo, similar to what has been
observed in pancreatic adenocarcinomas (Tjomsland et al., 2010)
and non-small cell lung cancers (Perrot et al., 2007) where such
cells accumulated in the tumor tissue.

Together, ssmDCs of the skin-draining lymph nodes in mice,
pigs, and humans DCs display a semi-mature phenotype by
expressing higher costimulatory molecules and having the homing
capacity to lymph nodes.

TOLEROGENIC FUNCTIONS OF ssmDCs
It became evident from early studies that ssmDCs transport self-
antigens to the draining lymph nodes (Huang et al., 2000; Hemmi
et al., 2001), but the consequences for T cells by the presentation of
these antigens were still open, although tolerance induction was
proposed. Subcutaneously implanted osmotic minipumps indi-
cated that Foxp3+ Tregs could be de novo converted by this type
of constant low dose soluble antigen delivery (Apostolou and von
Boehmer, 2004). Later we could show that this low dose solu-
ble antigen delivery by the pump system requires RelB+/p52+
CCR7+ ssmDCs (Azukizawa et al., 2011). Since pump implan-
tation requires a surgical intervention, this system may not fully
represent steady state conditions, despite equivalent induction of
Tregs. Direct comparison of soluble antigen delivery via subcuta-
neous minipumps with cell-associated transgenic neo-self-antigen
expression of OVA in the epidermis (K5-mOVA mice), revealed
the same dependency on ssmDCs with the same kinetics and fre-
quency of CD4+ Treg induction (Azukizawa et al., 2011; Figure 2)
or CD8+ T cell depletion (Waithman et al., 2007). Recent data
suggest that ssmDCs may control the whole pool of homeostatic
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lymph node T cell circulation by producing VEGF that stimulated
formation of high endothelial venules (HEVs) to enable T cell
entry and stimulated fibroblastic reticular cells to secrete CCL21
that acts chemotactic for T cells (Wendland et al., 2011). Thus,
ssmDCs control T cell homeostasis in peripheral lymph nodes
and act tolerogenic on CD4+ and CD8+ T cells, unlike TNF/DCs.

It is however unclear to date what distinguishes these ssmDCs
in the mentioned self-antigen model systems that induced IL-10−
Foxp3+ Tregs from ssmDCs that captured exogenous OVA or Bor-
detella flagellin that was applied intranasally and induced IL-10+
Foxp3− Tr1 cells (Akbari et al., 2001; McGuirk et al., 2002). One
possibility could be that tolerogenic immune evasion strategies
of bacterial flagellin or low doses of endotoxin attached to OVA
may lead to IL-10 release by the DCs, which is not observed under
completely pathogen-free conditions.

IN VIVO TARGETING OF ssmDCs FOR TOLERANCE INDUCTION
The existence of ssmDCs, which bear lymph node homing poten-
tial, are partially mature but still tolerogenic, offer their clinical
exploitation by specific targeting. In fact earlier studies may have
targeted ssmDCs for tolerance induction in an unscheduled man-
ner. We found that DEC205 is expressed at higher levels on ssmDCs
than lymph node resident or splenic DCs (own unpublished obser-
vations). Therefore antigen-targeting to this marker by i.v. injec-
tion may also or even preferentially target ssmDC in peripheral
lymph nodes (Hawiger et al., 2001; Kretschmer et al., 2005).

An alternative route to reach ssmDCs is via epicutaneous anti-
gen application. Plaster-mediated delivery of self-antigenic myelin
peptide was able to prevent EAE induction (Bynoe et al., 2003;
Szczepanik et al., 2005). Although not further investigated, it
is likely that ssmDCs have been the vehicle to induce myelin-
specific Tregs in the skin-draining lymph nodes. Surprisingly, even
approaches using gene gun delivery of antigens, that has been
developed for immunogenic vaccines, may be used to induce sta-
ble tolerance by induction of Foxp3+ Tregs and this may occur
through ssmDCs (Ettinger et al., 2012).

This principle of targeting ssmDCs through the skin may also
account for tolerogenic strategies in allergy treatment (Werfel,
2009; Senti et al., 2011). Such treatment showed therapeutic suc-
cess in murine allergy models using OVA, pollen, house dust
mite, or peanut as allergens (Mondoulet et al., 2010, 2011, 2012;
Dioszeghy et al., 2011). First clinical studies using epicutaneous
immunotherapy in childhood cow milk allergy patients demon-
strated safety although the three months of treatment did not reach
therapeutic success (Dupont et al., 2010). The reversal of an exist-
ing allergy may need extended periods of treatment as suggested
from other studies in patients with pollen allergy that showed
a moderate benefit (Senti et al., 2009, 2010). Alternatively, the
intranasal application route may be superior to the skin and also
employs partially mature migratory DCs and led to Tr1 induction
in the pulmonary lymph nodes (Akbari et al., 2001).

Finally, the potential success of such epicutaneous or transcuta-
neous tolerance strategies may be encouraged by the fact that some
pathogens hitchhike ssmDCs for immune evasion. A prominent
example is HIV, which infects peripheral immature DCs resident
in the skin or mucosa and then awaits to be transported to the
draining lymph nodes for further infection of CD4+ T cells as their
major targets, and even converting some of these into HIV-specific
Tregs (Smed-Sorensen and Lore, 2011). Together, semi-mature
DCs as represented by ssmDCs may prove valuable targets for clin-
ical epicutaneous or transcutaneous tolerance induction protocols
in the future.

SEMI-MATURE pDCs
So far this review concentrated on conventional/myeloid semi-
mature DC or ssmDCs. However, this does not exclude the exis-
tence of semi-mature stages also for pDCs. The biology of pDCs is
very different as compared to conventional DCs but certainly they
have in common to present antigens to T cells in tolerogenic or
immunogenic fashions.

Recent data indicate that pDCs infected in vitro with HIV may
be modified by the virus to reach a semi-mature stage that facil-
itates Treg induction (Smed-Sorensen and Lore, 2011). Similar
observations have been made with tumor-infiltrating pDCs that
show impaired maturation potential but without providing T cell
assays (Perrot et al., 2007; Tjomsland et al., 2010). In contrast,
freshly isolated pDC from mice also appeared semi-mature, but
pulsed with Leishmania antigen and reinjected into mice showed a
protective effect, indicative for their immunogenic activity (Remer
et al., 2007).

Together, more detailed analyses for pDCs are required to
evaluate a therapeutic potential of semi-mature pDCs.

CONCLUSION
The initially surprising finding that partially matured DCs can
still act tolerogenic has now reached a broader base by numer-
ous reports and more mechanistic insights. Semi-mature DCs can
be generated in vitro and exert a distinct spectrum of tolero-
genicity after injection. The finding that semi-mature ssmDCs
are continuously engaged to tolerize lymph node T cells against
peripheral self-antigens opens further perspectives for therapies,
especially against autoimmune diseases and allergies. Thus, tolero-
genic regimens employing semi-mature DCs may in the future
either be concentrated on in vivo targeting with antibodies or
transcutaneous antigen application regimens.
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The use of immunosuppressive (IS) drugs to treat transplant recipients has markedly
reduced the incidence of acute rejection and early graft loss. However, such treatments
have numerous adverse side effects and fail to prevent chronic allograft dysfunction. In
this context, therapies based on the adoptive transfer of regulatory cells are promising
strategies to induce indefinite transplant survival. The use of tolerogenic dendritic cells
(DC) has shown great potential, as preliminary experiments in rodents have demonstrated
that administration of tolerogenic DC prolongs graft survival. Recipient DC, Donor DC, or
Donor Ag-pulsed recipient DC have been used in preclinical studies and administration
of these cells with suboptimal immunosuppression increases their tolerogenic potential.
We have demonstrated that autologous unpulsed tolerogenic DC injected in the presence
of suboptimal immunosuppression are able to induce Ag-specific allograft tolerance. We
derived similar tolerogenic DC in different animal models (mice and non-human primates)
and confirmed their protective abilities in vitro and in vivo. The mechanisms involved in the
tolerance induced by autologous tolerogenic DC were also investigated. With the aim of
using autologous DC in kidney transplant patients, we have developed and characterized
tolerogenic monocyte-derived DC in humans. In this review, we will discuss the preclinical
studies and describe our recent results from the generation and characterization of
tolerogenic monocyte-derived DC in humans for a clinical application. We will also discuss
the limits and difficulties in translating preclinical experiments to theclinic.

Keywords: tolerogenic dendritic cells, transplantation, translational research, clinical trial, immune tolerance

INTRODUCTION
The success rates of transplant surgery have significantly
improved over the past fifty years. However, without treatment,
the development of an immune response against the donor organ
by the transplant patients leads to graft destruction. To block
this immunological response and protect the transplanted organs
from rejection, a range of general immunosuppressive drugs (IS)
is necessary. Unfortunately, the use of IS drugs induces numerous
adverse side effects, increasing the risks of infection and cancer
(Dantal et al., 1998). The aim of research in transplantation today
is to find an approach to induce long-term acceptance of trans-
plants in the presence of minimal IS drug exposure. Cell therapy
appears to be an innovative and promising strategy to address
these problems (Bluestone et al., 2007). A European project called
the “One Study” has been set up to test the efficacy of different
immunoregulatory cell products in organ transplant recipients.
In our center, tolerogenic dendritic cells (DC) will be injected into
humans in an attempt to achieve donor-specific tolerance.

TOLEROGENIC DC IN ANIMAL MODELS
DC are potent antigen-presenting cells (APC), able to induce
either immunity or tolerance. After a brief description of the dif-
ferent types of mouse DC present in vivo, we will describe how
tolerogenic DC can be derived in vitro in different animal mod-
els, and their efficacy in transplantation models. In the last part of

this section, we will discuss the mechanisms of tolerance induced
by TolDC.

DIFFERENT TYPES OF DC DESCRIBED in vivo IN MICE
DC are present in small numbers in vivo and are mainly localized
in the spleen and lymph nodes (LNs). DC are a heterogeneous
population of cells that can be classified into two main subsets:
conventional DC and plasmacytoid DC. Conventional DC can be
either resident or migratory cells.

Resident DC are present in the spleen, LNs and thymus. In
the steady state, these DC are immature and become mature in
the presence of danger signals. They can be divided into three
subsets: CD4+CD8−, CD8α+ (DEC205+), and double negative,
CD4−CD8−DC. They also differ in their methods of antigen (Ag)
presentation. For example, CD8α+ resident DC are able to cross-
present exogenous Ag on MHC Class I (den Haan et al., 2000).
Thus, they mainly activate CD8+ T cells and produce high lev-
els of IL-12, which leads to a type 1 response (Hochrein et al.,
2001; Reis e Sousa et al., 1997). On the contrary, CD4+ resident
DC present Ag on MHC Class II and mainly stimulate CD4+
T cells (Dudziak et al., 2007). In lymphoid organs, resident DC
capture and present Ags to T cells. In contrast, migratory DC cap-
ture Ags in peripheral tissues and then migrate to LN where they
present Ag to T cells. The most frequently described migratory
DC are Langerhans cells present in the epidermis, although other
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migratory DC are also localized in the dermis and intestine. An
inter-DC Ag transfer function was suggested by Allan et al. (Allan
et al., 2006). In this context, migratory DC would bring Ag to LN,
where resident CD8+ DC would efficiently present this Ag and
induce CTL priming.

Plasmacytoid DC on the other hand, are actors of the immune
response in the context of viral infections. These DC recognize
viral DNA and RNA via TLR (Toll-Like Receptors) 7 and TLR9.
Upon activation, plasmacytoid DC present Ag and produce high
amounts of type 1 interferons.

In contrast to the different subsets of DC previously described,
a last population of DC, called inflammatory DC (iDC), is not
thought to exist in the steady state but to be produced in vivo in
response to inflammation. A recent study by Cheong et al. showed
that inflammatory DC originate in LN from circulating mono-
cytes (Cheong et al., 2010b). Like the other DC, iDC are able
to cross-present Ag by MHC Class I and stimulate naive or Ag-
memory T cells (Cheong et al., 2010b). Interestingly, GM-CSF
is essential for the generation of these DC as mice deficient in
GM-CSF do not generate DC from monocytes in their spleen
(Shortman and Naik, 2007).

GENERATION OF TOLEROGENIC DC IN ANIMAL MODELS
The dogma described in the literature is that immature DC
are tolerogenic and mature DC are immunogenic (Probst et al.,
2003). However, some properties of mature cells, such as Ag pre-
sentation to T cells and in vivo migration to lymphoid organs,
are also found in certain tolerogenic DC (TolDC). Thus, TolDC
could be either immature, maturation resistant, or alternatively-
activated cells (Ezzelarab and Thomson, 2011).

In most protocols, mouse DC are derived from bone mar-
row (BM). The conventional cytokines used to derive DC from
precursors are GM-CSF and IL-4. However, a study performed
in mice in 2000 showed that DC generated with low doses of
GM-CSF in the absence of IL-4 have the properties of immature
tolerogenic DC. These cells have a high capacity for Ag cap-
ture/presentation and induce a low level of allogeneic T cell prolif-
eration. Furthermore, they are maturation-resistant and increase
graft survival after in vivo injection (Lutz et al., 2000). Various
DC manipulations ex vivo have been described to generate TolDC.
For example, treatment of DC with Dexamethasone, VitaminD3,
IL-10, TGF-β, rapamycin, LPS, or gene transfer (Morelli and
Thomson, 2007) has been shown to increase their efficacy and
block the maturation process (see Table 1 for details).

Compared to the different types of DC described in vivo,
TolDC generated in vitro should be similar to inflammatory DC,
as these cells are not normally found in the steady state but are
present in vivo in a context of inflammation (Shortman and Naik,
2007). Furthermore, inflammatory DC need GM-CSF for their
differentiation and this cytokine is also essential for the in vitro
generation of TolDC.

While DC are derived from BM in rodents, monocytes are used
in humans. To compare the importance of the precursors in the
generation of tolerogenic DC, non-human primate models can
be used. In most studies, DC are derived from peripheral blood
monocytes. After CD14 positive selection, monocytes are cul-
tured with GM-CSF (800–1000 U/ml) and IL-4 (500–1000 U/ml)

to obtain DC (O’Doherty et al., 1997; Barratt-Boyes et al., 2000;
Asiedu et al., 2002; Ashton-Chess and Blancho, 2005; Mortara
et al., 2006; Zahorchak et al., 2007). In parallel, two studies have
shown the possibility of deriving DC from CD34+ bone-marrow
precursors (Pinchuk et al., 1999; Ashton-Chess and Blancho,
2005). Using cynomolgus macaques, we compared the generation
of DC from monocytes and from BM (either from total cells as for
rodents or from CD34+ precursors) (Moreau et al., 2008). Our
results showed that the DC phenotype and function vary accord-
ing to the origin of the precursors. As such, DC generated from
monocytes (MoDC) have a more homogeneous phenotype with
all cells expressing CD86. In BM derived DC, only half of the cells
are CD86 positive, regardless of whether the CD34 precursors are
isolated or not. However, neither MoDC nor BMDC express the
maturation marker CD83, suggesting that these cells are semi-
mature DC. In terms of their function, macaque MoDC induce
less proliferation of freshly isolated natural Tregs than their BM-
derived DC counterparts (Moreau et al., 2008). Another study
performed in our center compared the generation of baboon DC
from monocytes or from CD34+ BM precursors. The authors
also concluded that different DC were obtained depending on the
precursor cell-type (Ashton-Chess and Blancho, 2005).

EFFICACY OF TOLEROGENIC DC IN ANIMAL MODELS
In transplantation, DC present donor Ag to recipient T cells either
by the direct pathway, the indirect pathway or the semi-direct
pathway. By the direct allorecognition pathway, donor DC present
donor peptide/donor MHC molecules to T cells, this type of Ag
presentation is mainly associated with acute graft rejection. In
contrast, the indirect pathway is defined by the presentation of
donor peptide by recipient MHC molecules and is thought to
induce chronic rejection. In the semi-direct allorecognition path-
way, recipient DC present donor MHC molecules (transferred
from donor cells) to T cells (Herrera et al., 2004; Smyth et al.,
2006). In order to achieve donor-specific tolerance using DC
therapy in transplantation, both donor tolerogenic DC (direct
pathway) or recipient tolerogenic DC loaded with donor peptides
(indirect pathway) have been tested in animal models of trans-
plantation. The efficacy of these different types of DC has been
demonstrated in rodent models, as described in Table 1 (Morelli
and Thomson, 2007; Ezzelarab and Thomson, 2011).

Recently, Morelli’s group demonstrated that injected donor
DC are actually unable to directly regulate donor-specific T cells
in vivo in mice. In fact, after injection, donor tolerogenic DC die
quickly and the donor Ag is reprocessed and presented by the host
DC via the indirect pathway (Divito et al., 2010). In this context,
donor DC mediate their suppressive effects on T cells through
endogenous conventional DC from the recipient mouse (Wang
et al., 2012).

These results indicate that injected donor TolDC act as “donor
Ag transporting cells”, which could be related to the DST (donor
specific transfusion) protocol. DST, which consists in injecting
donor blood into the recipient before transplantation, is still used
in the clinic. Some studies have shown that DST improves graft
survival and function (Sharma et al., 1997; Marti et al., 2006).

In parallel, we demonstrated in a rat model of fully MHC-
mismatched cardiac allotransplantation that injection of unpulsed
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recipient DC the day before the transplant induces longer graft
survival than the injection of donor DC (Peche et al., 2005).
To improve the system and to create clinically applicable con-
ditions, recipient DC were then injected into rats treated with
a suboptimal dose of the IS drug, LF15-0195 (Beriou et al.,
2005). This deoxyspergualin analog is known to inhibit DC mat-
uration by blocking NF-κB activation (Yang et al., 2003). Both
recipient DC and LF15-0915 have a synergic effect and this co-
treatment induces tolerance to the allogeneic heart transplant in
90% of treated rats. We then investigated whether the tolerance
was donor-specific. To answer this question, tolerant rats received
syngeneic, donor or third-party skin grafts at 100 days post heart
transplantation. Only the third-party skin graft was rejected,
showing that the tolerance induced by recipient TolDC + LF
15-0195 was donor specific (Beriou et al., 2005).

To confirm the efficacy of cell therapy using recipient TolDC,
we generated TolDC in mice (Segovia et al., 2011) and in non-
human primates (Moreau et al., 2009). As previously shown in
rats, injection of mouse recipient TolDC associated with a tran-
sient anti-CD3 treatment prolonged graft survival in both skin
and pancreatic islet transplantation models (Segovia et al., in
preparation). In macaques, we showed that TolDC are able to
expand Treg in vitro (Moreau et al., 2008).

MECHANISMS OF ACTION OF TolDC
TolDC are thought to exert their actions using different mecha-
nisms. First, these cells can induce either T cell anergy or clonal
deletion. T cell anergy occurs when DC lacking costimulation
molecules interact with T cells. In the presence of Ag but with-
out costimulatory signals, T cells become anergic and lose their
ability to proliferate (Schwartz, 1997; Lechler et al., 2001). On
the other hand, TolDC can induce T cell apoptosis. One mecha-
nism described to induce this clonal deletion is an over-activation
of T cells, called AICD (Activation Induced Cell Death). The
Fas/Fas ligand pathway (Lu et al., 1997), but also expression of
IDO (indoleamine 2,3-dioxygenase) (Mellor et al., 2003) by DC,
leads to AICD in effector T cells. The T cells targeted by clonal
deletion are either naive or memory cells (Kenna et al., 2008).

Another major mechanism of action of TolDC is the gener-
ation/expansion of regulatory T cells. Some studies have shown
the ability of GM-CSF-derived DC to induce expansion of natural
CD4+CD25+FoxP3+ Treg (Yamazaki et al., 2003; Emmer et al.,
2006) whereas others have shown the ability of TolDC to generate
Treg from naive CD4+CD25− T cells (Fujita et al., 2007). In par-
allel, the generation of Tr1 by TolDC has also been demonstrated
(Wakkach et al., 2003). Molecules expressed by TolDC, such as
IDO or Galectin-1, have been shown or suggested respectively to
be involved in the generation/expansion of regulatory T cells (Hill
et al., 2007; Ilarregui et al., 2009). As the half-life of DC is short,
the generation/expansion of Treg is an important mechanism.
Indeed, Kendal et al. recently showed that Treg can maintain an
infectious tolerance by de novo generation of Foxp3+ Tregs from
naive CD4+ T cells (Kendal et al., 2011).

Besides the involvement of IDO expression by TolDC
described in the two previous paragraphs, TolDC have also been
shown to express tolerogenic markers such as HO-1 (Heme
Oxygenase-1) and EBI3 (Epstein-Barr virus-Induced gene 3).

Expression of HO-1 was demonstrated to correlate with DC mat-
uration state (Chauveau et al., 2005) in that immature tolerogenic
DC expressed high levels of HO-1, and this molecule enabled
tolerogenic DC to inhibit allogeneic T cell proliferation. In both
rats and macaques, blockade of HO-1 in TolDC impaired their
ability to suppress T cell proliferation in vitro. Furthermore,
in our model of tolerance to heart transplantation using both
recipient TolDC and LF15-0195, blockade of HO-1 prevented tol-
erance induction (Moreau et al., 2009). EBI3+, another marker
expressed by TolDC, also has a crucial role. In a rat cardiac
allotransplantation model developed in the laboratory using syn-
geneic TolDC, an increase in double-negative T cells (TCRαβ+,
CD3+, CD4−CD8− NKRP1−, DNT) was observed in the spleen
of tolerant mice. These DNT cells produced IFN-γ, which was
essential for the tolerance induction, as anti-IFN-γ treatment
of recipient mice led to the loss of tolerance induction (Hill
et al., 2011). To investigate how injection of TolDC mediates
IFN-γ production by DNT and tolerance induction, we identi-
fied the possible regulatory cytokines produced by TolDC. Our
results showed that TolDC express EBI3. By using anti-EBI3
antibody and EBI3 siRNA, we demonstrated that expression of
EBI3 by TolDC is essential for IFN-γ production by DNT cells.
Furthermore, in our in vivo model of tolerance induction using
TolDC, anti-EBI3 treatment of the recipient mice induced graft
rejection, highlighting the key role of EBI3 expressed by TolDC in
tolerance induction (Hill et al., 2011). It is important to note that
the cytokine IL-35 is made up of EBI3 and p35 subunits. It has
previously been demonstrated that IL-35 is secreted by regulatory
T cells (iTr35+ cells) and contributes to their regulatory function
(Collison et al., 2007; Niedbala et al., 2007; Collison et al., 2010;
Chaturvedi et al., 2011).

As we had proved the relevance of using unpulsed recipient
TolDC to induce donor-specific tolerance in several animal mod-
els, we wanted to understand the mechanisms of action of these
cells. In contrast to most studies using TolDC (donor TolDC or
donor-pulsed recipient TolDC), recipient TolDC were injected the
day before transplantation (instead of one week before). After
injection, recipient cells migrated rapidly to the spleen and were
still detectable in this organ 15 days later (Peche et al., 2005).
In parallel, donor derived MHC ClassII+ cells (OX3+) from the
graft were present in the spleen 3–5 days post transplantation and
seemed to interact with the injected TolDC. We hypothesized that
injected recipient TolDC were able to process the donor Ag at this
stage. To reinforce this hypothesis, we depleted graft passenger
leukocytes (interstitial DC) from the donor hearts by administra-
tion of cyclophosphamide to the donor rat before transplantation.
In this context, treatment of recipient animals with unpulsed
recipient DC and LF15-0195 failed to induce any graft prolon-
gation (unpublished results). However, the effect of recipient
DC and LF15-0195 was rescued when donor splenic APC were
injected in this model. These results highlight the essential role of
graft passenger leukocytes in recipient TolDC therapy.

TOLEROGENIC DC IN HUMANS AND CLINICAL TRIALS
Studies performed in rodents ensured the characterization and
the efficient use of TolDC in vivo. The goal today is to trans-
fer this knowledge to humans in order to treat patients with
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tolerogenic DC. However, even though it is technically possible to
derive DC from BM in humans (Berger et al., 2009), the culture
of peripheral blood monocytes appears to be a reliable means to
generate DC in humans. As described above, we know from stud-
ies in non-human primates that the different origin of tolerogenic
DC in rodents and human can limit their comparison.

GENERATION OF HUMAN TolDC
Protocols of human MoDC generation are based on the knowl-
edge acquired in animals. In most cases, human MoDC are
obtained by culture of monocytes with GM-CSF and IL-4.
However, more recently, human MoDC generated in the presence
of GM-CSF and without IL-4 were described to have tolerogenic
properties in vitro, like their counterparts in mice (Lutz et al.,
2000; Chitta et al., 2008). Furthermore, as in animal models, other
protocols have been reported to derive human tolerogenic DC
from monocytes in the presence of pharmacological agents such
as IL-10 or rapamycin (Morelli and Thomson, 2007; Gregori et al.,
2010; Turnquist et al., 2010; Ezzelarab and Thomson, 2011).

To generate human TolDC for clinical trials, we decided to
use a simple protocol. We derived human TolDC from mono-
cytes (0.5 million/ml) cultured in AIM V medium supplemented
with low-dose GM-CSF (100 U/ml) for 6 days. In this protocol,
monocytes are enriched from leukapheresis of peripheral blood
by elutriation (purity around 90–95%). Elutriation is a purifica-
tion technique that separates cells based on their size and density
(Berger et al., 2005). This cell separation technique enriches
untouched monocytes in a closed and disposable system that is
adapted for GMP (Good Manufacturing Practice) facilities. The
advantages of using elutriation instead of bead selection are that
the cells are untouched and there is no risk of injecting extra com-
ponents (i.e., beads) to humans. The disadvantage of elutriation
is a lower degree of cell purity, although this is not a real problem
when autologous cells are injected. After one week of differentia-
tion, human TolDC are more than 90% MHC-II+ and less than
2% contaminated with T cells, B cells, or NK cells. These TolDC
are hypostimulatory and do not over-express CD80 or CD86
markers and remain CD83 negative after LPS/IFN-γ stimulation.
Furthermore, upon stimulation, TolDC secrete very low doses of
IL-12 but are able to produce IL-10. Interestingly, as we described
previously in rats (Hill et al., 2011), human TolDC also express the
tolerogenic marker EBI3 after stimulation. These results suggest
that our protocol generates tolerogenic DC that are semi-resistant
to maturation, which is essential to ensure that they will not
mature and become immunogenic once injected into patients.

USE OF HUMAN TolDC IN CLINICAL TRIALS
Even though clinical protocols of vaccination using immuno-
genic DC have been tested over the past 15 years to prevent
the development of tumors in cancer patients (Correale et al.,
2001; Redman et al., 2008), less is known about the potential
use of tolerogenic DC in the clinic. A first study published in
2001 demonstrated the feasibility and safety of injecting autolo-
gous immature TolDC in healthy volunteers (Dhodapkar et al.,
2001). In this study, immature DC were pulsed with peptides
and injected by the subcutaneous route into two volunteers.
Each individual received a single injection of 2 million cells. The
DC injections were well-tolerated without signs of toxicity and

no evidence of autoimmunity was detected. Injection of DC was
associated with Ag-specific inhibition of effector T cell function
and induction of Ag-specific CD8 Tregs in vivo (Dhodapkar et al.,
2001; Dhodapkar and Steinman, 2002). The first phase I clinical
trial using tolerogenic DC was reported recently in type 1 dia-
betic patients (Giannoukakis et al., 2011). Ten patients received
four intradermal injections of 10 million autologous DC. Three
patients received control DC generated in the presence of GM-
CSF and IL-4 and seven patients received immunosuppressive
DC generated in the presence of GM-CSF, IL-4, and antisense
oligonucleotides targeting CD40, CD80, and CD86 transcripts.
Use of tolerogenic DC generated with these antisense oligonu-
cleotides was shown previously by the same team to have a
preventive and curative effect on diabetes in NOD mice (Machen
et al., 2004). This Phase I study demonstrated that intradermal
injections of autologous TolDC (both control and immunosup-
pressive DC) are well-tolerated and safe in diabetic patients;
no adverse effects or toxicity was observed. Interestingly, the
authors observed a statistically significant increase in frequency of
B220+CD11c− lymphocytes in patients treated with autologous
TolDC (both control and immunosuppressive DC) during the
DC administration period compared to baseline (Giannoukakis
et al., 2011). Other clinical trials in autoimmune diseases, and
more specifically in rheumatoid arthritis (RA), will begin shortly.
The first one will be performed by R. Thomas’s team in Australia
(University of Queensland). BAY11-7082-treated DC loaded with
citrullinated peptides derived from candidate RA auto-antigens
will be used (Hilkens et al., 2010). Indeed, in a mouse model of
Ag-induced arthritis, the authors previously showed that injec-
tion of BAY11-7082 treated Ag-loaded DC suppressed DTH
(Delayed Type Hypersensitivity) reactions and arthritis (Martin
et al., 2007). BAY11-7082, aNFκB inhibitor, affects DC differen-
tiation, leading to a low expression of MHC Class II and CD40.
In vivo injection of BAY11-7082-treated DC prevents priming
of immunity and induces IL-10 producing CD4+Tregs (Martin
et al., 2003). In parallel, another clinical trial in RA will be per-
formed by CMU Hilkens and JD Isaacs in the UK (University of
Newcastle). In this case, autologous DC will be generated with
Dexamethasone and VitaminD3 and loaded with synovial fluid
(Hilkens et al., 2010).

So far there have been no reports of clinical trials using
TolDC in transplantation. As part of a European project, we will
test the safety of autologous monocyte-derived TolDC in kidney
transplant patients.

ADVANTAGES OF USING AUTOLOGOUS TolDC
In animal models of transplantation, most studies use donor
TolDC or recipient TolDC loaded with donor Ag. In contrast, we
have shown the efficacy of unpulsed recipient TolDC to induce
tolerance. In humans, the use of autologous TolDC is preferable
due to the safety and feasibility of applying this type of DC to a
clinic context.

In terms of safety, the major risk of donor TolDC injection
in transplantation is donor sensitization. Maturation of TolDC
after in vivo injection or the presence of a slight contaminant
cell product could lead to the development of sensitization of
the recipient to the donor Ag. In this case, priming or a higher
immune response against the graft could potentially occur at the
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time of transplantation. Furthermore, another risk of injecting
allogeneic cells is non-self recognition by the host immune sys-
tem. In this context, the injected cells may be deleted by recipient
NK cells (Yu et al., 2006).

In terms of clinical application in transplantation, the use of
autologous TolDC is compatible with both living and deceased
donor transplants. Autologous cell therapy could thus be applied
to all transplanted organs. Another advantage of using autologous
cell therapy is that the cell product could be prepared as soon as
the patient is waiting for a transplant and preserved frozen. At the
time of transplantation, the cells could be thawed and injected
without any preliminary preparations. The use of autologous
TolDC is all the more applicable to the clinic as neither the donor
nor the time of transplantation have to be planned in advance,
in accordance with the use of transplants from deceased donors.

Although the preparation and injection of autologous TolDC
in patients would be costly, cell therapy is considered as a promis-
ing approach. It leads to an induction of Ag-specific tolerance
without depleting an entire population of lymphocytes or block-
ing costimulation molecules. Like IS drugs, one could assume
that these efficient but large-scale treatments could potentially
induce side effects. Another cheaper alternative approach to
induce Ag-specific tolerance would be to deliver donor Ags
to quiescent conventional host DC in vivo. This technique was
shown to be feasible in mice using either CD205+ DC or DCIR2+
DC (Hawiger et al., 2001; Bonifaz et al., 2002, 2004). In this
second model, targeting of donor MHC molecules to DCIR2+
DC led to indefinite survival of MHC Class I mismatched skin
grafts (Tanriver et al., 2010). However, it seems that the effect
of Ag targeting to DC depends on their state of activation. For
example, some studies have shown that injection of Ag coupled
to DEC205 and anti-CD40 antibody or TLR ligands initiates
immune responses against the targeted Ag (Bonifaz et al., 2004;
Boscardin et al., 2006; Trumpfheller et al., 2008). So although this
technique targets DC, the induction of tolerance or immunity
will depend on whether the DC are immature or mature (Bonifaz
et al., 2004). The use of human anti-human DEC205 Ab in
vaccination was confirmed in human Ig-expressing transgenic
mice (Cheong et al., 2010a). This technique would be useful
on the strict condition that DC maturation can be inhibited,
to assure that the Ags target only immature DC in humans
(Shortman et al., 2009). In contrast, the first clinical trials with
injected TolDC described above have proven the safety and
absence of toxicity of using autologous DC in humans.

APPLICATION OF TolDC IN THE CLINIC
The cells that we described above were obtained from the blood
of healthy volunteers. For the clinical trial in kidney transplant
patients, TolDC will be generated using monocytes from patients
with chronic renal failure. Before the beginning of the clini-
cal trial, it is essential to validate our TolDC in these patients.
A comparative study of the generation of clinical grade TolDC
in healthy volunteers and in RA patients was reported prior to
a clinical trial ongoing in RA using autologous TolDC (Harry
et al., 2010). Their results showed that TolDC generated from
RA patients have a similar phenotype and in vitro function as
those generated from healthy controls (Harry et al., 2010). In
order to develop immunotherapy for multiple sclerosis, another

team described TolDC derived from relapsing-remitting multiple
sclerosis (RR-MS) patients. Their results showed that TolDC gen-
erated with VitaminD3 from RR-MS patients and from healthy
controls display a similar differentiation and function (Raiotach-
Regue et al., 2012). As well as the origin of the samples (volunteers
versus patients), other parameters have to be taken into con-
sideration for the GMP preparation of TolDC, as described in
Table 2.

Prior to TolDC injection, different parameters which could
influence immunogenicity and survival of the injected cells also
have to be defined, as described in Table 3. One of these is the
route of DC administration. Experiments performed in mice
have shown that intravenous injection of Dex/LPS-treated BMDC
prolongs cardiac transplant survival whereas subcutaneous injec-
tion of the same Dex/LPS-treated BMDC does not increase graft
survival (Emmer et al., 2006). In parallel, our experiments in
macaques show that intradermal injection of autologous TolDC
prime an immune response while intravenous injection favors a
tolerogenic role of these TolDC (unpublished results). A study
also performed in monkeys confirmed the fact that intravenous
injection of TolDC is well-tolerated (Zahorchak et al., 2007).

Another parameter is the potential treatment associated with
the cell injection, such as IS drugs. These drugs could either
potentiate or inhibit the effect of TolDC in vivo. For the clinical

Table 2 | DC preparation conditions.

Parameters of

DC preparation

Controls to perform

Optimal cell
culture conditions

– patients sample
– adequate cytokines and medium

Clinical grade
reagents

– GMP grade cytokines and medium
– closed systems as bags

GMP facility – controlled room temperature/pressure
– standardization and quality controls of the protocols
– allowed and trained technicians

BASIC RULE = USE THE SIMPLEST PROTOCOL

Table 3 | Parameters of DC injection.

Parameters of DC

injections

Questions to answer before clinical trials

Origin of DC – donor DC
– donor pulsed recipient DC
– unpulsed recipient DC

Number of injections – single
– multiple

Time of DC injections – Prior transplantation (day-7 or day-1)
– Peri-transplantation
– Post transplantation

Amount of cells
administrated

related to the number of injections

Route of cell
administration

– Intradermal or subcutaneous: inflammatory way
– Intravenous: tolerogenic way

Associated
treatments

e.g., Immunosuppressive drugs
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trial in kidney transplantation, cell therapy will be performed
in patients treated with several IS drugs. Previous studies have
determined the interaction between DC therapy and IS. Indeed,
our experiments in a model of transplantation have shown that
treatment of rodents with rapamycin or cyclosporin A does not
improve the TolDC effect. This is different from the injection of
allo-Ag pulsed RAPA-DC in mice that promoted indefinite graft
survival when treated with low doses of rapamycin at the time
of transplantation (Turnquist et al., 2007). As regards human
TolDC, some in vitro studies have shown that rapamycin increases
CCR7 expression, which is necessary for TolDC migration to lym-
phoid organs (Sordi et al., 2006). Other IS, such as calcineurin
inhibitors, including cyclosporin A or tacrolimus, block MHC-
restricted Ag processing pathways in mouse BMDC in vitro (Lee
et al., 2005). In the context of the One Study clinical trial, the
patients will receive three IS in combination with the cell therapy:
MMF (Mycophenolate mofetil), Tacrolimus and Prednisolone.
From a safety point of view, it is necessary to validate that
the TolDC will not interfere with the function of these IS. To
answer this question, graft survival after injection of each IS with
and without TolDC will be monitored in our mouse skin graft
model. So far, we have observed that injection of MMF induces

a prolongation of graft survival and injection of TolDC does
not impair this effect. In fact, a slight increase in graft survival
was detected (Segovia et al., in preparation). Similar experiments
using the two other IS associated or not with DC therapy are
ongoing. The combination of three IS in the presence or absence
of cell therapy will be also tested.

CONCLUSION
Cell therapy, e.g., TolDC, is currently considered as an attractive
approach to minimize the use of IS in transplantation. Studies
performed in rodent models have demonstrated the feasibility
and efficacy of TolDC for the induction of tolerance in transplan-
tation. In parallel, protocols to generate human TolDC in vitro
have been defined but most have not yet been tested in vivo.
New pre-clinical tools, such as humanized mice or non-human
primates, have emerged and will be used to help translate the
research findings from animal models to clinical application in
humans.
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Understanding tolerance mechanisms at the cellular and molecular level holds the promise
to establish novel immune intervention therapies in patients with allergy or autoimmunity
and to prevent transplant rejection. Administration of mAb against the CD4 molecule has
been found to be exceptionally well suited for intentional tolerance induction in rodent
and non-human primate models as well as in humanized mouse models. Recent evidence
demonstrated that regulatory T cells (Treg) are directly activated by non-depleting CD4
ligands and suggests Treg activation as a central mechanism in anti-CD4-mediated tol-
erance induction. This review summarizes the current knowledge on the role of Treg in
peripheral tolerance, addresses the putative mechanisms of Treg-mediated suppression
and discusses the clinical potential of harnessing Treg suppressive activity through CD4
stimulation.
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REGULATORY T CELLS IN MAINTENANCE OF
PERIPHERAL TOLERANCE
The notion of peripheral immune regulation by T cells that
shut off other immune cells has been around for many decades
(Gershon and Kondo, 1971). Discovery of suitable surface markers
(Sakaguchi et al., 1995; Takahashi et al., 1998) and a lineage-
specific transcription factor (Hori et al., 2003; Walker et al., 2003)
confirmed the existence of a distinct regulatory T cell (Treg)
population. Originally identified by their aptitude to hold off
autoimmune reactions (Sakaguchi et al., 1995; Takahashi et al.,
1998; Wildin et al., 2002; Fontenot et al., 2005), Treg own far-
ranging suppressive activity affecting the function, maturation,
and survival of all types of immune cells (Thornton and She-
vach, 1998; Jonuleit et al., 2001; Grossman et al., 2004; Kojima
et al., 2005) in response to self and non-self antigens, including
pathogens (Belkaid et al., 2002; Hasenkrug, 2003). Additionally,
Treg have been shown to confer regulatory properties upon sup-
pressed T cells implementing a second layer of regulation (Jonuleit
et al., 2002; Stassen et al., 2004; Andersson et al., 2008).

Attempts to define the molecular basis of Treg suppression
have lead to the description of numerous putative pathways and
molecules (Tang and Bluestone, 2008; Shevach, 2009). A majority
of studies agreed on cell contact-dependent suppression by Treg
in vitro (Thornton and Shevach, 1998; Jonuleit et al., 2001) and the
observation of persistent contacts between Treg and dendritic cells
(DCs) during active suppression by intravital microscopy suggests
that cell contact-dependent suppression might also play a role
in vivo (Tang et al., 2006).

Analyzing the molecular mechanism of contact-dependent Treg
suppression by comparison of gene expression in Treg and non-
regulatory T cells, we found that Treg up-regulate cAMP in their
cytosol upon activation and consign cAMP to conventional CD4+

T cells and DCs (Bopp et al., 2007; Becker et al., 2009; Fassbender
et al., 2010) by gap junction intercellular communication (GJIC;
Oviedo-Orta et al., 2000). Upon transfer cAMP inhibits the pro-
liferation and differentiation of responder cells, most probably
through the induction of inducible cAMP early repressor (ICER)
expression (Foulkes et al., 1991; Bodor et al., 1996, 2007). Con-
tinuative work revealed that cAMP transmission is an essential
component of Treg-mediated suppression in vivo (Bopp et al.,
2007; Becker et al., 2009). Concurrent with stable and persistent
Treg–DC interaction (Tang and Bluestone, 2006), transfer of Treg-
derived cAMP into conventional T cells in vivo was inevitably
dependent on the presence of antigen presenting cells (APC) and
restricted to the draining lymph node (Bopp et al., 2007). Corre-
spondingly, repression of cAMP accumulation in Treg either by
adenylyl cyclase inhibition, application of a cAMP-specific antag-
onist or phosphodiesterase (PDE) overexpression abrogated Treg
suppression (Bopp et al., 2007; Oberle et al., 2007; Becker et al.,
2009; Klein et al., 2012; Martin et al., 2012). Inversely, blockade
of cAMP degradation by PDE inhibition improved Treg-mediated
suppression in a murine asthma model (Bopp et al., 2009).

Regarding cAMP regulation in Treg, Foxp3 has been shown
to repress PDE3b expression (Gavin et al., 2006) thereby pre-
venting cAMP degradation. More recently, Huang et al. (2009)
showed that the high cAMP content in Treg and their sup-
pressive property depend on Foxp3-mediated repression of the
adenylyl cyclase 9 (AC9) regulating miRNA 142-3p. In line
with these observations, Lahl et al. (2009) demonstrated that
non-functional Treg in Foxp3 mutant scurfy mice harbor signifi-
cantly reduced levels of cytosolic cAMP. Hence, the transcription
factor Foxp3 participates in cAMP buildup by concomitantly
regulating the expression of cAMP-generating and degrading
enzymes. It is noteworthy that the transmission of cAMP is
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actually involved both in the suppression of other T cells (Bopp
et al., 2007; Becker et al., 2009; Huang et al., 2009; Klein et al.,
2012) and in suppression of DCs (Fassbender et al., 2010).
Together these findings classify cAMP as a key component of Treg
suppressive mechanism in vitro and in vivo and disclose cAMP-
regulating enzymes as molecular targets for therapeutic interven-
tion with Treg activity in pathological processes like allergy and
autoimmunity.

Next to the transfer of cAMP through gap junctions, produc-
tion of extracellular adenosine has been suggested as an alternative
mechanism in cAMP-dependent suppression by Treg (Deaglio
et al., 2007). Extracellular nucleotides are anti-inflammatory
mediators produced by a variety of cell types including Treg
(Deaglio et al., 2007; Mandapathil et al., 2009) and Th17 cells
(Chalmin et al., 2012). Physiologically, extracellular nucleotide
production represents a protective mechanism in response to
tissue injury (Fredholm, 2007). In Treg suppression adenosine
formation through the ectoenzymes CD39 and CD73, expressed
by murine Treg and a subpopulation of human Treg (Mandap-
athil et al., 2009), has been assumed to induce cAMP production
in conventional T cells or DCs upon binding to the A2A recep-
tor (Deaglio et al., 2007; Ernst et al., 2010). However, the role of
adenosine as a major suppressive mechanism employed specifically
by Treg is questionable. Blockade of cAMP production in respon-
der T cells by inhibition of adenylyl cyclases does not alter their
susceptibility to Treg-mediated suppression (Klein et al., 2012). In
addition, A2A receptor expression is detectable on T cells 4 days
after stimulation (Deaglio et al., 2007) while T cells are suscep-
tible to Treg suppression exclusively within the first 24 h after
stimulation (Hagness et al., 2012). Finally, Blockage of ectonu-
cleotidase activity only slightly abrogates suppression of human
T cells by CD39 expressing Treg (Mandapathil et al., 2010). Thus,
while nucleotides certainly affect numerous cellular functions –
including de novo cAMP generation in Treg – their role in Treg
suppression is most likely of an indirect nature.

Interestingly, cAMP up-regulation in Treg coincides with
another cell contact-dependent mechanism of suppression: Treg
constitutively express the two co-inhibitory membrane-bound
molecules CTLA-4 and TIGIT (Read et al., 2000; Takahashi et al.,
2000) which are believed to provide inhibitory signals. In mice
CTLA-4 deficiency (Bachmann et al., 1999), CTLA-4 blockade
(Takahashi et al., 2000), and Treg-specific ablation of CTLA-4
(Wing et al., 2008) resulted in spontaneous autoimmunity. Yet,
CTLA-4 deficient Treg remain suppressive in vitro and in vivo
(Tang et al., 2004; Read et al., 2006) suggesting additional mech-
anisms to be involved. Studies on human Treg in vitro revealed
only a minor role of CTLA-4 in Treg suppression (Birebent
et al., 2004) or firmly excluded CTLA-4 as a suppressive mech-
anism (Baecher-Allan et al., 2001; Jonuleit et al., 2001; Levings
et al., 2001). However, discrepancies regarding the importance
of CTLA-4 in Treg suppression might in part be due to the use
of different target cells. While the role of CTLA-4 in suppres-
sion of T cells remains uncertain, it is unequivocally required in
the suppression of APC. Suppression of DCs by Treg via CTLA-
4 has been shown to induce the downregulation of CD80 and
CD86 (Cederbom et al., 2000) preventing effector T cell acti-
vation by the APC in vitro (Oderup et al., 2006) and in vivo

(Wing et al., 2008). Notably, elevated cAMP levels in T cells
have been shown to increase CTLA-4 expression (Vendetti et al.,
2006) and cAMP and CTLA-4 expression are simultaneously
up-regulated in Treg upon activation (Becker et al., 2009).

While a majority of studies firmly excluded soluble factors in
Treg suppression in vitro, there is growing evidence that cytokines
substantially add to the immune regulatory function of Treg
in vivo. In particular, transforming growth factor-β (TGF-β) and
IL-10 seem to be indispensable for sustained tolerance induc-
tion by Treg. A role for TGF-β in maintenance of peripheral
tolerance was initially suggested by its importance in infectious
tolerance (Chen et al., 2003) particularly its long-lasting produc-
tion by CD4+ T cells from tolerant mice in long-term acceptance of
allografts (Daley et al., 2007). However, in order to exert its biolog-
ical functions, TGF-β needs to be converted from its latent (bound
to latency associated peptide, LAP) into its active conformation by
proteolytic cleavage (Khalil, 1999). Yet, there are multiple mecha-
nisms of activating TGF-β from its latency (Lawrence, 2001; Annes
et al., 2003) and it is unclear how TGF-β is activated in vivo.

Although repeatedly observed in disease models (Nakamura
et al., 2001) a direct contribution of TGF-β in Treg suppression
remained controversial because anti-TGF-β antibodies and sol-
uble TGF-RII failed to affect the suppressive function of Treg
(Andersson et al., 2008). Recently, “glycoprotein A repetitions
predominant” (GARP) expressed on the surface of Treg upon acti-
vation (Wang et al., 2008, 2009; D’Alise et al., 2011) has been shown
to act as a receptor for the TGF-β/LAP complex (Stockis et al.,
2009). Reminiscent of infectious Treg suppression (Jonuleit et al.,
2002; Stassen et al., 2004) latent TGF-β bound to GARP on the sur-
face of activated Treg has been demonstrated to convert responder
T cells into induced Treg (Andersson et al., 2008). Thus, apart from
acting as a soluble modulator of immune cells, TGF-β supposedly
helps Treg to execute their contact-dependent suppressive activity
by binding to GARP (Battaglia and Roncarolo, 2009).

IL-10 has been unequivocally shown to form another important
mediator in Treg suppression in vivo (Kearley et al., 2005; Collison
et al., 2007) particularly in suppression of pathogenic Th17 cells
(Chaudhry et al., 2011; Huber et al., 2011). Correspondingly, Treg-
specific ablation of IL-10 leads to inflammation (Rubtsov et al.,
2008). In contrast to general Treg deficiency, however, Treg-specific
IL-10 paucity leads to mucosal but not systemic autoimmunity,
suggesting mucosal restriction of IL-10-mediated Treg tolerance
induction. This view is supported by our previous observation
that human Treg expressing gut-homing β7 integrin preferen-
tially induce IL-10 production in converted secondary T helper
suppressor cells (Stassen et al., 2004).

Due to their far-ranging tolerizing capability Treg have become
key targets in the development of tolerance-inducing therapies
(Wing and Sakaguchi, 2010). Like other T cells, Treg require acti-
vation for their function. Attempts to exploit Treg for therapeutic
purposes therefore depend on Treg activation, either by antigen
or polyclonal stimulation (Jordan et al., 2001). Current efforts
to increase the frequency and potency of Treg in vivo include
the use of cytokines (Tawara et al., 2010), antigen targeting to
immature DC (Mahnke et al., 2003), and monoclonal antibodies
(mAb) against surface molecules (Belghith et al., 2003). As a whole
population Treg are biased toward recognition of self-antigens
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(Hsieh et al., 2004), however, because antigenic specificities of Treg
in diseases have not been elucidated, potential clinical applica-
tions have mainly focused on polyclonal Treg activation methods
(Horwitz et al., 2004).

CORECEPTOR ENGAGEMENT AND PERIPHERAL
TOLERANCE
T cell surface molecules that participate in T cell receptor-mediated
stimulation have a significant influence on T cell function. mAb
against coreceptors have been successfully shown to allow inten-
tional tolerance induction in rodent and non-human primate
models (Krieger et al., 1996). One particularly well-established
regimen of tolerance induction is the administration of anti-CD4
mAb (Waldmann and Cobbold, 1998). Although the mecha-
nisms underlying tolerization by anti-CD4 mAb are not yet fully
understood, the activation of Treg has been recognized as the enter-
ing wedge to successful tolerance induction (Becker et al., 2009;
Kendal et al., 2011; Martin et al., 2012).

CD4, a 55-kDa glycoprotein with four extracellular domains
(Littman, 1987), recruits the protein kinase p56lck (Rudd et al.,
1988; Veillette et al., 1988) to the TCR complex (Holdorf et al.,
2002; Kim et al., 2003; Nika et al., 2010) and strengthens the
contact between T cells and APCs through its interaction with non-
polymorphic regions of MHC class II molecules (Greenstein et al.,
1984; Doyle and Strominger, 1987; Konig et al., 1992, 1995). CD4
molecules on T cell surface have been shown to preferentially form
disulfide-linked dimers and tetramers (110 and 220 kDa; Li et al.,
1998; Moldovan et al., 2002) and mutations disabling dimerization
completely abrogate its coreceptor function (Vignali and Vignali,
1999). CD4 expression on mature T cells is uniform with the
exception of polarized T helper 2 cells (Itoh et al., 2005) and Treg
(Bryl et al., 2001) which both show decreased CD4 expression sup-
posedly entailing altered proximal TCR signaling (Hannier et al.,
2002; Itoh et al., 2005; Tsang et al., 2006).

Through its interaction with tyrosine kinase p56lck , CD4
engagement alone can induce TCR-independent signaling events
in T cells (Zhou and Konig, 2003). Selective engagement of the
CD4 coreceptor by certain mAb raises intracellular calcium and
IL-2 production (Carrel et al., 1991), whereas other anti-CD4
mAb prime T helper cells to activation-dependent cell death trig-
gered by subsequent TCR/CD3-mediated signals (Newell et al.,
1990; Tamma et al., 1997). Comparing mAb against different
CD4 epitopes, Baldari and colleagues suggested that the gene-
activating and proapoptotic potential of different anti-CD4 mAb
may be associated with different epitopes (Baldari et al., 1995;
Di Somma et al., 1995; Milia et al., 1997). However, a similar
range of divergent responses can be induced through a single
CD4 epitope as demonstrated for the CD4-binding (Lasky et al.,
1987) human immunodeficiency virus-1 (HIV-1) envelope pro-
tein gp120 (Liegler and Stites, 1994; Westendorp et al., 1995; Masci
et al., 1999). It is therefore tempting to speculate that the func-
tional outcome of CD4-stimulation might mainly depend on the
functional state of the T cell addressed rather than on a specific
CD4 epitope. However, the functional state is believed to affect the
formation of CD4 oligomers, which, in turn, regulate the activa-
tion of the CD4 cytoplasmic tail-associated tyrosine kinase p56lck ,
by trans-phosphorylation (Veillette et al., 1989).

Even before the role of the CD4 molecule in T cell activa-
tion had been fully recognized, three groups reported that short
courses of anti-CD4 mAb application induce long-term tolerance
to foreign proteins (Benjamin and Waldmann, 1986; Benjamin
et al., 1986; Goronzy et al., 1986; Gutstein et al., 1986). Subsequent
studies revealed that anti-CD4-mediated tolerance induction was
not based on T cell depletion but rather an activation of regu-
latory mechanisms (Benjamin et al., 1988; Carteron et al., 1988,
1989; Qin et al., 1990). Further, tolerance could not only be
induced to foreign proteins but also to various transplanted allo-
grafts (Shizuru et al., 1987; Qin et al., 1989; Davies et al., 1996),
demonstrating that the tolerizing potential of anti-CD4 mAb is
not restricted to a particular type of antigen. Immunoregulatory
mechanisms initially suggested to operate in anti-CD4 induced
tolerance include a predisposure of developing T cells to selective
deletion, or anergy in the thymus (Arima et al., 1997); immune
deviation (Scully et al., 1997); receptor blockade (Fehervari et al.,
2002; Harding et al., 2002); modulation of CD4 expression
(Portoles et al., 1999); and transmission of negative signals
(Chirmule et al., 1999). However, none of these – not mutu-
ally exclusive – processes could reasonably explain the “infectious
tolerance” phenomenon (Qin et al., 1993). Rather than being sub-
missive, anti-CD4 induced tolerance relied on dominant immune
suppression by T cells activated in presence of the antibody. In
regard to the dominant suppressive T cell type in charge several
functionally and phenotypically different anti-CD4 mAb-induced
tolerogenic CD4+ T cell populations have been proposed (Bushell
et al., 2003; Chen et al., 2003; Cobbold et al., 2004; Karim et al.,
2005). However, whether these had been directly or indirectly
induced by anti-CD4 treatment remained undefined at first. The
impressive capacity of Treg and their ability to confer regulatory
properties upon suppressed T cells (Jonuleit et al., 2002; Stassen
et al., 2004; Andersson et al., 2008) in particular, strongly sug-
gested a role of Treg in anti-CD4-mediated “infectious tolerance”
induction. In support of this assumption administration of non-
depleting anti-CD4 mAb into mice had been shown to result in
pre-activation of Treg in vivo (Karim et al., 2005; Yang et al., 2007).
Eventually, using B6. Foxp3(hCD2) mice to ablate Treg with an
anti-hCD2 mAb Kendal et al. (2011) formally demonstrated that
Treg are crucial for infectious tolerance induced by non-ablative
anti-T cell mAb.

Motivated by the description of activated Treg in murine anti-
CD4 tolerance models we previously analyzed the effect of CD4
binding agents on human Treg. Comparing numerous anti-CD4
mAb we found that certain anti-CD4 mAb have the potential
to induce the suppressive function of isolated human Treg in
a supposedly T cell receptor-independent manner (Becker et al.,
2007). In addition, we and others observed that the CD4-binding
HIV-1 surface protein gp120 activates the suppressive function
of Treg (Nilsson et al., 2006; Kinter et al., 2007) in vitro and in
two humanized mouse models in vivo (Becker et al., 2009; Ji and
Cloyd, 2009) signifying that stimulation via the CD4 receptor
represents an efficient Treg activating pathway with potential to
induce immunological tolerance in humans.

Difference between anti-CD4 mAb to trigger Treg suppressive
activity could not be related to a particular CD4 epitopes. How-
ever, comparing the Treg activating potential of different anti-CD4

www.frontiersin.org June 2012 | Volume 3 | Article 164 | 82

http://www.frontiersin.org/
http://www.frontiersin.org/Immunological_Tolerance/archive


“fimmu-03-00164” — 2012/6/15 — 9:20 — page 4 — #4

Becker et al. CD4-based Treg activation

mAb and CD4 binding virus envelopes we observed that one cru-
cial event that separates Treg activating and non-activating CD4
ligands consists in up-regulation of the second messenger cAMP
(Becker et al., 2009 and unpublished results). Moreover, the bind-
ing affinity of CD4 ligands seems to play a role as suggested by the
fact that weak CD4 binding viral envelopes from HIV-2 (gp105)
and SIV (gp130) did not activate human Treg in vitro and in vivo.

However, apart from these general observations the signaling
events initiated by separate ligation of CD4 on Treg so far remain
unexplored. In particular, it is unclear whether CD4 stimulation
of Treg is truly independent of TCR signals, whether and how both
pathways resemble or differ from another, and, most important,
whether CD4-mediated signals are differently or similarly han-
dled in Treg and conventional CD4+ T effector cells. The latter
question is of particular interest since Treg are believed to main-
tain an activated phenotype through constant stimulation by self
antigens, yet, require additional stimulation to become suppres-
sive. Future insights into how TCR and CD4 signaling pathways

drive the suppressive activity of Treg will undoubtedly help to
understand Treg biology and discover alternative intervention
points for functional manipulation of Treg suppressive activity.

As summarized in Figure 1 at least three different immune
mechanisms can be distinguished that help to explain the toleriz-
ing effect of CD4-specific agents: First, a general Treg-independent
mechanism that consist in interference with proper CD4 corecep-
tor function resulting in induction of T cell anergy or T cell deple-
tion (Figure 1A). This effect seems to depend either on CD4/MHC
class II binding blockade or additional TCR-independent signal-
ing. Second, by modulating antigenic stimulation, individual
CD4 mAb induce differentiation of naive T cells into adap-
tive Tregs (Oliveira et al., 2008), which are suggested to control
pathogenic effectors through TGF-β (Oliveira et al., 2011) or
IL-10 release (Figure 1B). Finally, and crucially important for
tolerance induction, CD4-specific mAb activate the suppres-
sive function of Treg (Becker et al., 2007; Kendal et al., 2011),
which, upon activation, exert control on pathogenic T cells

FIGURE 1 | Potential modes of tolerance induction by CD4-specific

monoclonal antibodies. A short-term treatment with non-depleting
CD4-specific mAb induces dominant tolerance to foreign proteins and
transplanted allografts. This figure represents the different immune
mechanisms that have been proposed to explain the tolerizing effect of
CD4-specific mAb. Three intervening points can be distinguished: (A) CD4
binding by non-depleting CD4-specific mAb modulates antigenic stimulation

through the T-cell receptor complex resulting in induction of T cell anergy.
(B) By modulating antigenic stimulation, CD4-specific mAb induce
differentiation of naive T cells into adaptive regulatory T cells, which control
pathogenic effectors through transforming growth factor-β (TGF-β) and IL-10
release. (C) Crucially important for tolerance induction, CD4-specific mAb
activate the (cAMP-dependent) suppressive function of Treg, which, upon
activation, exert control on pathogenicT cells by direct and linked suppression.
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by direct and linked suppression (Figure 1C). These different
effects of CD4 stimulation are intrinsic functions of individual
anti-CD4 mAb.

CLINICAL APPROACHES TO Treg-MEDIATED
TOLERANCE INDUCTION
Current immunosuppressive therapies are efficient in prevent-
ing acute transplant rejection and dampening inflammation in
autoimmune diseases such as rheumatoid arthritis or lupus.
Nevertheless, immune suppression remains inadequate, as it
comprises significant side effects such as organ toxicity and
hypersuppression disabling protective immune responses against
pathogens and enhancing the risk of chronic infections. Hence,
there is a clinical need for novel immunotherapeutic drugs with the
ability to rebalance the immunologic tolerance network without
persistently affecting immune function. In contrast to pharmaco-
logical immune suppression, re-induction of tolerance through
the exploitation of evolutionarily established tolerance mecha-
nisms is expected to offer a parentally operative cure. Among
mechanisms operative in self-tolerance, the immune-suppressive
activity of Treg appears to be exceptionally well suited for ther-
apeutic exploitation for several reasons: First, activated Treg
dampen the function of a wide range of immune cells includ-
ing T cells (Pandiyan et al., 2007), B cells (Lim et al., 2005),
DC (Misra et al., 2004; Larmonier et al., 2007), and monocytes
(Taams et al., 2005) and affect a broad range of immune con-
texts including cardiovascular disease (Ait-Oufella et al., 2006) and
obesity-induced insulin resistance (Feuerer et al., 2009). Second,
the activation of Treg is antigen-specific defined by the selected
T cell receptor repertoire in the thymus. However, once activated
the suppressive mechanisms of Treg operate in an antigen-non-
specific manner, sidestepping the need to identify disease-specific
antigens to affect a particular Treg population. Prime examples of
the Treg immune dampening potential are experiments demon-
strating that Treg can be expanded and re-infused to limit immune
responses (Hoffmann et al., 2002) preventing GvHD induction
without causing toxicity. While persistent polyclonal Treg acti-
vation would lead to general immune hyporesponsiveness, a
short-term Treg activation – as established for tolerance induction
with non-depleting anti-CD4 mAb in mice – is expected to induce
(or re-induce) antigen-specific regulatory networks that main-
tain antigen-specific tolerance when Treg activity has returned to
normal levels.

Based on the evidence for Treg activation by CD4 ligands as
outlined above, anti-CD4 mAb seem to represent ideal compounds
for Treg-mediated tolerance induction. However, although animal
studies have provided a compelling basis for clinical application of
anti-CD4-mediated tolerance induction, this approach has been
remarkably unsuccessful when transferred to the clinic. Although
short interventions with particular mAb have been shown to offer
quick symptomatic relief, improvements supposedly caused by
inactivation and depletion of CD4+ T cells (Kon et al., 2001;
Choy et al., 2002) remained transient. Failure to establish an anti-
CD4-based tolerogenic therapy in humans is most likely due to
difficulties in translating the timing and dosage used in animal
models for human application. Importantly, in contrast to animal
models, mAb are administrated at late disease stages in clinical

studies. Whereas the immature immune system seems to depend-
ably allow tolerance induction with anti-CD4 mAb, it seems more
difficult to tolerize the experienced immune system in patients, in
part due to the presence of effector and memory T cells resistant
to the suppressive action of Treg (Yang et al., 2007). In fact, Treg-
based therapies have been found to be generally less effective in
models of autoimmune diseases. Wehrens et al. (2011) for example
observed that functionally active Treg failed to control hyperacti-
vated T effector cells in rheumatoid arthritis patients with ongoing
inflammation but prevented autoaggressive immune responses
in non-inflammatory arthritis. Impaired Treg suppression under
inflammatory conditions has been mainly ascribed to the influence
of TNF-α, IL-1, and IL-6, which turn effector T cells resistant to
Treg-mediated suppression (Walker, 2009; Goodman et al., 2011).
Certainly, resistance to Treg-mediated suppression can be over-
come by blockade of IL-6 (Chen et al., 2009) and supposedly, the
beneficial effects of anti-TNF-α treatment include a similar effect
too (Ehrenstein et al., 2004; Valencia et al., 2006). Thus, provided
Treg can be sufficiently activated in the host, their suppressive effi-
ciency might depend on the disease stage, which strongly argues
for a combination of Treg enhancing strategies with biologicals
that reverse Treg resistance in autoaggressive T effector cells. As
exemplified with anti-CD3 mAb already in the clinic evacua-
tion of T effectors cells and concomitant enhancement of Treg
activity can form a very effective treatment (Chatenoud and
Bluestone, 2007).

With regard to anti-CD4-mediated tolerance induction in
humans, it is important to emphasize again that anti-CD4 mAb
vary in their capacity to activate Treg (Becker et al., 2007) and
antibodies used in clinical trials so far have not been analyzed with
regard to their Treg activating potential. However, clinical trials
with Treg enhancing agents such as the anti-CD4 mAb Tregal-
izumab in rheumatoid arthritis have been initiated to investigate
the efficacy of Treg-based anti-CD4-mediated tolerance induction
in patients with autoimmune diseases.

CONCLUDING REMARKS
In summary, polyclonal activation of Treg through their surface
molecules by biologicals that enhance their intracellular cAMP
level are effective to induce the suppressive function of Treg for re-
induction of tolerance in small animal models and in humanized
mice. It is therefore expected that polyclonal Treg activation forms
a rational for tolerance induction in humans. However, both the
exact conditions, efficiency in different stages of disease and coop-
eration with additional treatment regiments to diminish T effector
cells need to be thoroughly explored. Moreover differential signals
in Treg versus T effector cells are far from being clear. In addi-
tion to deepening our understanding of Treg biology investigation
of the latter holds the key to define alternative entry points for
therapeutic manipulation of Treg function.
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The development of type 1 diabetes (T1D) is driven by autoreactive T cells that attack
and destroy the insulin-producing β-cells in pancreatic islets, forcing patients to take mul-
tiple daily insulin injections. Insulin therapy, however, is not a cure and diabetic patients
often develop serious long-term microvascular and cardiovascular complications.Therefore,
intensive efforts are being directed toward developing safe immunotherapy for the disease
that does not impair host defense and preserves β-cells, leading to better glycemic control
than exogenous insulin therapy. Engineering therapies that differentially cripple or tolerate
autoreactive diabetogenicT cells while sparing protectiveT cells necessary for maintaining
a competent immune system has proven challenging. Instead, recent efforts have focused
on modulating or resetting the immune system through global but transient deletion of
T cells or B cells using anti-CD3 or anti-CD20 mAb, respectively. However, phase III clinical
trials have shown promising but modest efficacy so far with these approaches. Therefore,
there is a need to identify novel biological targets that do not fit the classic properties of
being involved in adaptive immune cell activation. In this prospective, we provide preclinical
evidence that targeting Fas ligand (FasL) may provide a unique opportunity to prevent or
cureT1D and perhaps other organ-specific autoimmune diseases without causing immune
suppression. Unlike conventional targets that are involved in T and B lymphocyte activa-
tion (such as CD3 and CD20, respectively), FasL is an apoptosis-inducing surface molecule
that triggers cell death by binding to Fas (also known as CD95 Apo-1). Therefore, target-
ing FasL is not expected to cause immune suppression, the Achilles Heel of conventional
approaches. We will discuss the hypothesis that targeting FasL has unique benefits that
are not offered by current immunomodulatory approaches.

Keywords: autoimmune diabetes, Fas pathway, immunotherapy, immunosuppression, apoptosis, lymphoprolifer-

ative disorders

INTRODUCTION
Autoimmune diabetes, also known as type 1 diabetes (T1D), is a
common chronic disease that strikes predominantly in childhood,
adolescence or early adulthood and persists lifelong (Bluestone
et al., 2010). It is clinically characterized by hyperglycemia due
to the destruction of insulin-producing β-cells by diabetogenic
T cells. Prior to the use of insulin for the management of T1D
in 1922, T1D was invariably a fatal disease (Joslin, 1924, 1936).
Since then, significant progress has been made in the develop-
ment of long and short acting insulin analog regimens, home
glucometers, continuous glucose sensors, and insulin pumps.
Despite these advances, tight glycemic control remains an elu-
sive and overwhelming challenge, requiring constant attention
to blood glucose levels and carbohydrate intake (Patterson et al.,
2009; Dahlquist et al., 2011; Harjutsalo et al., 2011). Patients
continue to suffer from long-term diabetes complications includ-
ing cardiovascular disease, chronic kidney disease, retinopathy
which can progress to blindness, and peripheral neuropathy

(Bluestone et al., 2010). Patients are also faced with the potential
for life threatening episodes of diabetic ketoacidosis or hypo-
glycemia. T1D incidence has been steadily rising in young children
for unclear reasons (Patterson et al., 2009; Dahlquist et al., 2011;
Harjutsalo et al., 2011). Therefore, the need to develop a cure or
preventive therapy for T1D is great. While a cure is defined as
the lack of the need for exogenous insulin, developing a therapy
that simply decreases the need for intensive insulin management
and improve glycemic control would be transformative. Patients
intensively treated with insulin in the Diabetes Control and Com-
plications Trial (DCCT), who had higher baseline C-peptide
concentrations (≥0.20 pmol/ml) indicating greater endogenous
insulin secretion, on follow-up, had lower hemoglobin A1c lev-
els, and a reduced risk for developing diabetic complications
and severe hypoglycemia. Interventions which preserve endoge-
nous insulin secretion may therefore improve control and prevent
complications in patients with T1D (The Diabetes Control and
Complications Trial Research Group, 1998).
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THE CHALLENGE TO DEVELOPING EFFECTIVE
IMMUNOTHERAPY FOR T1D
Despite the daily burden of monitoring blood sugar, taking
insulin, and experiencing episodic and occasionally severe hypo-
glycemia, T1D patients can enjoy a relatively healthy life for
decades. Consequently, the safety standards for immunotherapeu-
tic intervention for T1D are high. The risk/benefit balance must
clearly exceed that of insulin analog therapy for such interventions
to be widely acceptable. The main serious risk associated with
most current immunotherapeutic approaches is that of immuno-
suppression. Avoiding immunosuppression is a major challenge
given that diabetogenic T cells in reality are “misguided” effector
T cells that direct their destructive power against islet autoantigens
instead of foreign pathogens. Major islet autoantigens are derived
from insulin, glutamic acid decarboxylase (GAD65), insulinoma-
associated antibody 2 (IA-2), and zinc transporter 8 (ZnT8)
proteins (Nakayama et al., 2005; Wenzlau et al., 2009). Recognition
of these autoantigens, primarily insulin peptide, by diabeto-
genic T cells initiates the autoimmune response that leads to
the ultimate destruction of insulin-producing β-cells and hyper-
glycemia (Figure 1). In the process, diabetogenic T cells utilize
the same recognition systems and costimulatory pathways as do
effector T cells specific for invading pathogens. These common
systems and pathways regulate T cell proliferation, differentia-
tion, cytokine secretion, and homing to the site of action whether
it is an autoimmune target organ or an infected tissue. There-
fore, non-specific targeting of a vast array of molecules that
cripple islet reactive T cells and prevents autoimmunity can also

FIGURE 1 | Key events inT1D development. (I) The process starts by
acquisition and delivery of islet autoantigens including insulin and GAD65
proteins by antigen presenting cells (APCs) to the draining, pancreatic
lymph nodes (PLNs). (II) Diabetogenic T cells encounter their cognate
autoantigens presented by APCs in PLNs leading to their priming,
proliferation and differentiation into effector T cells, and homing functions
as a result of interaction with APCs. (III) Diabetogenic effector T cells
migrate into the pancreas and infiltrate pancreatic islets causing insulitis
and eventually destruction of insulin-producing β-cells.

impair protective T cell function thereby impinging on the host’s
ability to mount effective immune responses against invading
pathogens. An ideal immunotherapeutic approach would be a
one that induces immunologic tolerance to islet autoantigens in
high risk individuals and new-onset T1D patients without caus-
ing long-term immune suppression. Hypothetically, this can be
achieved by developing strategies to selectively eliminate and/or
immunoregulate diabetogenic T cells without disrupting nor-
mal immune homeostasis or host defense. Despite remarkable
achievements in our understanding of basic immunology and
disease processes, to date no mechanisms have been identified
that selectively inhibit activation of autoreactive T cells without
impairing responsiveness of protective T cells. This dilemma has
greatly impeded progress in developing successful immunotherapy
for T1D.

In the presumed absence of immunologic targets that can be
safely targeted to prevent autoimmunity without comprising host
defense, some creative approaches have been developed to min-
imize side effects of targeting molecules by modulating/resetting
the immune system through global but transient deletion of T cells
or B cells using anti-CD3 or anti-CD20 mAb, respectively. In spite
of some early successes in phase I and II clinical trials (Bolt et al.,
1993; Herold et al., 2005; van Belle et al., 2011), different anti-CD3
mAbs (Otelixizumab, Teplizumab) failed to meet primary efficacy
endpoints in recent phase III clinical trials to impact primary out-
comes including hemoglobin A1c (HbA1C), insulin requirements
or C-peptide values. A higher dose of the humanized CD3-
antibody, ChAglyCD3 (Otelixizumab) led to a decline in insulin
requirements after 4 years when compared with placebo treatment.
However, the higher dose was associated with significant cytokine
release symptoms on infusion days, and led to reactivation of
Epstein Barr virus infection (Keymeulen et al., 2010). In the Pro-
tégé Study, new-onset T1D subjects who received the highest dose
of teplizumab had less decline in C-peptide secretion when com-
pared with placebo, allowing glycemic control to be achieved at a
lower insulin dose, indicating a partial therapeutic effect (Sherry
et al., 2011). Anti-CD20 antibody is another potential T1D ther-
apy under investigation. CD20 is expressed on the surface of all
B cells except plasma cells. Clinical trials with the anti-CD20 mAb
Rituximab yielded some degree of success as it helped to preserve
residual insulin production in new-onset T1D patients, reduced
insulin requirements, and lowered autoantibody levels and HbA1c
(Pescovitz et al.,2009; Yu et al.,2011). There were, however, adverse
effects including long-term depressed IgM levels, which increases
the risk of immunosuppression. Moreover, patients receiving the
drug reported a range of side effects including fever, rash, nausea,
hypotension, and tachycardia. These studies show that current
T cell and B cell antibodies have significant adverse effects, and at
best incompletely prevent progressive β-cell loss. They therefore
call into question the utility and effectiveness of anti-CD3 or anti-
CD20 as stand alone immunotherapies to preserve β-cell function
(Sherry et al., 2011; and unpublished data presented at the Ameri-
can Diabetes Association Annual Meeting, San Diego, CA, USA in
June 2011).

One promising approach still in its infancy is to utilize Treg
cells to selectively inhibit autoreactive T cells. This approach has
been challenged by the inability to selectively expand and maintain
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Treg cells, as reduced frequency or function of Treg cells, or
both, is believed to underlie autoimmune diabetes (Atkinson et al.,
2011) and other immune-mediated diseases (Koreth et al., 2011;
Saadoun et al., 2011). However, recent studies have shown that
low doses of IL-2 can be used to promote survival of Treg cells in
the non-obese diabetic (NOD) mouse model (Tang et al., 2008)
and even to reverse new-onset diabetes (Grinberg-Bleyer et al.,
2010). In a clinical trial of IL-2 and Sirolimus in autoimmune
diabetes (Proleukin and Rapamune in Type 1 diabetes; Clini-
calTrials.gov number, NCT00525889), natural killer-cell count
increased and may have been responsible for transient decrease
in the function of β-cells. Nonetheless, low dose of IL-2 ther-
apy has been shown to preferentially induce Treg expansion and
lead to reversing of immune-mediated human diseases (Koreth
et al., 2011; Saadoun et al., 2011), whereas a high dose treat-
ment results in a relative increase in effector T cells population
(Bluestone, 2011).

An approach we are advocating is to target the Fas pathway, the
prototypical extrinsic death pathway that regulates T cell home-
ostasis (Nagata and Golstein, 1995). In this perspective, we will
discuss the potential of targeting Fas ligand (FasL) as a novel
approach to prevent autoimmune destruction of β-cells that is
strongly merited by recent findings in the NOD mouse.

THE Fas PATHWAY: A POTENTIAL THERAPEUTIC
TARGET FOR T1D
It has long been known that the Fas pathway plays an important
role in maintaining homeostasis of the immune system. Pioneer-
ing studies by Nagata and Golstein (1995) have established the Fas
pathway as the prototypical extrinsic death pathway. FasL, a tumor
necrosis factor-related type II transmembrane protein, initiates
an apoptosis signaling cascade by binding to Fas (also known as
CD95 or Apo-I) on the target cell triggering cell death (Figure 2).
Fas/FasL interaction leads to the formation of death-inducing sig-
naling complex (DISC) that includes Fas-associated protein with
death domain (FADD) and aspartate-specific cysteine protease,
caspase-8 (Nagata and Golstein, 1995). FADD-mediates activa-
tion of the proteolytic activity of caspase 8, which is essential
for Fas-induced apoptosis (Denault and Salvesen, 2002). Active
caspase-8 leaves the DISC and proteolytically activates down-
stream effector caspases such as caspase-3 and caspase-7 that
perform the bulk of the proteolysis of vital cellular proteins
and cleavage of internucleosomal DNA, a hallmark of apoptosis
(Lenardo, 1996).

At the cellular level, death of TCR activated hybridomas and
primary T cells upon Fas/FasL interactions in vitro led to estab-
lishment of the paradigm that Fas-mediated activation-induced
cell death (AICD) is a major negative regulator of T cell clonal
expansion (Brunner et al., 1995; Dhein et al., 1995; Ju et al., 1995).
The discovery that T cell lymphoproliferation in lpr and gld mice is
due to point mutations in Fas and FasL, respectively, confirmed the
physiologic role of the Fas pathway in regulating T cell homeosta-
sis (Nagata and Suda, 1995). Nevertheless, the biological context
in which the Fas pathway regulates T cell homeostasis in vivo
remains unclear. The basis of the unusual composition of T cells
that cause lymphoproliferation in mice bearing homozygous lpr
or gld mutations is poorly understood. The lymphoproliferation

FIGURE 2 | FasL interaction with its receptor (Fas) triggers cell death.

Binding of FasL to Fas induces the apoptosis of Fas-bearing cells by
activation of the caspase signaling cascade leading to cleavage of nuclear
DNA and proteolysis of vital cellular proteins.

is predominantly caused by a subset of double negative αβ T cells
(hereafter referred to as DN T cells) that lack both CD4 and CD8
coreceptors and that is a rare component of the normal T cell
population in the secondary lymphoid organs. Thymic negative
selection proceeds normally in mutant mice ruling out defective T
cell development as a major cause of lymphoproliferation (Kotzin
et al., 1988; Singer et al., 1989; Mountz et al., 1990; Zhou et al.,
1992). Furthermore, whereas some early studies indicated a delay
or defect in deletion of Fas-deficient T cells in response to stim-
ulation by foreign antigens (Gillette-Ferguson and Sidman, 1994;
Mogil et al., 1995), recent studies reported minor or no disrup-
tion of effector T cell clearance in mice with impaired Fas pathway
(Gonzalo et al., 1994; Lohman et al., 1996; Miethke et al., 1996;
Hildeman et al., 2002). Consistently, humans and mice with defec-
tive Fas pathway efficiently show no defects in clearance of excess
effector T cells following acute immune responses (Strasser et al.,
2009). Indeed, it is becoming increasingly clear that the proapop-
totic molecule Bim (BCL-2 interacting mediator of cell death) is
the major regulator of foreign antigen-activated T cell apoptosis
in vivo (Bouillet and O’Reilly, 2009). Furthermore, because the
Fas pathway mainly regulates apoptosis, mice with impaired Fas
pathway show no defect in clearing viral infections and remain
immunocompetent (Watanabe-Fukunaga et al., 1992; Hildeman
et al., 2002; Hamad, 2010). Thus, immune responses to acute
infections appear to proceed remarkably normal in the absence
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of functional Fas pathway. However, deletion of chronically acti-
vated T cells due to infections with persistent pathogens appears
to be impaired in mutant mice (Stranges et al., 2007; Bouillet and
O’Reilly, 2009). In addition, chronic activation by self antigens
may be a factor in driving DN T cell accumulation even in germfree
(GF) mice, suggesting no major role for microbiota in the process
(Maldonado et al., 1999).

Early historic rise and fall of interest in the Fas pathway as an
immunomodulator of T1D.

The discovery in the early 1990s of the loss-of-function muta-
tions in Fas (called the lpr mutation) and FasL (called the gld
mutation) enabled the assessment of Fas and FasL on the diabeto-
genic process in the widely used NOD mice (Nagata and Suda,
1995). The initial finding that NOD mice bearing homozygous lpr
or gld mutations are completely protected from autoimmune dia-
betes (Chervonsky et al., 1997; Su et al., 2000; Petrovsky et al., 2002;
Mohamood et al., 2007) unveiled the pivotal role for the Fas path-
way in driving the pathogenic process of autoimmune diabetes
and led to great excitement in the therapeutic potential of target-
ing the Fas pathway. Based on the physiological role of Fas/FasL
interaction in mediating cell death and that TCR activation leads
to FasL upregulation, it was presumed that FasL expressed on
infiltrating T cells engages Fas on the surface of β-cells leading to
their apoptosis (Chervonsky et al., 1997). This hypothesis, how-
ever, did not materialize because specific deletion of the Fas gene
in β-cells did not spare them from autoimmune destruction (Kim
et al., 1999; Apostolou et al., 2003). The dispensable role of Fas-
mediated apoptosis in destroying β-cells was disappointing and
puzzling at the same time, as it became difficult to fathom an alter-
native mechanism to explain this potent phenomenon. Thereafter,
the view that the protective effect of inactivating the Fas pathway
on autoimmune diabetes is an epiphenomenon prevailed. This
view is enforced by the fact that mice bearing homozygous gld
or lpr mutation develop an age-dependent lymphoproliferation
that is predominated by double negative αβ T cells that are rare in
normal mice (Watanabe-Fukunaga et al., 1992).

The complete protection from insulitis by the gld and lpr
mutations in autoimmune diabetes prone NOD mice occurs
even though mutant mice develop age-dependent though benign
T cell lymphoproliferation. The absence of insulitis and overt
diabetes in the presence of large numbers of activated T cells
underlies the potency of the protective mechanism(s). Yet the
lymphoproliferation is an obviously unwelcome side effect that is
commonly associated with the development of anti-nuclear anti-
bodies and lupus-like condition whose severity depends on the
genetic background of the mouse strain (Cohen and Eisenberg,
1991). The lymphoproliferation has also frustrated the efforts to
investigate and uncover mechanisms by which inactivation of the
Fas pathway prevents autoimmune diabetes. As a consequence,
the belief that protection from diabetes is an epiphenomenon
related to the distortion of the immune system by expansion
of DN T cells passed unchallenged and interest in pursuing the
Fas pathway as a therapeutic target faded. However, the protec-
tive effect of inactivating the Fas pathway has also been seen in
other models of organ-specific autoimmune diseases, including
multiple sclerosis, and inflammatory conditions (Waldner et al.,
1997; Henriques-Pons and de Oliveira, 2009; Ko et al., 2011).

Nevertheless, the question of whether the protective effects and
lymphoproliferation are consequential or dissociable side effects of
inactivating the Fas pathway has remained unanswered for a long
period of time.

Why revisit the potential of FasL as a therapeutic target in T1D?
During the past few years, we have developed encouraging evi-
dence from investigating disease resistance of NOD-gld/+ mice
(Figure 3) and prevention of diabetes development in NOD-wt
mice using a FasL-neutralizing mAb (Figure 4). These studies
have shown that the protective effect of targeting FasL is dis-
sociable from the lymphoproliferation: heterozygous gld NOD
mice are completely protected from autoimmune diabetes, yet
do not develop lymphoproliferation (Su et al., 2000; Nakayama
et al., 2002; Mohamood et al., 2007). The translational evidence
is the most exciting, as blockade of FasL with MFL4-neutralizing
mAb prevents the disease in wild type NOD mice without caus-
ing lymphoproliferation (Nakayama et al., 2002; Mohamood et al.,
2007). These results indicate that, contrary to the previously
long held belief, FasL may be worth dedicated investigation as
a therapeutic target. There are unique advantages for target-
ing FasL that are associated with the following properties of the
Fas pathway:

Fas/FasL INTERACTION IS NOT REQUIRED FOR T CELL ACTIVATION
As postulated by the widely accepted two signals model for T
cell stimulation, optimal activation requires one signal to be
delivered by the T cell receptor (TCR) engagement of cognate
MHC–peptide complex and a second signal provided by the
costimulatory molecule CD28 binding to CD80 and CD86
molecules on antigen presenting cells (APCs). Although previous
evidence indicated that FasL can costimulate TCR transgenic CD8
T cell proliferation in an adoptive transfer system (Suzuki et al.,
2000), the magnitude and potency of normal T cells is largely
unaffected and in some circumstances enhanced by the absence of
FasL (Hildeman et al., 2002; Mohamood et al., 2008). Therefore,
targeting FasL is not expected to negatively impact T cell activation
as shown by efficient clearance of acute viral infections by Fas and
FasL-deficient mutant mice (Hughes et al., 2008; Hutcheson et al.,
2008; Weant et al., 2008).

Fas/FasL INTERACTION IS NOT REQUIRED FOR DELETION
OF EFFECTOR T CELLS GENERATED IN THE ACUTE,
NORMAL ADAPTIVE IMMUNE RESPONSE
When T cells respond to acute antigenic stimulation in vivo follow-
ing infection, they become activated, proliferate and differentiate
into effector cells that clear the invading pathogen (Marrack and
Kappler,2004). Once the pathogen is cleared, most of the effector T
cells are deleted and immune homeostasis is restored. Interestingly,
the Fas pathway plays a minor or no role in the deletion of effector
T cells generated in response to acute infections. Such effector T
cells are normally deleted by the intrinsic death pathway, mainly by
the BH3-only Bcl-2 family member Bim (Hildeman et al., 2002).
In contrast, the Fas pathway is required for deletion of chroni-
cally activated T cells, and most recent evidence from our group
indicates that Fas-mediated apoptosis is involved with restricting
DNT cells to the epithelial space (Hamad, 2010). Therefore, down-
modulating FasL activity is expected to impose little impact on the
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FIGURE 3 | Single gld allele provides complete protection from

diabetes without causing lymphoproliferation. (A) Images of spleens
and peripheral lymph nodes of NOD mice bearing homozygous (gld/gld),
heterozygous (gld/+) mutation or wt (WT) FasL. (B) Homozygous and
heterozygous gld mutations completely prevent diabetes in NOD mice
as compared to NOD-wt littermates. NOD mice bearing homozygous gld

mutations develop an age-dependent lymphoproliferation (A) and become
completely protected from diabetes (B). NOD mice bearing the heterozygous
gld mutation develop no lymphoproliferation but become completely
protected from autoimmune diabetes (B). Wild type NOD mice develop
no lymphoproliferation but develop autoimmune diabetes (adapted from
Mohamood et al., 2007).

FIGURE 4 | Anti-FasL treatment protects against diabetes development.

Four-week-old NOD-wt mice were injected weekly, i.p. with 500 μg of
anti-FasL MFL4 antibody (n = 10) or control hamster IgG (n = 9) for two
consecutive weeks followed by 300 μg weekly injections until the age of 16
weeks. (A) Diabetes incidence in the two groups. (B) Anti-FasL treatment
curtails insulitis development in NOD-wt mice. Pancreata from three mice in
the anti-FasL group or from three non-diabetic mice in the control group were
collected 9 weeks after termination of the treatment and analyzed for insulitis.
Representative H&E sections show no insulitis (top, left) or peri-insulitis (top,
right) in islets of mice that received anti-FasL and severe insulitis in islets of

mice in the control group (left, bottom). The histogram shows percent of
islets with insulitis (filled bars), peri-insulitis (shaded bars) or no insulitis
(open bar) in anti-FasL (120 islets) and control (42 islets) groups.
(C) Treatment led to an only mild and transient increase in DN T cells. PBL
were stained and the frequency of TCR+CD4−CD8− (DN) cells relative to
total T cells was determined. Results are expressed as mean ± SEM. (D)

Anti-FasL treated NOD-wt mice were grafted with syngeneic skins (left) or
allogeneic (right) skin grafts from C3H mice 15 weeks after the last injection.
The allograft skins were rejected within 7 days (3/3). Data adapted from
Mohamood et al. (2007).
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expansion and contraction of T cells in response to acute infection.
In addition, as discussed below, our mouse studies indicate a wide
window for downregulating FasL activity to prevent autoimmune
diabetes without perturbing immune homeostasis (Su et al., 2000;
Mohamood et al., 2007).

A WIDE THERAPEUTIC WINDOW EXISTS TO DOWN MODULATE
FasL ACTIVITY TO PREVENT T1D WITHOUT CAUSING
LYMPHOPROLIFERATION
Because FasL functions as a homotrimer that is generated by ran-
dom pre-association of single chains, expression of one gld allele
in NOD hosts (NOD-gld/+) causes FasL haploinsufficiency due
to incorporation of at least one gld mutation in about 85% of
FasL homotrimers, thereby impairing their ability to bind Fas
receptor (Siegel et al., 2000). The effect of FasL on immune home-
ostasis, the primary physiologic function of the Fas pathway, is
negligible as NOD-gld/+ mice maintain normal immune home-
ostasis with no signs of lymphoproliferation (Mohamood et al.,
2007). Nonetheless, as shown in Figure 3, FasL haploinsuffi-
ciency completely protects NOD-gld/+ mice from developing
autoimmune diabetes (Mohamood et al., 2007). Based on these
results, we postulate that completely functional FasL is required
for driving the autoimmune process whereas only residual FasL
function is sufficient for maintaining immune homeostasis (it
is estimated that only about 15% of FasL homotrimers are
functional in NOD-gld/+ mice yet there are no proliferation
or ANA production). The ability of FasL-neutralizing mAb to
prevent diabetes development in NOD-wt mice without caus-
ing lymphoproliferation or autoantibody production (Su et al.,
2000; Nakayama et al., 2002; Mohamood et al., 2007; Figure 4)
is consistent with the existence of a large functional window
to safely downregulate FasL activity for therapeutic purposes.
Thus, FasL activity can potentially be targeted to induce organ-
specific immunotolerance. This notion may not be limited to
autoimmune diabetes as the Fas pathway inactivation also pre-
vents experimental autoimmune encephalomyelitis (EAE), the
animal model of multiple sclerosis (Waldner et al., 1997). These

new approaches offer breakthrough models to investigate the role
of the Fas pathway in autoimmune diabetes that can potentially
lead to a novel therapeutic strategy that does not directly target
T cells.

CONCLUSION
Recent data provide proof-of-concept that antibody blockade
against FasL can specifically and significantly arrest T1D devel-
opment in vivo (Mohamood et al., 2007; Su et al., 2007). The
safety concerns and adverse side effects of antigen non-specific
interventions, as well as the lack of permanent remission of dis-
ease with any agent tested to date, have heightened interest in
identifying non-conventional strategies to modulate the disease.
The unique property of FasL as an apoptosis-inducing molecule
makes it a potentially attractive target as standalone therapy or a
component of complementary immunotherapeutic strategies for
autoimmune diseases. Additional research is needed to further
investigate this pathway and understanding its specific mechanis-
tic roles in driving development of T1D. It will be particularly
interesting to determine whether Fas-mediated apoptosis is medi-
ating cytotoxicity of diabetogenic CD8 T cells, which has recently
been implicated in killing β-cells in T1D patients (Bulek et al.,
2012; Coppieters et al., 2012) or involved in killing regulatory cells
responsible for protecting the pancreas from autoreactive T cells.
It is our goal and expectation that this perspective will provoke
novel research that will unravel the important, yet complex, role
of the Fas signaling pathway in regulating autoimmune diabetes
and other organ-specific autoimmune diseases.

ACKNOWLEDGMENTS
The work was supported by the Peter and Teresa Nicholl Dia-
betes Research Fund and by grants from American Heart Asso-
ciation (10GRNT4200003), Juvenile Diabetes Research Fund
(JDRF-5-2010-627), and the National Institute of Public Health
(1R56AI099027-01). The artwork in Figure 1 and 2 is per-
formed by Catherine E. Kiefe from Medical Art at Johns Hopkins
University.

REFERENCES
Apostolou, I., Hao, Z., Rajewsky,

K., and von Boehmer, H. (2003).
Effective destruction of Fas-deficient
insulin-producing beta cells in type
1 diabetes. J. Exp. Med. 198,
1103–1106.

Atkinson, M. A., Bluestone, J. A., Eisen-
barth, G. S., Hebrok, M., Herold, K.
C., Accili, D., Pietropaolo, M., Arvan,
P. R., Von Herrath, M., Markel, D. S.,
and Rhodes, C. J. (2011). How does
type 1 diabetes develop?: the notion
of homicide or beta-cell suicide revis-
ited. Diabetes 60, 1370–1379.

Bluestone, J. A. (2011). The yin
and yang of interleukin-2-mediated
immunotherapy. N. Engl. J. Med. 365,
2129–2131.

Bluestone, J. A., Herold, K., and Eisen-
barth, G. (2010). Genetics, pathogen-
esis and clinical interventions in type
1 diabetes. Nature 464, 1293–1300.

Bolt, S., Routledge, E., Lloyd, I., Chate-
noud, L., Pope, H., Gorman, S.
D., Clark, M., and Waldmann, H.
(1993). The generation of a human-
ized, non-mitogenic CD3 mono-
clonal antibody which retains in vitro
immunosuppressive properties. Eur.
J. Immunol. 23, 403–411.

Bouillet, P., and O’Reilly, L. A. (2009).
CD95, BIM and T cell homeostasis.
Nat. Rev. Immunol. 9, 514–519.

Brunner, T., Mog, R., LaFace, D.,
Yoo, N., Mahboubl, A., Echeverri,
F., Martin, S., Force, W., Lynch,
D., Ware, C., and Green, D. (1995).
Cell autonomous Fas (CD95)/Fas lig-
and interaction mediates activation
induced apoptosis in T cell hybrido-
mas. Nature 373, 441–444.

Bulek, A. M., Cole, D. K., Skowera,
A., Dolton, G., Gras, S., Madura, F.,
Fuller, A., Miles, J. J., Gostick, E.,
Price, D. A., Drijfhout, J. W., Knight,

R. R., Huang, G. C., Lissin, N., Mol-
loy, P. E., Wooldridge, L., Jakobsen,
B. K., Rossjohn, J., Peakman, M.,
Rizkallah, P. J., and Sewell, A. K.
(2012). Structural basis for the killing
of human beta cells by CD8(+) T cells
in type 1 diabetes. Nat. Immunol. 13,
283–289.

Chervonsky, A. V., Wang, Y., Wong, F.
S., Visintin, I., Flavell, R. A., Janeway,
C. A. Jr., and Matis, L. A. (1997). The
role of Fas in autoimmune diabetes.
Cell 89, 17–24.

Cohen, P., and Eisenberg, R. (1991).
Lpr and gld: single gene models
of systemic autoimmunity and lym-
phoproliferative disease. Annu. Rev.
Immunol. 9, 243–269.

Coppieters, K. T., Dotta, F., Amirian, N.,
Campbell, P. D., Kay, T. W., Atkinson,
M. A., Roep, B. O., and von Her-
rath, M. G. (2012). Demonstration
of islet-autoreactive CD8 T cells in

insulitic lesions from recent onset and
long-term type 1 diabetes patients. J.
Exp. Med. 209, 51–60.

Dahlquist, G. G., Nystrom, L., and Pat-
terson, C. C. (2011). Incidence of
type 1 diabetes in Sweden among
individuals aged 0–34 years, 1983–
2007: an analysis of time trends.
Diabetes Care 34, 1754–1759.

Denault, J. B., and Salvesen, G. S. (2002).
Caspases. Curr. Protoc. Protein Sci.
Chapter 21, Unit 21 28.

Dhein, J., Walczack, H., Baumler, C.,
Debatin, K.-M., and Krammer, P.
(1995). Autocrine T cell suicide medi-
ated by APO-1 (Fas/CD95). Nature
373, 438–441.

Gillette-Ferguson, I., and Sidman, C. L.
(1994). A specific intercellular path-
way of apoptotic cell death is defective
in the mature peripheral T cells of
autoimmune lpr and gld mice. Eur.
J. Immunol. 24, 1181–1185.

Frontiers in Immunology | Immunological Tolerance July 2012 | Volume 3 | Article 196 | 94

http://www.frontiersin.org/Immunological_Tolerance/
http://www.frontiersin.org/Immunological_Tolerance/archive


“fimmu-03-00196” — 2012/7/12 — 12:23 — page 7 — #7

Hamad et al. FasL: a counterintuitive immunotherapeutic target

Gonzalo, J. A., Tarazona, R., Schu-
urman, H. J., Uytdehaag, F., Wick,
G., Martinez, C., and Kroemer,
G. (1994). A single injection of
Staphylococcus aureus enterotoxin B
reduces autoimmunity in MRL/lpr
mice. Clin. Immunol. Immunopathol.
71, 176–182.

Grinberg-Bleyer, Y., Baeyens, A., You,
S., Elhage, R., Fourcade, G., Gre-
goire, S., Cagnard, N., Carpentier, W.,
Tang, Q., Bluestone, J., Chatenoud,
L., Klatzmann, D., Salomon, B. L.,
and Piaggio, E. (2010). IL-2 reverses
established type 1 diabetes in NOD
mice by a local effect on pancreatic
regulatory T cells. J. Exp. Med. 207,
1871–1878.

Hamad, A. R. (2010). Analysis of gene
profile, steady state proliferation and
apoptosis of double-negative T cells
in the periphery and gut epithelium
provides new insights into the bio-
logical functions of the Fas pathway.
Immunol. Res. 47, 134–142.

Harjutsalo, V., Forsblom, C., and Groop,
P. H. (2011). Time trends in mortal-
ity in patients with type 1 diabetes:
nationwide population based cohort
study. BMJ 343, d5364.

Henriques-Pons, A., and de Oliveira, G.
M. (2009). Is the Fas/Fas-L pathway a
promising target for treating inflam-
matory heart disease? J. Cardiovasc.
Pharmacol. 53, 94–99.

Herold, K. C., Gitelman, S. E., Masha-
rani, U., Hagopian, W., Bisikirska,
B., Donaldson, D., Rother, K., Dia-
mond, B., Harlan, D. M., and Blue-
stone, J. A. (2005). A single course
of anti-CD3 monoclonal antibody
hOKT3gamma1(Ala-Ala) results in
improvement in C-peptide responses
and clinical parameters for at least 2
years after onset of type 1 diabetes.
Diabetes 54, 1763–1769.

Hildeman, D. A., Zhu, Y., Mitchell, T.
C., Bouillet, P., Strasser, A., Kap-
pler, J., and Marrack, P. (2002).
Activated T cell death in vivo medi-
ated by proapoptotic bcl-2 fam-
ily member bim. Immunity 16,
759–767.

Hughes, P. D., Belz, G. T., Fortner, K. A.,
Budd, R. C., Strasser, A., and Bouillet,
P. (2008). Apoptosis regulators Fas
and Bim cooperate in shutdown of
chronic immune responses and pre-
vention of autoimmunity. Immunity
28, 197–205.

Hutcheson, J., Scatizzi, J. C., Siddiqui,
A. M., Haines, G. K. III, Wu, T.,
Li, Q. Z., Davis, L. S., Mohan, C.,
and Perlman, H. (2008). Combined
deficiency of proapoptotic regulators
Bim and Fas results in the early onset
of systemic autoimmunity. Immunity
28, 206–217.

Joslin, E. P. (1924). The treatment of
diabetes mellitus. Can. Med. Assoc. J.
14, 808–811.

Joslin, E. P. (1936). Insulin, old and new,
in the treatment of diabetes. Can.
Med. Assoc. J. 35, 526–531.

Ju, S., Panks, D., Cul, H., Ettin-
gor, R., Elkhatib, M., Sherr, D.,
Stanger, B., and Marshak-Rothstein,
A. (1995). Fas (CD95)/FasL interac-
tions required for programmed cell
death after T cell activation. Nature
373, 444–448.

Keymeulen, B., Walter, M., Mathieu, C.,
Kaufman, L., Gorus, F., Hilbrands,
R., Vandemeulebroucke, E., Van de
Velde, U., Crenier, L., De Block, C.,
Candon, S., Waldmann, H., Ziegler,
A. G., Chatenoud, L., and Pipeleers,
D. (2010). Four-year metabolic out-
come of a randomised controlled
CD3-antibody trial in recent-onset
type 1 diabetic patients depends
on their age and baseline resid-
ual beta cell mass. Diabetologia 53,
614–623.

Kim, Y. H., Kim, S., Kim, K. A., Yagita,
H., Kayagaki, N., Kim, K. W., and Lee,
M. S. (1999). Apoptosis of pancre-
atic beta-cells detected in accelerated
diabetes of NOD mice: no role of
Fas–Fas ligand interaction in autoim-
mune diabetes. Eur. J. Immunol. 29,
455–465.

Ko, G. J., Jang, H. R., Huang, Y., Womer,
K. L., Liu, M., Higbee, E., Xiao, Z.,
Yagita, H., Racusen, L., Hamad, A.
R., and Rabb, H. (2011). Blocking
Fas ligand on leukocytes attenuates
kidney ischemia-reperfusion injury.
J. Am. Soc. Nephrol. 22, 732–742.

Koreth, J., Matsuoka, K., Kim, H. T.,
McDonough, S. M., Bindra, B., Alyea,
E. P. III, Armand, P., Cutler, C., Ho,
V. T., Treister, N. S., Bienfang, D. C.,
Prasad, S., Tzachanis, D., Joyce, R. M.,
Avigan, D. E., Antin, J. H., Ritz, J.,
and Soiffer, R. J. (2011). Interleukin-2
and regulatory T cells in graft-versus-
host disease. N. Engl. J. Med. 365,
2055–2066.

Kotzin, B. L., Babcock, S. K., and
Herron, L. R. (1988). Deletion of
potentially self-reactive T cell recep-
tor specificities in L3T4-, Lyt-2- T
cells of lpr mice. J. Exp. Med. 168,
2221–2229.

Lenardo, M. J. (1996). Fas and the art
of lymphocyte maintenance. J. Exp.
Med. 183, 721.

Lohman, B. L., Razvi, E. S., and Welsh,
R. M. (1996). T-lymphocyte down-
regulation after acute viral infection
is not dependent on CD95 (Fas)
receptor-ligand interactions. J. Virol.
70, 8199–8203.

Maldonado, M. A., Kakkanaiah, V.,
MacDonald, G. C., Chen, F., Reap,

E. A., Balish, E., Farkas, W. R., Jen-
nette, J. C., Madaio, M. P., Kotzin,
B. L., Cohen, P. L., and Eisenberg,
R. A. (1999). The role of envi-
ronmental antigens in the sponta-
neous development of autoimmunity
in MRL-lpr mice. J. Immunol. 162,
6322–6330.

Marrack, P., and Kappler, J. (2004).
Control of T cell viability. Annu. Rev.
Immunol. 22, 765–787.

Miethke, T., Vabulas, R., Bittling-
maier, R., Heeg, K., and Wagner, H.
(1996). Mechanisms of peripheral T
cell deletion: anergized T cells are Fas
resistant but undergo proliferation-
associated apoptosis. Eur. J. Immunol.
26, 1459–1467.

Mogil, R. J., Radvanyi, L., Gonzalez-
Quintial, R., Miller, R., Mills, G.,
Theofilopoulos, A. N., and Green, D.
R. (1995). Fas (CD95) participates in
peripheral T cell deletion and associ-
ated apoptosis in vivo. Int. Immunol.
7, 1451–1458.

Mohamood, A. S., Bargatze, D., Xiao, Z.,
Jie, C., Yagita, H., Ruben, D., Watson,
J., Chakravarti, S., Schneck, J. P., and
Hamad, A. R. (2008). Fas-mediated
apoptosis regulates the composition
of peripheral αβ T cell repertoire
by constitutively purging out dou-
ble negative T cells. PLoS ONE 3,
e3465. doi: 10.1371/journal.pone.
0003465

Mohamood, A. S., Guler, M. L., Xiao, Z.,
Zheng, D., Hess, A., Wang, Y., Yagita,
H., Schneck, J. P., and Hamad, A. R.
(2007). Protection from autoimmune
diabetes and T-cell lymphoprolifera-
tion induced by FasL mutation are
differentially regulated and can be
uncoupled pharmacologically. Am. J.
Pathol. 171, 97–106.

Mountz, J. D., Smith, T. M., and Toth, K.
S. (1990). Altered expression of self-
reactive T cell receptor V beta regions
in autoimmune mice. J. Immunol.
144, 2159–2166.

Nagata, S., and Golstein, P. (1995).
The Fas death factor. Science 267,
1449–1456.

Nagata, S., and Suda, T. (1995). Fas
and Fas ligand: lpr and gld mutations.
Immunol. Today 16, 39–43.

Nakayama, M., Abiru, N., Moriyama,
H., Babaya, N., Liu, E., Miao, D.,
Yu, L., Wegmann, D. R., Hutton, J.
C., Elliott, J. F., and Eisenbarth, G.
S. (2005). Prime role for an insulin
epitope in the development of type 1
diabetes in NOD mice. Nature 435,
220–223.

Nakayama, M., Nagata, M., Yasuda,
H., Arisawa, K., Kotani, R., Yamada,
K., Chowdhury, S. A., Chakrabarty,
S., Jin, Z. Z., Yagita, H., Yokono,
K., and Kasuga, M. (2002). Fas/Fas

ligand interactions play an essen-
tial role in the initiation of murine
autoimmune diabetes. Diabetes 51,
1391–1397.

Patterson, C. C., Dahlquist, G. G., Gyu-
rus, E., Green, A., and Soltesz, G.
(2009). Incidence trends for child-
hood type 1 diabetes in Europe
during 1989–2003 and predicted
new cases 2005–20: a multicentre
prospective registration study. Lancet
373, 2027–2033.

Pescovitz, M. D., Greenbaum, C. J.,
Krause-Steinrauf, H., Becker, D. J.,
Gitelman, S. E., Goland, R., Got-
tlieb, P. A., Marks, J. B., McGee, P. F.,
Moran, A. M., Raskin, P., Rodriguez,
H., Schatz, D. A., Wherrett, D., Wil-
son, D. M., Lachin, J. M., and Skyler, J.
S. (2009). Rituximab, B-lymphocyte
depletion, and preservation of beta-
cell function. N. Engl. J. Med. 361,
2143–2152.

Petrovsky, N., Silva, D., Socha, L., Slat-
tery, R., and Charlton, B. (2002).
The role of Fas ligand in beta cell
destruction in autoimmune diabetes
of NOD mice. Ann. N. Y. Acad. Sci.
958, 204–208.

Saadoun, D., Rosenzwajg, M., Joly, F.,
Six, A., Carrat, F., Thibault, V., Sene,
D., Cacoub, P., and Klatzmann, D.
(2011). Regulatory T-cell responses
to low-dose interleukin-2 in HCV-
induced vasculitis. N. Engl. J. Med.
365, 2067–2077.

Sherry, N., Hagopian, W., Ludvigsson,
J., Jain, S. M., Wahlen, J., Ferry, R.
J. Jr., Bode, B., Aronoff, S., Hol-
land, C., Carlin, D., King, K. L.,
Wilder, R. L., Pillemer, S., Bonvini,
E., Johnson, S., Stein, K. E., Koenig,
S., Herold, K. C., and Daifotis, A.
G. (2011). Teplizumab for treatment
of type 1 diabetes (Protege study):
1-year results from a randomised,
placebo-controlled trial. Lancet 378,
487–497.

Siegel, R. M., Frederiksen, J. K.,
Zacharias, D. A., Chan, F. K., John-
son, M., Lynch, D., Tsien, R. Y., and
Lenardo, M. J. (2000). Fas preas-
sociation required for apoptosis sig-
naling and dominant inhibition by
pathogenic mutations. Science 288,
2354–2357.

Singer, P. A., Balderas, R. S., McEvilly,
R. J., Bobardt, M., and Theofilopou-
los, A. N. (1989). Tolerance-related V
beta clonal deletions in normal CD4-
8-, TCR-alpha/beta+ and abnormal
lpr and gld cell populations. J. Exp.
Med. 170, 1869–1877.

Stranges, P. B., Watson, J., Cooper, C.
J., Choisy-Rossi, C. M., Stonebraker,
A. C., Beighton, R. A., Hartig, H.,
Sundberg, J. P., Servick, S., Kauf-
mann, G., Fink, P. J., and Chervonsky,

www.frontiersin.org July 2012 | Volume 3 | Article 196 | 95

http://www.frontiersin.org/
http://www.frontiersin.org/Immunological_Tolerance/archive


“fimmu-03-00196” — 2012/7/12 — 12:23 — page 8 — #8

Hamad et al. FasL: a counterintuitive immunotherapeutic target

A. V. (2007). Elimination of antigen-
presenting cells and autoreactive T
cells by fas contributes to preven-
tion of autoimmunity. Immunity 26,
629–641.

Strasser, A., Jost, P. J., and Nagata, S.
(2009). The many roles of FAS recep-
tor signaling in the immune system.
Immunity 30, 180–192.

Su, G., Blaine, S. A., Qiao, D., and Friedl,
A. (2007). Shedding of syndecan-1 by
stromal fibroblasts stimulates human
breast cancer cell proliferation via
FGF2 activation. J. Biol. Chem. 282,
14906–14915.

Su, X., Hu, Q., Kristan, J. M., Costa,
C., Shen, Y., Gero, D., Matis, L.
A., and Wang, Y. (2000). Significant
role for Fas in the pathogenesis of
autoimmune diabetes. J. Immunol.
164, 2523–2532.

Suzuki, I., Martin, S., Boursalian, T. E.,
Beers, C., and Fink, P. J. (2000). Fas
ligand costimulates the in vivo prolif-
eration of CD8+ T cells. J. Immunol.
165, 5537–5543.

Tang, Q., Adams, J. Y., Penaranda, C.,
Melli, K., Piaggio, E., Sgouroudis, E.,

Piccirillo, C. A., Salomon, B. L., and
Bluestone, J. A. (2008). Central role
of defective interleukin-2 production
in the triggering of islet autoimmune
destruction. Immunity 28, 687–697.

The Diabetes Control and Complica-
tions Trial Research Group. (1998).
Effect of intensive therapy on resid-
ual beta-cell function in patients
with type 1 diabetes in the diabetes
control and complications trial. A
randomized, controlled trial. The
Diabetes Control and Complications
Trial Research Group. Ann. Intern.
Med. 128, 517–523.

van Belle, T. L., Coppieters, K. T., and
von Herrath, M. G. (2011). Type 1
diabetes: etiology, immunology, and
therapeutic strategies. Physiol. Rev.
91, 79–118.

Waldner, H., Sobel, R. A., Howard,
E., and Kuchroo, V. K. (1997). Fas-
and FasL-deficient mice are resis-
tant to induction of autoimmune
encephalomyelitis. J. Immunol. 159,
3100–3103.

Watanabe-Fukunaga, R., Brannan, C.,
Copeland, N., Jenkins, N., and

Nagata. S. (1992). Lymphoprolifer-
ation disorder in mice explained by
defects in Fas antigen that mediates
apoptosis. Nature 356, 314–317.

Weant, A. E., Michalek, R. D., Khan, I.
U., Holbrook, B. C., Willingham, M.
C., and Grayson, J. M. (2008). Apop-
tosis regulators Bim and Fas function
concurrently to control autoimmu-
nity and CD8+ T cell contraction.
Immunity 28, 218–230.

Wenzlau, J. M., Frisch, L. M., Gardner, T.
J., Sarkar, S., Hutton, J. C., and David-
son, H. W. (2009). Novel antigens in
type 1 diabetes: the importance of
ZnT8. Curr. Diab. Rep. 9, 105–112.

Yu, L., Herold, K., Krause-Steinrauf, H.,
McGee, P. L., Bundy, B., Pugliese,
A., Krischer, J., and Eisenbarth, G.
S. (2011). Rituximab selectively sup-
presses specific islet antibodies. Dia-
betes 60, 2560–2565.

Zhou, T., Bluethmann, H., Zhang, J.,
Edwards, C. K. III, and Mountz, J.
D. (1992). Defective maintenance of
T cell tolerance to a superantigen in
MRL-lpr/lpr mice. J. Exp. Med. 176,
1063–1072.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 10 April 2012; accepted: 21 June
2012; published online: 12 July 2012.
Citation: Hamad ARAR, Arcara K,
Uddin S and Donner T (2012) The poten-
tial of Fas ligand (apoptosis-inducing
molecule) as an unconventional thera-
peutic target in type 1 diabetes. Front.
Immun. 3:196. doi: 10.3389/fimmu.
2012.00196
This article was submitted to Frontiers in
Immunological Tolerance, a specialty of
Frontiers in Immunology.
Copyright © 2012 Hamad, Arcara, Uddin
and Donner. This is an open-access arti-
cle distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and subject to any copyright notices
concerning any third-party graphics etc.

Frontiers in Immunology | Immunological Tolerance July 2012 | Volume 3 | Article 196 | 96

http://dx.doi.org/10.3389/fimmu.2012.00196
http://dx.doi.org/10.3389/fimmu.2012.00196
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Immunological_Tolerance/
http://www.frontiersin.org/Immunological_Tolerance/archive


“fimmu-03-00135” — 2012/5/23 — 21:50 — page 1 — #1

MINI REVIEW ARTICLE
published: 25 May 2012

doi: 10.3389/fimmu.2012.00135

Tolerogenic effect of non-inherited maternal antigens in
hematopoietic stem cell transplantation
Masahiro Hirayama, Eiichi Azuma* andYoshihiro Komada

Department of Pediatrics and Cell Transplantation, Mie University Graduate School of Medicine, Tsu, Mie, Japan

Edited by:

Stephen Paul Cobbold, University of
Oxford, UK

Reviewed by:

Julian Dyson, Imperial College
London, UK
Bruce Milne Hall, University of New
South Wales, Australia

*Correspondence:

Eiichi Azuma, Department of
Pediatrics and Cell Transplantation,
Mie University Graduate School of
Medicine, 2-174 Edobashi, Tsu, Mie
514-8507, Japan. e-mail:
e-azuma@clin.medic.mie-u.ac.jp

Major histocompatibility complex antigens that provoke severe transplant reactions are
referred to as the human leukocyte antigen (HLA) in human and as the H-2 in mice. Even
if the donor and recipient are HLA-identical siblings, graft-versus-host reactions have been
linked to differences in the minor histocompatibility antigen. As the chance of finding
an HLA-identical sibling donor is only 25%, attention has been focused on using alter-
native donors. An HLA-mismatched donor with non-inherited maternal antigens (NIMA)
is less immunogenic than that with non-inherited paternal antigens, because the con-
tact between the immune systems of the mother and child during pregnancy affects
the immune response of the child against NIMA. However, the immunologic effects of
developmental exposure to NIMA are heterogeneous, and can be either tolerogenic or
immunogenic. We recently have devised a novel method for predicting the tolerogenic
effect of NIMA. In this review, we overview the evidence for the existence of the NIMA
tolerogenic effect, the possible cellular and molecular basis of the phenomenon, and its
utilization in hematopoietic stem cell transplantation. We suggest a future direction for the
safe clinical use of this phenomenon, fetomaternal tolerance, in the transplantation field.

Keywords: NIMA, tolerance, acute GVHD, hematopoietic stem cell transplantation

INTRODUCTION
More than 50 years ago, Owen et al. (1954) made the remark-
able discovery that most twin cattle were born with a stable
mixture of each other’s red cells. Claas et al. (1988) later found
that human leukocyte antigen (HLA) broadly sensitized patients
commonly failed to produce antibodies against mismatched non-
inherited maternal antigens (NIMA), but were fully capable of
producing anti-non-inherited paternal antigens (NIPA). The def-
inition of NIMA or NIPA is based on an offspring-based HLA
haplotype that is not inherited from the mother or father, respec-
tively. Billingham et al. (1953) then showed that injection of
allogeneic splenocytes from murine fetuses enabled the accep-
tance of later skin grafts from the same donor. This phenomenon
is now referred to as fetomaternal tolerance, and suggests that
perinatal exposure to NIMA may affect the developing immune
system of neonates. These phenomena have been clinically utilized
in organ transplantation and allogeneic hematopoietic stem cell
transplantation (HSCT; Burlingham et al., 1998; van Rood et al.,
2002). Burlingham et al. (1998) showed the superior graft survival
rate in NIMA- compared to NIPA-mismatched renal transplant
recipients from sibling donors. Furthermore, van Rood et al.
(2002) demonstrated that HSCT from NIMA-mismatched sibling
donors showed a lower incidence of severe acute graft-versus-
host disease (GVHD) compared with that from the other family
donors. Ichinohe et al. (2004) have demonstrated the feasibility
of HLA-haploidentical HSCT from NIMA-mismatched relatives
without T cell depletion. These clinical studies have been per-
formed based on the presence of fetomaternal microchimerism as
a result of fetomaternal immunological tolerance. Nevertheless,
some cases developed severe acute GVHD despite the existence

of microchimeric cells (Kanda et al., 2009). We recently reported
that NIMA effects directed toward the major histocompatibil-
ity complex (MHC) antigen were divided into immunogenic
and tolerogenic reactivities (Araki et al., 2010). These effects
were correlated with maternal microchimerism. The reactivi-
ties were predictable by an MLR-ELISPOT (mixed lymphocyte
reaction; enzyme linked immunospot) assay. We found that
non-T cell-depleted (TCD) NIMA-mismatched haploidentical
HSCT could be performed safely by evaluating the reaction
of IFN-γ-producing cells of the donors against NIMA before
transplantation.

HISTOCOMPATIBILITY ANTIGENS IN HUMANS AND MICE
Alloantigens can be divided into MHC antigen and minor histo-
compatibility antigen (MiHA), the former being responsible for
eliciting the strongest immune responses to allogeneic tissues. The
MHC is referred to as the HLA complex in humans and as the
H-2 complex in mice (Table 1). The genes related to the HLA sys-
tem encode a complex array of histocompatibility molecules that
play a central role in immune responsiveness and in determining
the outcome of HSCT in humans (Beatty et al., 1993; Petersdorf
et al., 1995). The primary goal of histocompatibility testing for
patients who are undergoing HSCT is the identification of a suit-
able HLA-matched donor to reduce the risk of post-transplant
complications, which may result from HLA incompatibility.

The MHC identity of the donor and host is not the sole fac-
tor determining the immunological reactivity in HSCT. When
transplantation is performed in an unrelated setting, even if the
MHC antigens of donor are identical to those of recipient, con-
siderable transplant reactions may occur because of differences
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Table 1 | Histocompatibility antigens in humans and mice.

Human Mouse

MHC antigen

Class I A, B, C K, D, L

Class II DR, DQ, DP IA, IE

MiHA

Y chromosome SMCY, UTY, DBY, DFFRY, HY (Smcy), HY (Uty),

related RPS4Y, TMSB4Y HY (Dby)

Autosomal HA-1, HA-2, HA-3, HA-8, HB-1, H3, H4, H7, H13,

chromosome ACC-1, ACC-2, UGT2B17, LRH-1, H28, H46, H47, H60

related CTSH, ECGF1, PANE1, SP110,

SLC1A5, SLC19A1, P2RX7

at various minor histocompatibility loci. MiHAs, peptides derived
from polymorphic proteins, are capable of eliciting cellular alloim-
mune responses in vitro and in vivo. Their immunogenicity arises
as a result of their presentation in the context of MHC class I
or II, where they are recognized by alloreactive MHC-restricted
T cells. The most important immune reactions elicited by in vivo
alloreactivity to MiHA are graft rejection and acute GVHD.

To date, human MiHAs have not been fully characterized,
although some murine MiHAs have been compared with the
human counterparts (Table 1). Immunological targeting of HY
proteins results in a relatively high incidence of acute GVHD when
male recipients receive HSCT from female donors (Stern et al.,
2006). While approximately one-third of the known MiHAs are
encoded on the Y chromosome, many MiHAs are located on auto-
somal chromosomes. A genetic linkage analysis has been used to
define the genomic regions encoding the MiHAs (Akatsuka et al.,
2003; de Rijke et al., 2005). With the recent introduction of more
advanced analytical techniques, more human MiHA epitopes have
been identified (Van Bergen et al., 2010; Sellami et al., 2011).

CLINICAL SIGNIFICANCE OF NON-INHERITED
MATERNAL ANTIGEN
Graft survival in HSCT is optimal when the donor and recipient
are HLA-identical. However, in some situations, if this is not pos-
sible, haploidentical siblings, parents, and offspring are considered
as potential donors. Contact between the mother and child dur-
ing pregnancy can lead to tolerization, and subsequently have an
additional benefit on the transplant outcome. A new nomencla-
ture was proposed to assign the haplotypes of a family in which
one of the siblings is a potential transplant donor (van Rood and
Claas, 2000) as depicted in Figure 1. The parents or siblings that
share one haplotype with the recipient and differ for the other
haplotype are potential donors. The patient inherits the inher-
ited maternal HLA antigens (IMA) haplotype from the mother,
and the inherited paternal HLA antigens (IPA) from the father.
When the patient is transplanted from one of the parents or from
a haploidentical sibling, the NIMA or NIPA is the mismatched
haplotype. This nomenclature scheme can also be used in cases
where the mother or father is the potential donor (Figure 1).

FIGURE 1 | Significance of non-inherited maternal antigen in

transplantation. The nomenclature of the HLA haplotype is
patient-oriented in the transplantation field. Children inherit one haplotype
from each of parent. Siblings of the patient share one haplotype with the
donor, and the other haplotype is the non-inherited haplotype. The HLA
haplotypes in parentheses are shown as representative examples. When
the patient is transplanted with donor from one of the parents or from a
haploidentical sibling, the non-inherited maternal HLA antigens (NIMA) or
non-inherited paternal HLA antigens (NIPA) are the mismatched haplotype.
The NIMA and NIPA-mismatched siblings can be potential donors.

Because of the existence of fetomaternal tolerance, NIPA is more
immunogenic than NIMA. Therefore, the order of donor eligibility
is IMA/IPA, NIMA/IPA followed by IMA/NIPA.

Several studies have been performed to investigate the influence
of non-inherited and inherited parental antigens on transplanta-
tion, and tolerizing effects (a NIMA effect) have been described.
In HSCT, van Rood et al. (2002) and Ichinohe et al. (2004) showed
that the patients who received non-TCD BMT from a NIMA-
mismatched donor had a significantly lower incidence of acute
GVHD than a NIPA-mismatched donor. However, even in non-
TCD BMT from a NIMA-mismatched donor, 10% of patients
still experienced severe acute GVHD (Ichinohe et al., 2004). Fur-
thermore, graft rejection and hyperacute GVHD after HSCT
from NIMA-mismatched siblings have been observed in spite of
the fact that maternal microchimerism was detected (Okumura
et al., 2007). On the other hand, Kanda et al. (2009) described
that a substantial proportion of long-term survivors after NIMA-
mismatched HSCT could discontinue the administration of
immunosuppressive agents, despite the frequent occurrence of
moderate to severe chronic GVHD. Therefore, a method that could
evaluate this unpredictable NIMA effect was desired.

MURINE MODELS FOR MAJOR AND MINOR
HISTOCOMPATIBILITY ANTIGENS TO NIMA
There have been several investigations of NIMA in murine models
(Burlingham et al., 1998; Andrassy et al., 2003). The immunologi-
cal effects of developmental exposure to NIMA are heterogeneous
(Mold et al., 2008; Molitor-Dart et al., 2008; Verhasselt et al., 2008).
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The precise mechanisms underlying the heterogeneity are still
under investigation. The relevance of MiHA in the NIMA effect
has not been reported. Not only in the MHC-identical, but also
under MHC-haploidentical conditions, MiHA alloreactivities may
be induced upon transplantation (Verdijk et al., 2004). Therefore,
focusing on the NIMA effect separated by the MHC (H-2) and
MiHA responses is clinically relevant.

The mouse MiHA loci confer a wide range of immunogenicity,
ranging from weakly to strongly immunogenic (Table 1; Men-
doza et al., 1997; Choi et al., 2001; Roopenian et al., 2002). Recent
studies have provided evidence that GVHD could be caused by
a limited number of MiHA, including H4, H7, H13, H28, H60,

and H-Y (Eden et al., 1999; Choi et al., 2002; Yang et al., 2003).
The immunodominance of these MiHA was manifested on genet-
ically varied backgrounds among B10, BALB/c, and DBA/2 strains
(Sanderson and Frost, 1974; Mendoza et al., 1997; Malarkannan
et al., 2000). So far, there has been no report distinguishing H-2
from MiHA with regard to NIMA. We have classified mouse mod-
els of NIMA based on the major and minor histocompatibility
antigens to NIMA (Hirayama and Azuma, 2011). In our study,
B10 congenic mice were used as NIMA models and the MiHA
matched entirely in this system (Figure 2B). On the other hand,
in the conventional model (Figure 2A), the NIMA includes not
only non-inherited H-2, but also non-inherited MiHA. Therefore,

FIGURE 2 | Murine models for non-inherited maternal antigens.

(A) Left, C57BL/6 (B6) males (H-2b/b) were mated with (B6 × DBA/2) F1
females (H-2b/d), thus exposing the H-2b/b offspring in utero and via
breastfeeding to NIMAd antigens. Right, (B6 × DBA/2) F1 males were
mated with B6 females, creating H-2b/b backcross offspring that had not
been exposed to “d,” as reported by Andrassy et al. (2003). (B) Left,
B10.BR males (H-2k) were mated with (B10.D2 × B10) F1 females (H-2d/b),

thus exposing the H-2d/k type offspring to NIMAb, and H-2b/k type
offspring to NIMAd. Right, (B10.D2 × B10) F1 males (H-2d/b) were
mated with B10.BR females (H-2k), creating the controls; both H-2d/k

and H-2b/k type offspring that had not been exposed to “b” and “d,”
respectively. These mice have a B10 background, in other words, their
MiHA are matched, and the H-2 antigens are mismatched for both
class I and II.
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our NIMA model, but not the conventional NIMA model, did not
affect the immunogenicity of MiHA. We examined the tolerogenic
potential of NIMA-exposure for H-2 of class I and II disparities
without any influences of the MiHA (Araki et al., 2010). Con-
trary to previous reports that showed an apparent NIMA effect
(Andrassy et al., 2003; Aoyama et al., 2009), we found no evi-
dence of the NIMA effect (Araki et al., 2010). The reason for the
difference remains to be determined, but it could be due to the
abrogation of the MiHA effect in our system (Figure 2B).

MATERNAL MICROCHIMERISM AND FETOMATERNAL
TOLERANCE
The bidirectional exchange of cells, both mature and progeni-
tor types, at the maternal–fetal interface is a common feature of
mammalian reproduction (Lo et al., 1996). The presence of semi-
allogeneic cells in a host can have significant immunological effects
on transplantation tolerance and rejection. Maternal cells and
DNA were detected for a long time after parturition in the periph-
eral blood and lymphoid organs of offspring (Maloney et al., 1999;
Andrassy et al., 2003). Breastfeeding during the neonatal period
also might contribute to building-up maternal microchimerism in
the offspring, because breast milk is rich in soluble maternal MHC
antigens (Verhasselt et al., 2008; Aoyama et al., 2009). Maternal
microchimerism may cause tolerance, resulting in the acceptance
of an allograft bearing antigens shared by the microchimeric
cells. However, microchimerism may also cause sensitization, thus
resulting in rejection. Distinguishing which of these effects is likely
to occur prior to the transplant may revolutionize the field of
living-related renal transplantation, wherein microchimerism can
exert a powerful influence on graft outcome (van Rood et al.,
2002). Long-term maternal microchimerism is easily detected
from the peripheral blood or various tissues, including the skin,
liver, and thyroid gland, by using highly sensitive polymerase chain
reaction-based techniques (Ichinohe et al., 2002). Although many
investigators have suggested the association of long-term maternal
and fetal microchimerism with the development of autoimmune
diseases, including systemic sclerosis, primary biliary cirrhosis,
juvenile inflammatory myopathies, and biliary atresia (Nelson,
2003; Suskind et al., 2004), it is difficult to establish a precise etio-
logical link, because maternal microchimerism is frequently found
in healthy females with a history of uncomplicated pregnancy,
and in more than two-thirds of immunocompetent individuals
without any manifestations of autoimmune attacks (Kodera et al.,
2005). Moreover, Ko et al. (1999) suggested that passenger leuko-
cytes were involved in the induction phase of allograft acceptance
and microchimerism in the thymus, but not in the blood, and were
also associated with allograft survival. These results suggest that
microchimerism may play a role in allograft survival, but that the
persistence of peripheral microchimerism is not required.

Several mechanisms of fetomaternal tolerance have so far been
reported. One possible mechanism is the clonal deletion of NIMA-
specific lymphocytes. Vernochet et al. (2005) described partial
deletion of B cells having high affinity for the NIMA. However,
B cells having low affinity for the NIMA were not clonally deleted.
Bemelman et al. (1998) showed central and peripheral deletion of
donor-specific T cells after establishing mixed chimerism in the
recipient with a high dose of bone marrow cells. Low doses of

bone marrow cells induced a form of tolerance that was regula-
tory T cells (Treg)-dependent, consistent with the establishment
of microchimerism rather than mixed chimerism. Bonilla et al.
(2006) described that deletion of effector T cells due to a form of
suppressive microchimerism in antigen-presenting cells was a con-
sequence of the establishment of a dominant Treg-population in
the host. Therefore, fetomaternal tolerance could not be explained
only by the clonal deletion mechanism.

Another possible mechanism is the induction of Treg for
NIMA. Tsang et al. (2008) described the possibility of inducing
NIMA-specific Treg in the direct and indirect presentation of
maternal microchimerism. On the other hand, since oral tol-
erance is known to generate TGF-β-producing Treg (Gonnella
et al., 2003), oral exposure to maternal MHC antigens present
in breast milk (Molitor et al., 2004) may generate NIMA-specific
Treg, which may prevent the deletion of maternal cells by NIMA-
specific effector T cells, resulting in a high level of microchimerism.
Aoyama et al. (2009) reported that exposure to NIMA both in utero
and by breastfeeding appears to generate higher levels of mater-
nal microchimerism than in utero exposure alone, and that the
degree of microchimerism, correlates with a prolonged survival in
maternal heart grafts.

PREDICTION OF ACUTE GVHD IN HLA-MISMATCHED HSCT
Predicting acute GVHD in vitro before transplantation has been
tried in an HLA-mismatched setting, but satisfactory methods
had not been established. The frequencies of cytotoxic T lym-
phocyte precursor (CTLp) and helper T lymphocyte precursor
(HTLp) cells, as well as MLR, were reported for the methods that
had been evaluated to detect an individual’s reactivity to NIMA
in vitro (Falkenburg et al., 1996; Moretta et al., 1999; Tsafrir et al.,
2000). Moretta et al. (1999) described that the frequency of NIMA-
specific CTLp in cord blood samples could be measured in order to
better define the phenomenon of NIMA tolerance. NIMA-reactive
cord blood cells were detectable, but the authors of that study
could not show a difference in the CTLp frequency toward NIMA
and NIPA. Falkenburg et al. (1996) investigated whether NIMA
tolerance could allow transplantation over certain HLA barriers.
Neither the CTLp nor HTLp frequencies against NIPA were not
significantly different from those against NIMA. Indeed, Kircher
et al. (2004) showed that the CTLp and HTLp frequencies were not
predictive for the risk of acute GVHD in patients who received allo-
geneic HSCT. Collectively, established test systems are not available
for predicting an alloreaction and the outcome after HSCT. CTLp
reflects the alloreactivity of class I mismatch, and MLR and HTLp
reflect alloreactivity of class II mismatch. Levitsky et al. (2009)
reported an evaluation of allogeneic reactions that used Treg. They
generated carboxyfluorescein diacetate succinimidyl ester-labeled
CD4+CD25high FOXP3+ cells in MLR, which they called “Treg
MLR,” with varying HLA disparities and cell components. How-
ever, this method reflects only differences in MHC class II. Thus,
all of the above-mentioned methods can detect MHC class I or
class II separately, but it is difficult to detect them simultaneously
(Table 2). We recently, reported a novel method, MLR-ELISPOT
assay, that overcomes these disadvantages, as shown in Figure 3A.

The alloreactivities of NIMA-exposed mice and NIMA-non-
exposed mice were evaluated by MLR, and we found a wide range
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Table 2 | Assays to detect allogeneic antigens.

Assay Target antigen

Frequency of cytotoxic T lymphocyte precursor MHC class I

Frequency of helper T lymphocyte precursor MHC class II

Mixed lymphocyte reaction (MLR), modified MLR MHC class II

Regulatory T lymphocyte MLR MHC class II

MLR-ELISPOT for interferon-γ MHC class I and II

(MiHA)

FIGURE 3 | Prediction of the reactivity to NIMA by the MLR-ELISPOT

assay. (A) The ELISPOT assay combined with MLR (MLR-ELISPOT) is a
sensitive functional assay to detect alloreactivity for both major and minor
histocompatibility antigens in mice. (B) The mice were classified into two
groups based on their reactivity to NIMA; the high responders
(HR ≥ mean ± 1 SD in NIMA-non-exposed) or the low responders
(LR < mean ± 1 SD) group by using MLR (Araki et al., 2010). The
IFN-γ-producing ability before the induction of GVHD was presented by the
MLR-ELISPOT assay. Peripheral blood mononuclear cells from
NIMA-exposed LR mice (n = 8), NIMA-exposed HR mice (n = 7), and
non-exposed mice (n = 6) were stimulated with B10 mouse peripheral
blood mononuclear cells. The data are expressed as the means ± SD of
individual animals. *p < 0.05.

of reactivity (Araki et al., 2010). This indicates that the fetoma-
ternal interaction acts on both tolerance (low-responder, LR) and
sensitization (high-responder, HR; Molitor-Dart et al., 2008; van
Halteren et al., 2009). The reports from Falkenburg et al. (1996)
and Tsafrir et al. (2000) detected a reactivity to NIMA by MLR,
and CTLp and HTLp, respectively. Interestingly, when we scru-
tinized the figures in their articles, the individual reactivities of
the NIMA-exposed group showed a wider range than the control
group, and those reactivities seem to be divided into low and high
reactions, although the authors of those studies did not discuss
these observations. This was a further indication that reactivity
to NIMA could be detected in vitro, and that the fetomaternal
interaction promoted either tolerance or sensitization.

Recently, we demonstrated that the number of cells produc-
ing IFN-γ was significantly lower in the NIMA-exposed LR group
than the HR group by using an MLR-ELISPOT assay in a murine
model (Figure 3B). Thus, the capacity for an individual to produce
IFN-γ against allogeneic antigens or NIMA could differentiate LR
from HR. This assay is easily applicable in humans, and is a versa-
tile method to detect reactivities to MHC class I, as well as class II.
Moreover, its detection may reflect the reactivity to MiHA. In other
words, this assay might be useful to predict the total immunolog-
ical reaction of donor T cells to the recipient in HLA-mismatched
HSCT.

CONCLUSION
Non-inherited maternal antigens-mismatched haploidentical
HSCT has been progressing, and now can lead to sustained
engraftment, lower early treatment-related mortality, and accept-
able rates of acute GVHD. However, it is difficult to predict severe
acute GVHD prior to transplantation. Our recent report addressed
this issue (Araki et al., 2010). The NIMA effect directed toward
MHC antigens was divided into immunogenic and tolerogenic
reactivities. There was an unevenness in the acquisition and main-
tenance of microchimerism in offspring, which was not due solely
to differences in MHC gene inheritance. Although T cell replete
haploidentical transplantation is performed only when there is
positive microchimerism, the individual reactivity of the donor is
not evaluated at present. Therefore, our study is clinically relevant,
and T cell replete NIMA-mismatched haploidentical transplanta-
tion can be performed more safely in the future by evaluating
the responses of the IFN-γ-producing cells of the donor against
NIMA.
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Resistance and tolerance are two complementary host defense mechanisms that increase
fitness in response to low-virulence fungi. Resistance is meant to reduce pathogen bur-
den during infection through innate and adaptive immune mechanisms, whereas toler-
ance mitigates the substantial cost of resistance to host fitness through a multitude of
anti-inflammatory mechanisms, including immunological tolerance. In experimental fun-
gal infections, both defense mechanisms are activated through the delicate equilibrium
betweenTh1/Th17 cells, which provide antifungal resistance, and regulatoryT cells limiting
the consequences of the ensuing inflammatory pathology. Indoleamine 2,3-dioxygenase
(IDO), a rate-limiting enzyme in the tryptophan catabolism, plays a key role in induc-
tion of tolerance against fungi. Both hematopoietic and non-hematopoietic compartments
contribute to the resistance/tolerance balance against Aspergillus fumigatus via the involve-
ment of selected innate receptors converging on IDO. Several genetic polymorphisms in
pattern recognition receptors influence resistance and tolerance to fungal infections in
human hematopoietic transplantation. Thus, tolerance mechanisms may be exploited for
novel diagnostics and therapeutics against fungal infections and diseases.

Keywords: fungal infections, resistance, tolerance, IDO, single nucleotide polymorphism

INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (allogeneic
HSCT) remains a curative treatment for hematological malignan-
cies resistant to other treatment approaches. The unique post-
transplantation milieu, which is characterized by lymphopenia,
regulatory T (Treg) cell depletion, and the release of growth factors
and cytokines (Matsuoka et al., 2010), provides a unique oppor-
tunity for the occurrence of severe infections. Fungal infections
have historically been, and remain important causes of transplant-
related morbidity in HSCT (Mulanovich and Kontoyiannis, 2011).
The ability to combine antifungal agents may provide new treat-
ment options, but prevention and resolution of these infections
have been difficult to achieve. Several studies have reported the
predominance of aspergillosis occurring in the post-engraftment
rather than the neutropenic period in allogeneic HSCT recip-
ients (Grow et al., 2002; Marr et al., 2002). Clinically, severe
fungal infections occur in patients with immune reconstitution
syndrome (IRS), an entity characterized by local and systemic
reactions that have both beneficial and deleterious effects on
infection (Singh and Perfect, 2007). Intriguingly, IRS responses
are also found in immunocompetent individuals and after rapid
resolution of immunosuppression, indicating that inflammatory
responses can result in quiescent or latent infections manifest-
ing as opportunistic mycoses. These considerations indicate that
host immunity is crucial in eradicating infection, but immunolog-
ical recovery can also be detrimental and may contribute toward

worsening disease in opportunistic and non-opportunistic infec-
tions (Gupta and Singh, 2011). Ultimately, control of infection
depends on the restoration of adequate antifungal immunity, and
thus, strategies to augment immunity against fungal pathogens are
complementary to those targeting the pathogens. As a matter of
fact, part of the antifungal effect of antifungal agents may occur
via immunomodulation (Simitsopoulou et al., 2011).

Current understanding of the pathophysiology underlying fun-
gal infections and diseases highlights the multiple cell populations
and cell-signaling pathways involved in these complex conditions
beyond the dysregulated chaos in which fungal infection and dis-
ease are perceived. Because the immune response is a complex
entity, a systems biology approach that integrates investigations
of immunity at the systems-level is required to generate novel
insights into this complexity (Santamaria et al., 2011). At the pop-
ulation level, single nucleotide polymorphisms (SNPs), by altering
protein-protein interactions or transcriptional regulation, may
add further complexity to the system. Applying systems biology
approaches to these complex processes is required for a bet-
ter appreciation of the intricate cross-talk provided by temporal
changes in mediators, metabolites and cell phenotypes underlining
the coordinated processes.

In this review we will discuss how mechanisms that regu-
late both resistance and tolerance to fungi could be success-
fully exploited to elicit antimicrobial immunity and concomitant
tolerance via acquired local immune privilege in HSCT.
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INSIGHT INTO THE MECHANISMS REGULATING IMMUNE
HOMEOSTASIS IN RESPONSE TO FUNGI: THE RESISTANCE
AND TOLERANCE PARADIGM
The immune system protects from infections primarily by detect-
ing and eliminating the invading pathogens; however, the host
organism can also protect itself from infectious diseases by reduc-
ing the negative impact of infections on host fitness (Figure 1).
This ability to tolerate a pathogen’s presence is a distinct host
defense strategy that, in many circumstances, favors the evolution
of protective mechanisms that do not involve pathogen killing
(Medzhitov et al., 2012). This strategy likely occurs in the host-
microbial symbiosis, thus suggesting that the majority of host
defense mechanisms that have arisen during evolution are per-
haps tolerance mechanisms. Little attempt to formally decompose
human or animal health into resistance and tolerance compo-
nents has been done. Resistance is meant to reduce pathogen
burden during infection through innate and adaptive immune
mechanisms, whereas tolerance mitigates the substantial cost to
host fitness of resistance (Read et al., 2008; Schneider and Ayres,
2008). Even in the absence of overt tissue damage, resistance
mechanisms commonly occur at a cost to normal tissue func-
tion, thus causing immunopathology. This means that the optimal
immune response is determined by the balance between efficient
pathogen clearance and an acceptable level of immunopathology.
A plethora of tolerance mechanisms, despite less known rela-
tive to resistance mechanisms, protect the host from immune-
or pathogen-induced damage (Cobbold et al., 2010; Saraiva and
O’Garra, 2010). Therefore, the term tolerance is semantically used
here to refer to the multitude of anti-inflammatory mechanisms,
including immunological tolerance, that is, unresponsiveness to
self-antigens.

It has been argued that a high rate of infection but low-virulence
should select for host tolerance, whereas the opposite should favor
resistance (Restif and Koella, 2004). Thus, it is not surprising that

FIGURE 1 |The resistance and tolerance defense strategies in

infections. Resistance reduces microbial burden during infection through
innate and adaptive immune mechanisms, whereas tolerance mitigates the
damage to host tissues caused by both the resistance mechanisms and
pathogen’s virulence. Both the host and the pathogen can reduce fitness
costs through tolerance mechanisms that reduce both the direct tissue
damage by pathogens as well as immunopathology.

resistance and tolerance are two complementary host defense traits
that increase fitness in response to low-virulence fungi (Romani,
2011). In experimental fungal infections, both defense mecha-
nisms are activated through the delicate equilibrium between
Th1/Th17 cells, which provide antifungal resistance mechanisms,
and Treg cells limiting the consequences of the associated inflam-
matory pathology. Indeed, while some degree of inflammation
is required for protection, particularly at mucosal tissues dur-
ing the transitional response occurring between the rapid innate
and slower adaptive response, progressive inflammation wors-
ens disease, and ultimately prevents pathogen eradication. Recent
observations highlight a truly bipolar nature of the inflamma-
tory process against fungi (Romani and Puccetti, 2007; Romani
et al., 2008a). The conceptual principle highlighting a truly bipolar
nature of the inflammatory process in infection is best exempli-
fied by the occurrence of severe fungal infections and diseases
in patients with IRS (Gupta and Singh, 2011) and in the hyper-
IgE syndrome in which increased levels of pro-inflammatory
gene transcripts have recently been described (Holland et al.,
2007). For A. fumigatus, the association of persistent inflamma-
tion with intractable infection is common in non-neutropenic
patients after allogeneic HSCT (Ortega et al., 2006) as well as
in allergic fungal diseases (Schubert, 2006). A main implication
of these findings is that, at least in specific clinical settings, it is
an exaggerated inflammatory response that likely compromises
a patient’s ability to eradicate infection, and not an “intrinsic”
susceptibility to infection that determines a state of chronic or
intractable disease. The above findings may serve to accommo-
date fungi within the host immune system and at the same time
explain why, despite the fact that human beings are constantly
exposed to fungi, fungal diseases are relatively rare. Should a
degree of coexistence had occurred between fungi and their mam-
malian hosts, this would implicate the possible, underestimated,
contribution of fungi to the plasticity of the immune system. Evi-
dence suggest that the continued integration of pro-inflammatory
and anti-inflammatory stimuli in response to fungi is critical for
a proper control of infection and T cell homeostasis (Romani,
2011).

INDOLEAMINE 2,3-DIOXYGENASE IS A CRITICAL REGULATOR
OF TOLERANCE TO FUNGI
IDO is an interferon-gamma-inducible intracellular enzyme
which catalyzes the catabolism of tryptophan (Puccetti and
Grohmann, 2007; Mellor and Munn, 2008). Work has demon-
strated a complex and crucial role for tryptophan catabolism
in modulating inflammatory processes and T cell tolerance after
HSCT (Hainz et al., 2007; Brandacher et al., 2008). The effects of
IDO activity are tryptophan deficiency, excess tryptophan break-
down products (kynurenines) and consumption of reactive oxygen
species. In transplantation, increased IDO activity in transplanted
cells has been demonstrated to have anti-rejection properties both
in vitro and in vivo (Hainz et al., 2007). Overall, the available
data suggest a potential role of IDO in governing transplanta-
tion tolerance through mechanistic pathways possibly involving
IDO induction by reverse signaling through costimulatory recep-
tors (Puccetti and Grohmann,2007) and IDO-mediated long-term
tolerance (Pallotta et al., 2011).
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IDO and kynurenines serve many roles in fungal infections;
most relevant, the induction of CD4+CD25+ Treg cells via IDO+
dendritic cells (DCs; Montagnoli et al., 2006). In experimental
aspergillosis, IDO blockade greatly exacerbated infections and
allergy to the fungus, as a result of deregulated innate and adaptive
immune responses caused by the impaired activation and func-
tioning of suppressor CD4+CD25+ Tregs producing IL-10 (Mon-
tagnoli et al., 2006). A number of studies have established that
the proper control of the infection and associated inflammatory
reactions require IDO induction and consequent production of
tryptophan metabolites with immune-regulatory activities, con-
tributing to the maintenance of the Treg/Th17 balance (Romani
et al., 2008b). As clearly shown in susceptible mice, Treg and Th17
cells mediate antagonizing roles in aspergillosis, where increasing
levels of IL-17-driven inflammation occurred alongside decreased
anti-inflammatory Treg responses, resulting in inflammatory over-
reactions (Romani et al., 2008b). A reciprocal antagonistic rela-
tionship was also found between IDO and the Th17 pathway,
with IDO restraining Th17 responses and IL-17A inhibiting IDO
(Zelante et al., 2007). Further adding to the complexity, a recent
study has revealed the ability of IL-17A to increase survival and
virulence of fungi (Zelante et al., 2012).

Evidence indicates that the non-hematopoietic compartment
also contributes to tolerance to fungi (Cunha et al., 2010; de Luca
et al., 2010). Epithelial cells (ECs) are known to determine the
balance between a state of “mucosal homeostasis,” required for
optimal organ function, and “mucosal injury,” leading to mucosal
inflammation and barrier breakdown. However, recent evidence
has also indicated ECs as key players in tolerance to respiratory
pathogens via an IFN-γ/IDO axis culminating in the inhibition
of Th17 cell responses (Desvignes and Ernst, 2009; de Luca et al.,
2010). IDO over-expression in airway ECs was found to restrain
CD4+ T cell activation to the fungus, an activity that was never-
theless dispensable in the presence of IDO-expressing tolerogenic
DCs. However, IDO induction in ECs could compensate for the
lack of IDO on hematopoietic cells (Paveglio et al., 2011). The
expression of IDO on ECs occurred through the TLR3/TRIF-
dependent pathway, a finding consistent with the abundant expres-
sion of TLR3 both intracellularly and on the cell surface of ECs.
The failure to activate IDO likely accounted for the lack of toler-
ance to the fungus observed in experimental HSCT in condition in
which either the recipient or the donor, or even more when both,
were TRIF- or TLR3-deficient (de Luca et al., 2010). Overall, these
data shed light on pathways of immune resistance and tolerance
to the fungus that likely take place in a hematopoietic transplan-
tation setting. It appears that protective tolerance to the fungus
is achieved through a TLR3/TRIF-dependent pathway activating
Th1/Treg cells via IDO expressed on both the hematopoietic/non-
hematopoietic compartments. In contrast, the MyD88 pathway
provided antifungal resistance, i.e., the ability to restrict the fungal
growth through defensins and likely, other effector mechanisms
(de Luca et al., 2010). However, the ability of mice to clear the
fungus in the relative absence of the MyD88 pathway (Bretz et al.,
2008) clearly indicates redundancies and hierarchy in antifungal
mechanisms of resistance. Ultimately, the finding that both Can-
dida albicans (De Luca et al., 2007) and A. fumigatus (de Luca
et al., 2010), two major human fungal pathogens, exploit the

TRIF-dependent pathway at the interface with the mammalian
hosts, indicates that the exploitation of tolerance mechanisms is
an advantageous option.

METABOLIC REGULATION OF TOLERANCE TO FUNGI
The activation of distinct signaling pathways in DCs translates
recognition of fungi into distinct inflammatory and adaptive
immune responses (Bonifazi et al., 2009, 2010). The screening of
signaling pathways in DCs through a systems biology approach was
exploited for the development of therapeutics to attenuate inflam-
mation in experimental fungal infections and diseases. In vivo tar-
geting inflammatory [PI3K/Akt/mammalian target of rapamycin
(mTOR)] or anti-inflammatory (STAT3/IDO) DC pathways by
intranasally delivered small interfering RNA (siRNA) modified
resistance and tolerance to infection. Thus, the screening of sig-
naling pathways in DCs through a systems biology approach may
be exploited for the development of siRNA therapeutics to atten-
uate inflammation in respiratory fungal infections and diseases
(Bonifazi et al., 2010). It is of interest that the mTOR pathway has
emerged as a key player in sensing nutritional/energetic signals
and integrating signals controlling metabolism and cellular fate.
The mTOR pathway has been shown to play an important role in
determining the differentiation of CD4+ T cells into inflammatory
and regulatory subsets, the induction of anergy, the development
of CD8+ memory T cells, and the regulation of T cell trafficking
(Araki et al., 2009; Delgoffe et al., 2009; Cobbold et al., 2010; Peter
et al., 2010). The inhibition of mTOR promoted immune tolerance
in mouse models of transplantation, by favoring the expansion
of Treg cells over effector T cells (Zuber et al., 2011). However,
recent data have shed light on the unexpected pro-inflammatory
burst observed in some transplant recipients treated with mTOR
inhibitors (Saemann et al., 2009). Therefore, the potential thera-
peutic utility of mTOR modulation in tolerance to fungi in HSCT
awaits clarification.

EXPLOITING PATHOGEN-INDUCED TOLERANCE IN
EXPERIMENTAL HSCT THROUGH DENDRITIC CELLS
The potential use of tolerogenic DCs as negative cellular vaccines
to induce experimental transplantation tolerance has been sug-
gested (Turnquist and Thomson, 2008). Plasmacytoid DCs may
contribute to the T cell repertoire reconstitution, facilitate engraft-
ment (Fugier-Vivier et al., 2005), and prevent graft-versus-host
disease in HSCT (Arpinati et al., 2003). As DC function is impaired
during the immediate post-transplantation period (Reddy et al.,
2004), the administration of donor DCs may have beneficial effects
in immune recovering in the early HSCT. Over recent years experi-
mental models have shown that it is possible to exploit the mecha-
nisms that normally maintain immune homeostasis and tolerance
to self-antigens to induce tolerance to alloantigens (Waldmann and
Cobbold, 2004; Martinic and von Herrath, 2006). Like natural tol-
erance, transplantation tolerance is achieved through control of
T cell reactivity by central and peripheral mechanisms of toler-
ance. We have recently found that this goal is achievable by the
adoptive cellular therapy of fungus-pulsed or RNA-transfected
IDO+DCs that could induce antifungal resistance within a reg-
ulatory environment (Bozza et al., 2003; Romani et al., 2006). In
experimental HSCT, a model in which allogeneic reconstitution
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of host stem cells is greatly reduced to the benefit of a long-term,
donor type chimerism in more than 95% of the mice and low inci-
dence of graft-versus-host disease (Bozza et al., 2003), protection
was associated with myeloid and T cell recovery, the activation of
CD4+ Th1 lymphocytes, and the concomitant IL-10-driven Treg

cells. Distinct DC subsets activated specialized antifungal effector
and regulatory functions upon adoptive transfer in experimental
HSCT. FLT3-ligand derived DCs (mainly B220+IDO+pDCs) ful-
filled the requirement for Th1/Treg antifungal priming. In contrast,
conventional CD11c+DCs contributed to inflammatory pathol-
ogy via the activation of Th1/Th17 responses (Romani et al.,
2006; Bonifazi et al., 2010). Thus, IDO+DCs proved to be piv-
otal in the generation of some form of dominant regulation that
ultimately controlled inflammation, pathogen immunity and tol-
erance in transplant recipients eventually leading to prevention of
graft-versus-host reaction and reduction of aspergillosis incidence
rates.

The ability of Aspergillus-induced Treg cells to inhibit allore-
activity while sparing responsiveness to pathogen, suggests that
pathogen-induced Treg cells may be associated with minimal
bystander suppression. From a mechanistic perspective, this
implies that the function of Treg cells in transplantation can be
controlled by the specificity of the T cell receptor expressed on
Treg cells (Albert et al., 2006) and is in line with the observation
of a positive effect on post-transplant immunity of antigen expo-
sure at the time of transplantation (Mori et al., 2005). Several
studies have addressed the effect that infections have on trans-
plantation tolerance, and the overall view is that both prior and
concurrent exposure to pathogens can prevent tolerance induc-
tion. However, much less attention has been paid to the effect
that pathogen-directed tolerance based on active T cell regula-
tion might have on tolerance to donor antigens. Because of the
cross-reactivity in the T cell repertoire between antimicrobial,
environmental, and transplantation antigens (Mason, 1998), our
results raise the intriguing possibility that pathogen-conditioned
DCs could be potential reagents to promote donor-specific trans-
plantation tolerance through the induction of CD4+CD25+ Treg

cells with indirect anti-donor allospecificity. Strategies to gener-
ate human CD4+CD25+ T cell lines with indirect allospecificity
for therapeutic use for the induction of donor-specific transplan-
tation tolerance have recently been described (Jiang and Lom-
bardi, 2006). Thus, transplantation tolerance and concomitant
pathogen clearance could be achieved through the therapeutic
induction of antigen-specific Tregs via instructive immunotherapy
with pathogen-conditioned donor DCs.

EXPLOITING PATHOGEN-INDUCED TOLERANCE IN
EXPERIMENTAL HSCT THROUGH PAMP/DAMP/PRR
SIGNALING
Although allograft rejection is mainly a T cell-mediated process,
the innate immune system can participate in the immune response
to organ transplantation (Larosa et al., 2007). Toll-like receptors
(TLRs) and others innate pattern recognition receptors (PRRs;
Romani, 2011) are critical innate immune receptors expressed on
a variety of cells that sense not only pathogen-associated molecular
patterns (PAMPs) but also damaged host cell components, collec-
tively known as damage-associated molecular patterns (DAMPs;

Bianchi, 2007). This suggests that PRR signaling participates in
inflammation that may occur in the absence of overt infection
and promotes acute allograft rejection and prevention of trans-
plantation tolerance (Alegre et al., 2008). Strategies to prevent
innate immunity-mediated rejection have already been described
(Land, 2007). However, although signaling through TLRs can pre-
vent tolerance induction and promote graft rejection (Chen et al.,
2006), TLR signaling also promotes the induction of Treg cells
(Kabelitz et al., 2006). This implies that selected TLR ligands can
be useful candidate adjuvants for Treg induction/maintenance in
transplantation. This appears to be the case for thymosin α1 (Tα1),
a naturally occurring thymic peptide (Goldstein and Badamchian,
2004), that promoted maturation of and cytokine production
by human and murine DCs (Romani et al., 2006). By signal-
ing through TLR9, Tα1 induced IDO expression and kynurenin
production by murine DCs, promoted pDC-mediated generation
of CD4+CD25+ Treg cells and created tolerance in the inflam-
matory milieu of HSCT (Romani et al., 2006). Tα1 acted as a
fine regulator of peripheral inflammation via tolerance induc-
tion through Treg cell expansion. In addition, by taming inflam-
matory DCs, Tα1 successfully primed for antifungal Th1/Treg

cells devoid of alloreactivity in hematopoietic transplantation.
Thus, Tα1 is a unique immunoregulatory molecule capable of
fine-tuning and controlling the quality of the immune response,
which may result in the control of inflammation and restoration
of protective antimicrobial immunity in the relative absence of
immunopathology.

Despite the identification of specific signaling pathways that
negatively regulate responses to PAMPs or DAMPs (Bianchi, 2007),
the unexpected convergence of molecular pathways responsible for
recognition of PAMPs and DAMPs raised the question of whether
and how the host discriminates between the two molecular pat-
terns and the relative contribution of either one to inflammation,
immune homeostasis, and mechanisms of repair during infec-
tion. A mechanism that discriminates between pathogen- and
danger-induced immune responses via the spatiotemporal inte-
gration of signals from TLRs and the receptor for advanced
glycation end-products (RAGE) has recently been described in
mice and a genetically determined hyperfunction of the DAMP
signaling was associated with invasive aspergillosis in human
HSCT (Cunha et al., 2011b; Sorci et al., 2011). The mechanism
exploits a previously unrecognized role for the S100B/RAGE axis
that, in sensing danger, plays a critical and unanticipated role
as a fine modulator of inflammation in Aspergillus pneumonia.
Thus, the cross-talk between RAGE and TLRs details an evolving
braking circuit whereby an endogenous danger protects the host
against pathogen-induced inflammation and a pathogen-sensing
mechanism terminates danger-induced inflammation.

EXPLOITING PATHOGEN-INDUCED TOLERANCE IN HUMAN
HSCT THROUGH FUNCTIONAL GENOMICS
It is now clear that genetic variants of molecules involved in innate
recognition of fungi may account, in part, for the inherited differ-
ences in human susceptibility to fungal infections (Carvalho et al.,
2009; Mezger et al., 2010). Although the dissection of the genetic
traits modulating susceptibility to fungal infections is complex,
the contribution of host genetics may hold the key to elucidate

Frontiers in Immunology | Immunological Tolerance June 2012 | Volume 3 | Article 156 | 107

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


Carvalho et al. Resistance and tolerance to fungi

genetic markers for fungal diseases occurring in high-risk patients.
Understanding which patients are at highest risk of developing a
life-threatening infection is at present a major unmet need, and
genetic markers will probably assist in risk assessment. Figure 2
summarizes known association of SNPs in human immune genes
and susceptibility to fungal infections and diseases.

A number of polymorphisms in several PRRs, mostly TLRs and
C-type lectin receptors (CLRs), has been shown to affect, through
distinct intracellular signaling pathways, resistance and tolerance
to fungi in HSCT (Cunha et al., 2011a). The association of the
TLR4 polymorphism D299G with colonization by A. fumigatus,
but not invasive disease, in a cohort of T cell depleted transplant
recipients from related donors, was meant to signify impaired fun-
gal recognition, but also protection from excessive inflammation

leading to immunopathology (Carvalho et al., 2009). Thus, and
although further validation studies are ultimately required, by
limiting an exacerbated inflammatory response to the fungus, the
D299G polymorphism could contribute to tolerance in aspergillo-
sis. More recently, a polymorphism affecting the CLR dectin-1,
Y238X, has also been shown to affect tolerance, besides resistance,
to A. fumigatus (Cunha et al., 2010). Although dectin-1 has been
regarded as one major innate receptor leading to Th17 activation
in response to A. fumigatus (Werner et al., 2009), and the Y238X
polymorphism was associated with impaired IL-17 production in
response to C. albicans or β-glucan (Rosentul et al., 2011), IFN-
γ, and IL-10 production by human mononuclear cells carrying
the Y238X polymorphism were also defective upon β-glucan or
conidia stimulation. Thus, these findings point to a previously

FIGURE 2 | Single nucleotide polymorphisms of human immune

genes associated with susceptibility to fungal infections and

diseases. The SNPs specifically addressed in this review are among those
most notoriously associated with impaired PAMP/DAMP/PRR signaling
and consequent susceptibility to fungal disease in HSCT recipients. In
particular, we discuss the relevance of TLR4 D299G (a non-synonymous
mutation demonstrated to increase the risk for fungal colonization or
disease, likely depending on the type of transplant and associated clinical

variables), DECTIN1 Y238X (an early stop codon mutation affecting
dectin-1 function and that has been revealed to modulate susceptibility to
mucosal candidiasis, as well as Candida colonization and invasive
aspergillosis) and RAGE −374T >A and S100B +427C >T (SNPs
compromising their transcriptional regulation and demonstrated to
underlie an hyperfunctional RAGE-mediated DAMP signaling and
consequent susceptibility to aspergillosis). For further details on these and
other SNPs and relevant references, see Romani (2011).
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unsuspected role for dectin-1 in modulating the resistance and
tolerance balance in antifungal responses. The contribution of
recipient dectin-1 deficiency to the high-risk of infection in these
patients also highlights the distinct, yet complementary, mech-
anisms of immune resistance and tolerance that are dependent
on the hematopoietic/non-hematopoietic compartmentalization
(Carvalho et al., 2009).

CONCLUSION
The past decades have brought important progress in the devel-
opment of more effective and safe antifungal agents. However,
medical treatments that increase host resistance, such as antibi-
otics, place selective pressures on pathogens, ultimately resulting
in the generation of a bewildering array of immuno-evasive or
immuno-suppressive strategies (Read et al., 2008). Thus, targeting
mechanisms of resistance only may not always work. As toler-
ance mechanisms are not expected to have the same selective
pressure on pathogens, new drugs that target tolerance will pro-
vide therapies to which pathogens will not develop resistance.
The distinction between failed resistance and failed tolerance

is important because it can dictate the choice of therapeutic
approaches. In the case of failed tolerance, boosting immu-
nity, and reducing fungal burden with antifungals may be inef-
fective, whereas enhancing tolerance may have salutary effects.
Targeting disease tolerance mechanisms may thus provide new
approaches for patient stratification, donor selection, and thera-
peutic management in HSCT. In this regard, the immunogenetic
approach will help design tailored therapies and immunothera-
pies in high-risk patients and to move beyond hand-me-down
data.
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Airway tolerance is a specialized immunological surveillance which is activated by the cells
of the lung to deal with and distinguish between innocuous and pathogenic inhalants.
However, this distinction does not always occur. Airway tolerance is necessary to avoid
the development of allergic disorders, such as asthma, which is dominated by a patho-
logical expansion of Th2 and Th17 cells in the airways. By contrast, tumor cells induce
tolerogenic factors in their microenvironment to evade T-cell mediated anti-tumor-immune
responses. This review updates current understandings on the effect of the cytokines
TGF-β, IL-10, and IL-17A on the lung immune responses to antigen, and analyzes their
involvement in allergic asthma and lung cancer.The aim of the review is to evaluate where
therapeutic intervention may be feasible and where it might fail. The multifunctional role
of these cytokines further complicates the decision on the timing and concentration for
their use as therapeutical targets. In fact, TGF-β has suppressive activity in early tumori-
genesis, but may become tumor-promoting in the later stages of the disease. This dual
behavior is sometimes due to changes in the cellular target of TGF-β, and to the expan-
sion of the induced (i)-Tregs. Similarly, IL-17A has been found to elicit pro- as well as
anti-tumor properties. Thus, this pro-inflammatory cytokine induces the production of IL-6
which interferes with Treg development. Yet IL-17A could promote tumor growth in con-
junction with IL-6-dependent activation of Stat3. Thus, understanding the mechanisms of
airway tolerance could help to improve the therapy to both, allergic asthma and lung can-
cer. Hereby, asthma therapy aims to induce and maintain tolerance to inhaled allergens
and therapy against lung cancer tries to inhibit the tolerogenic response surrounding the
tumor.

Keywords: allergic asthma, lung tumor,TGF-β, IL-10, IL-17A, Foxp3

INTRODUCTION
The lung consists of two main components with distinct functions
and different immunological properties: the conducting airways
and the lung parenchyma. While the gas exchange takes place in
the lung parenchyma within its alveoli, the conducting airways
are covered with an epithelium skilled to perform a clearance of
inhaled antigens (Holt et al., 2008). The parenchyma lung surface,

Abbreviations: AHR, airway hyper-responsiveness; APC, antigen presenting
cell; BAL, bronchoalveolar lavage; BALF, bronchoalveolar lavage fluid; CCL11,
Chemokine (C–C motif) ligand 11; CXCR5, chemokine (C-X-C motif) receptor
5; DC, dendritic cell; ERK, extracellular signal-regulated kinase; FEV, forced expira-
tory volume; Foxp3, forkhead box protein 3; GSK-3β, glycogen synthase kinse-3β;
hMPV, human meta-pneumovirus; ICOS/ICOS-L, inducible T cell co-stimulator/-
ligand; IFN-γ, interferon-γ; IL, interleukin; iTreg, induced regulatory T cells; JAK1,
Janus kinase; MAP, mitogen-activated protein; MCh, Methacholine; MHC, major
histocompatibility complex; nat Treg, natural regulatory T cell; NSCLC, non-small
cell lung cancer; OVA, Ovalbumin; pDC, plasmacytoid dendritic cell; PI3K, phos-
phatidylinositol 3-kinase; RSV, respiratory syncytial virus; RV, Rhinovirus; TAK1,
transforming growth factor activated kinase; TAM, tumor-associated macrophage;
TGF-β, transforming growth factor β; TGF-β R, transforming growth factor β recep-
tor; Th, T helper cell; TIL, tumor infiltrating lymphocytes; TNF-α, tumor necrosis
factor α; Tr1/3, regulatory T cells type 1/3; TRAF, (TNF)-receptor-associated factor;
Treg, regulatory T cells.

by contrast, must be thin and permeable to allow an efficient gas
exchange. However, this permeability also causes a vulnerability
to infection (Brandtzaeg, 2009; Kohlmeier and Woodland, 2009).
As a result, the lung immune system must manage to protect the
host against pathogens, while maintaining tolerance to innocuous
antigens (Holt et al., 2008).

Immunological tolerance is generally defined as the unrespon-
siveness of the immune system to a certain antigen, mainly a
self-antigen or a harmless environmental antigen (Akbari et al.,
2001). A matter of special importance in diseases is the peripheral
tolerance to innocuous antigens that reach the respiratory tract by
inhalation, which is referred to as airway tolerance or respiratory
tolerance (Akbari et al., 2001). Immunological tolerance is gener-
ally indispensable to avoid overshooting responses to pathogens
and to prevent immune responses to self-antigens.

The immunological state of the lung is usually characterized by
a general hyporesponsiveness with a lack of functional allergen-
specific CD4+ T cells, down-regulation of the IgE production and
suppression of the development of airway hyper-responsiveness
(AHR) and inflammation (Holt et al., 2008). However, in predis-
posed individuals, an exposure of the lung immune system to an
antigen and its subsequent presentation by professional antigen
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presenting cells (APC) causes activation and pathological expan-
sion of subtypes of CD4+ T helper cells. In healthy individuals,
antigen presentation at first leads to activation and expansion of
CD4+ T cells as well. However, this is followed by removal and
inactivation of those antigen-specific T cells (Akbari et al., 2001).
Moreover, in subjects with a primary or secondary immunodefi-
ciency or patients with tumor, respiratory tolerance could result
in worsening of the disease.

This review primarily deals with the role of airway tolerance
for two typical lung diseases, namely allergic asthma and lung
cancer. Although these diseases are substantially different from
each other, they both seem to be associated with a dys-regulation
of the tolerogenic processes in the lung. Immunological para-
meters, which play a role for the induction of airway tolerance,
are inhibited in asthma patients and are up-regulated in lung
cancer patients. Consequently, there are parallels concerning the
molecular factors serving as potential targets for a therapeutic
approach to both diseases, although the general aim of asthma
therapy is an enhancement of airway tolerance, whereas anti-
cancer immune responses require circumvention of immunolog-
ical tolerance. According to that, we chose the three cytokines,
transforming growth factor β (TGF-β), IL-10, and IL-17A for
further discussion, focusing on their effects on asthma as well
as on lung tumor and their relevance as possible therapeutic
targets.

INDUCTION OF T CELL MEDIATED AIRWAY TOLERANCE
During the induction of airway tolerance, an initial exposure
of the airways to an innocuous antigen leads to activation and
expansion of antigen-specific T cells which is followed by the
recruitment of regulatory T cells (Tregs) to the lung mucosa and
a subsequent suppression of antigen-specific immune responses.
Further recognition of the same antigen by the lung immune sys-
tem does not lead to another effector cell expansion, but causes
the induction of an antigen-specific T cell tolerance (Figure 1).
This process is suggested to be primarily T cell-mediated, whereas
Forkhead box P3 (Foxp3)+ CD4+ CD25+ Tregs are considered
to play a prominent role for the underlying immunosuppressive
mechanisms (Holt et al., 2008). There is a distinction between
thymus-derived naturally arising Foxp3+ regulatory T cells and
Tregs, which are induced from naïve T cells and can acquire Foxp3
expression in response to specific tolerogenic stimuli, such as
TGF-β or retinoic acid (RA). Aside from that, there are other T
cell subtypes, which do not necessarily express Foxp3, but still
exhibit regulatory function, as for example Tr1 and Th3 cells
(Sakaguchi et al., 2008). Generally, Tregs represent a crucial fac-
tor for the regulation of peripheral T cell responses in virtually
all immunological fields. They are able to mediate clonal dele-
tion and anergy of effector T cells as well as suppression of
effector functions (Fontenot et al., 2003; Roncarolo et al., 2006;
Tang and Bluestone, 2008). Several mechanisms are proposed
to mediate Treg-dependent immunosuppression, as for exam-
ple cell-contact dependent inhibition and secretion of immuno-
suppressive cytokines, such as IL-10 or TGF-β (Ostroukhova
et al., 2004; Holt et al., 2008; Sakaguchi et al., 2008). How-
ever, the exact mechanisms underlying airway tolerance induc-
tion are still unclear. Noteworthy, animal studies demonstrated

FIGURE 1 | Induction ofT cell mediated airway tolerance. Innocuous
antigen reaches the respiratory epithelium where it is recognized by
resident airway mucosal dendritic cells (AMDCs). These DCs extend long
protrusions which enable them to sample the antigen directly from the
airway lumen. Afterwards, the AMDCs (including pDCs and mDCs) migrate
to the draining lymph nodes presenting the sampled antigen. Antigen
presentation by mDCs leads to an initial activation and expansion of
antigen-specific T cells. However, this is followed by inactivation and
deletion of these effector T (Teff) cells and the generation of regulatory T
(Treg) cells. This process also involves pDCs which contribute to the
induction of Treg cells as well. Treg cells mediate clonal deletion and anergy
of Teff cells in the draining lymph nodes as well as in the respiratory
mucosa where they are recruited to during tolerance induction. Alveolar
macrophages (AMs) contribute to airway tolerance via phagocytosis and
sequestration of incoming antigens. Moreover, they directly inhibit T cell
responses and seem to suppress dendritic cell migration as well as antigen
presentation. Treg cells, AMs, and pulmonary DCs each secrete
immunosuppressive cytokines such as IL-10 and TGF-β.

that Treg-mediated maintenance of airway tolerance seems to
require continuous exposure to airborne antigens, as antigen
withdrawal results in a decreased number of Tregs, going along
with an enhanced susceptibility to inappropriate Th2 cell depen-
dent immune reactions against respiratory antigens (Holt et al.,
2008).

Prior to the recruitment of Tregs to the respiratory mucosa
and the induction of T cell tolerance, the immune system of the
lung must recognize the incoming antigens and ensure that they
are not pathogenic. This process requires the interaction of innate
and adaptive immunity, whereas the identification of potentially

Frontiers in Immunology | Immunological Tolerance July 2012 | Volume 3 | Article 216 | 113

http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance/archive


Andreev et al. Airway tolerance in the lung

pathogenic antigens is facilitated through pattern recognition
receptors, such as Toll-like receptors (TLRs) and involves the
action of pulmonary dendritic cells (Holt et al., 2008). The con-
ducting airways of the lung contain dense networks of specialized
dendritic cells underneath and within the epithelium, compris-
ing both myeloid DCs (mDCs) and plasmacytoid DCs (pDCs).
These so-called resident airway mucosal DCs (AMDCs) extend
long protrusions into the airway lumen through the intact epithe-
lium to directly sample inhaled antigens (de Heer et al., 2005;
Holt et al., 2008). Under non-inflammatory conditions, the main
function of AMDCs consists in a continuous uptake of inhaled
antigens and a subsequent migration to regional lymph nodes
(RLNs), where the harmless antigens are presented in a tolero-
genic manner (de Heer et al., 2005; Holt et al., 2008). Notewor-
thy, AMDCs lack the ability to efficiently present antigens, as
long as they reside in the lung mucosa, however they develop
this capability after the migration to the RLNs (Holt et al.,
2008). mDCs and pDCs both seem to contribute to the mech-
anisms which are involved in airway tolerance induction. Thus,
the presentation of innocuous antigens by mDCs induces activa-
tion and proliferation of antigen-specific naïve T cells, however,
instead of antigen-specific immunity this causes T cell tolerance.
This could possibly be explained by an incomplete activation
of mDCs under anti-inflammatory conditions resulting in an
abortive immune response, which means that either the antigen-
specific T cells are deleted or that Tregs are generated instead
of effector T cells (de Heer et al., 2005). In contrast to that,
the tolerogenic role of pDCs is primarily based on their ability
to induce the generation of Tregs. Moreover, pDCs have been
shown to produce indoleamine 2,3-dioxygenase (IDO), which
mediates inhibition of T cell proliferation. Finally, it has also been
demonstrated that airway tolerance induction is associated with
an increased production of IL-10 by lung DCs leading to sup-
pression of effector cell responses in the airways (de Heer et al.,
2005).

Beside Tregs and dendritic cells, alveolar macrophages also
contribute to the maintenance of immunological homeostasis in
the lung. In contrast to AMDCs, alveolar macrophages do not
migrate to the RLNs. Instead, the primary function of alveolar
macrophages during airway tolerance induction is the preven-
tion of adaptive immune responses mediated by phagocytosis and
sequestration of incoming antigens. Thus, alveolar macrophages
are suggested to directly inhibit T cell responses, using inhibitory
mediators, such as IL-10, TGF-β, prostaglandins, or nitric oxide.
However, there is also evidence that alveolar macrophages have
an influence on dendritic cell number and function, suppressing
antigen presentation as well as the ability of DCs to migrate to
RLNs (Holt et al., 2008).

The following paragraphs describe the molecular factors which
are involved in airway tolerance induction as well as their influence
on the development of allergic asthma and lung cancer. Consid-
ering the current knowledge on the mechanisms of respiratory
tolerance induction, the immunosuppressive cytokines TGF-β and
IL-10 might be of particular importance and will therefore be dis-
cussed in more detail. The third cytokine, which will be focused
on in this review, is IL-17A. In contrast to TGF-β and IL-10 it
is a pro-inflammatory cytokine and its role in airway tolerance

induction still needs to be elucidated. However, there is increasing
evidence that IL-17A plays an important role in the pathogenesis
of allergic asthma and lung cancer.

T CELL MEDIATED ALLERGIC ASTHMA
Asthma is a chronic inflammatory disease of the airways and is
characterized by chronic airway inflammation, increased mucus
production, reversible airway obstruction, remodeling of the air-
ways, and AHR. More than 300 million people worldwide suffer
from this disease and the number of affected people grows steadily.

To date, asthma is considered not-curable, however, there are
options to control this disease. On one hand asthma therapy con-
sists of so-called “controllers” such as long-acting β2-agonists and
steroids that need to be taken regularly to alleviate the symp-
toms and beware of or rather delay the exacerbation of asthma,
depending on the degree of the disease. On the other hand there
are therapeutics, known as “relievers”, including short-acting β2-
agonists which are used for the treatment of acute asthma attacks
to achieve an immediate bronchodilatation (Ukena, 2008). Nev-
ertheless, the major goal of asthma research remains to find a way
to cure this disease. There are various forms of asthma, including
allergic asthma, asthma induced by exposure to air pollution or
cigarette smoke and severe steroid-resistant asthma, also known
as allergic, non-allergic, and intrinsic asthma (Kim et al., 2010). In
this review we will focus on the most common form of asthma:
allergic asthma.

In healthy subjects, the respiratory confrontation with an
innocuous antigen first leads to a short-lived induction of a local
immune response to this antigen, followed by long-term periph-
eral tolerance (Lowrey et al., 1998). In asthmatic patients, harmless
antigens can provoke an unwanted Th2 sensitization to these
aeroallergens and cause Th2 responses (van Rijt et al., 2005).
Allergic asthma therefore has been found to be characterized by
a pathological expansion of at least Th2 cells and by the lack of
T regulatory cells. One hypothesis states that this could be due to
a lack of early childhood-exposure to infectious agents increasing
the susceptibility to allergic diseases by suppressing natural devel-
opment of the immune system (Umetsu et al., 2002). Th2 cells and
their cytokines are responsible for the recruitment of eosinophils
to the airways (IL-5) and for the allergen-specific development
of IgE (IL-4) (Umetsu et al., 2002). Furthermore, IL-9 and IL-13
have recently been found to be involved in the pathogenesis of
allergic asthma (Holgate and Polosa, 2008; Kim et al., 2010). It is
also known that lung DCs are necessary for the development of
Th2 cells during the establishment of airway inflammation seen
in allergic asthma (Kim et al., 2010). In contrast to that, Th1
cells are suggested to exhibit a regulatory function in the con-
text of allergic asthma as IFN-γ suppresses the differentiation of
Th2 cells. Thus, investigators show great interest in the Th1/Th2
balance to find new therapeutic modalities in asthma (Park and
Lee, 2010). Th17 cells are the third subset of T helper cells which
are also suggested to be relevant for the development of asthma,
although its particular role is not completely clear and requires
further investigation.

The overall objective of asthma research is to find a possibil-
ity to inhibit the exaggerated immune response found in asth-
matic patients. Hereby, airway tolerance inducing agents serve
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as promising targets for a potential vaccination strategy as air-
way tolerance is suggested to protect against and control the
onset of asthma by inducing T regulatory cytokines and other
mediators (Neurath et al., 2002). There are two main suppressor
cytokines that are released by regulatory T cells and concomitantly

are involved in their induction. As shown in Figure 2 these
two important cytokines released by Tregs control the patholog-
ical expansion of the Th2 and Th17 cells resulting in inhibition
of the downstream inflammatory response observed in allergic
asthma.

FIGURE 2 |T cell differentiation in allergic asthma. After allergen uptake
the DC migrates to the lymph node where it activates naïve T cells to
develop into different effector subsets. Allergic asthma has been found to
be characterized mostly by Th2 cell expansion and a lack of Treg cells. Th2
cytokines raise the production of allergen-specific immunoglobulin E (IL-4),
support the growth of eosinophils (IL-5) and mast cells (IL-9) and directly
cause airway hyperreactivity (AHR; IL-13). Furthermore, Th2 cells produce
IL-10 which is also expressed by eosinophils, DCs, and Treg cells, in
particular Tr1 cells which also require this cytokine for differentiation.
Non-asthmatic airways show a balance between Th1 and Th2 cells as IL-10
is able to suppress the differentiation of the Th1 subset by blocking IL-12

synthesis whereas the Th1 cytokine IFNγ contributes to the inhibition of
Th2 development. However, this balance is impaired in allergic asthma. The
Th1 subset is also supposed to have an inhibitory function on Th17 cells
which produce mainly IL-17A leading to the recruitment of eosinophils and
neutrophils to the airways. The development of Th17 cells depends on
IL-23 or TGF-β combined with either IL-6 or IL-21.TGF-β is produced by
eosinophils, DCs, and Treg cells whereas it is also required for the
induction of Treg cells and for the inhibition of the Th2 subset. Apart from
IL-10 and TGF-β, DCs also produce IL-27, an inhibitor of Th17 cells and an
inducer of Tr1 cell development. Except for DCs, this Treg subset is also
supposed to be involved in the induction of airway tolerance.
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THE ROLE OF TRANSFORMING GROWTH FACTOR-β IN ALLERGIC
ASTHMA
The profibrotic cytokine TGF-β exists in three highly homologi-
cal isoforms, TGF-β1, TGF-β2, and TGF-β3 (Halwani et al., 2011),
binding to the same receptor complex (Miyazono et al., 1994).
TGF-β is secreted as an inactive homodimer bound to a latent com-
plex (Makinde et al., 2007) which is targeted to the extracellular
matrix in association with TGF-β binding proteins. The final acti-
vation of the cytokine is achieved by several proteases, including
αvβ6 integrin, MMp-2, and -9, plasmin, thrombospondin-1, and
calpains (Makinde et al., 2007). According to Halwani et al. (2011)
also retinoids, tissue transglutaminases, reactive oxygen species,
and a low pH are involved in the TGF-β activation.

Transforming growth factor-β and other members of this fam-
ily are believed to be involved in the initiation, maintenance, and
resolution of inflammatory responses (Halwani et al., 2011). Their
importance in maintaining immune homeostasis has been demon-
strated using TGF-β knockout mice which exhibited multifocal
inflammatory lesions, especially in lungs and hearts, and died
within the first weeks of life (Shull et al., 1992; Kulkarni et al.,
1993).

Accordingly, TGF-β seems to play an important role for the
development of asthma as asthmatic patients show high levels of
TGF-β in the bronchoalveolar lavage fluid (BALF).

The cytokine is expressed and secreted in the lung by nearly
all structural immune cells as well as by inflammatory cells that
are recruited to the lung during asthma exacerbation. However,
eosinophils are believed to be the main source of TGF-β in asth-
matic airways (Ohno et al., 1992) and may play an important
role in airway remodeling. Halwani et al. (2011) demonstrated
that in severe asthma 65% of TGF-β1 mRNA positive cells were
eosinophils and that 75% of eosinophils were TGF-β1 positive.
In non-asthmatic individuals the main TGF-β source is the air-
way epithelium, but also fibroblasts, endothelial cells, vascular and
airway smooth muscle cells were reported to produce TGF-β.

T cells were identified as the central effector cells in TGF-β
mediated regulation of airway responses (Schramm et al., 2003).
TGF-β has an immunoregulatory role via its direct suppression of
T cell proliferation and macrophage activation. Over-expression
of TGF-β in T cells resulted in the suppression of allergic asthma
in a murine asthma model (Halwani et al., 2011). Moreover, adop-
tive transfer of Tregs over-expressing TGF-β were able to confer
complete resistance towards the induction of antigen dependent
airway hyperreactivity only in the presence of IL-10 indicating an
additive immunosuppressive role of these two cytokines (Presser
et al., 2008). In contrast, impairment of TGF-β signaling led to
increased allergic airway responses in transgenic mouse models
compared to wild-type mice (Schramm et al., 2003; Presser et al.,
2008).

One central role of T cells in airway inflammation is the pro-
duction of Th2 cytokines such as IL-4, IL-5, and IL-13. The latter
was increased in the BALF and sera of the Tg CD2-DNTGF-βRII
mice in a murine model of allergic asthma (Walter et al., 2001;
Schramm et al., 2003). These data indicate an inhibitory role of
TGF-β on IL-13 and consequently on AHR in a setting of aller-
gic asthma. Besides its anti-inflammatory effect, TGF-β is also a
pro-inflammatory cytokine. It is involved in the airway remodeling

process in asthma and other inflammatory and immune-mediated
lung diseases (Halwani et al., 2011). Furthermore, it exhibits antag-
onistic effects on epithelial cells. In fact, it either protects epithelial
cells from apoptosis through the Smad2/3 pathway or it induces
an apoptotic effect on these cells by activating the p38 mitogen-
activated protein kinase (MAPK) signaling pathway. The p38
MAPK pathway is activated upon stress or in response to chemical
agents (Makinde et al., 2007) and it is usually associated with cell
survival and proliferation. However, its activation in response to
TGF-β promotes cell apoptosis (Makinde et al., 2007) which results
in the detachment of epithelial cells from the basement membrane
(Halwani et al., 2011). The increased epithelial damage facilitates
the development of an asthmatic phenotype. TGF-β is also able to
enhance the Fas-induced apoptotic and fibrotic effect in alveolar
epithelial cells. However, in the central airway epithelial cells TGF-
β induces an inhibitory effect on Fas-induced apoptosis (Makinde
et al., 2007). Additionally, the expression of TGF-β2 by bronchial
epithelial cells after challenge with IL-13 results in an increased
formation of mucin. Treatment with an antibody against TGF-β
caused a decrease in the number of mucus secreting goblet cells in
an asthmatic mouse model (Makinde et al., 2007). Furthermore,
mucus production and secretion is enhanced in fibroblasts due
to an increased expression of IL-6 induced by TGF-β (Makinde
et al., 2007). However, the expression of pro-inflammatory TGF-β
is resistant to the effects of corticosteroids (Halwani et al., 2011).
Taken together, these data indicate an anti-inflammatory function
of TGF-β when targeting T cells and a pro-inflammatory function
on airway epithelial cells and fibroblasts. Up to now, there exists
no satisfying treatment opportunity for allergic asthma. One of
the aims of allergen-specific immunotherapy is the induction of
peripheral T cell tolerance, which is characterized by the genera-
tion of allergen-specific Treg cells. Released by Tregs, TGF-β has
an anti-inflammatory effect. Besides inhibiting B-cell proliferation
and differentiation, TGF-β decreases immunoglobulins excluding
mucosal IgA (Fujita et al., 2012). However, Presser et al. (2008)
suggested that the suppressing capacity of TGF-beta overproduc-
ing Tregs on AHR is due to the concurrent release of IL-10, not
only TGF-β.

THE ROLE OF INTERLEUKIN-10 (IL-10) IN ALLERGIC ASTHMA
There is increasing evidence that IL-10-producing pulmonary
DCs play a very important role in airway tolerance. Akbari
et al. (2001) could already demonstrate that the adoptive trans-
fer of DCs from IL-10−/− mice could not induce OVA-specific
T cell unresponsiveness in recipient mice. IL-10 is an anti-
inflammatory and immunosuppressive cytokine with pleiotropic
effects in immunoregulation and inflammation. It is produced
by various cells such as B lymphocytes, NK cells, mast cells,
eosinophils, DCs, monocytes, macrophages, Tregs, and T lympho-
cytes. Among the T lymphocytes, Th2 cells seem to be the main
producers (Hofmann et al., 2012). Its role as immunomodula-
tory cytokine involves the inhibition of major histocompatibility
complex (MHC) class II expression, the reduction of CD80/CD86
mediated co-stimulation as well as the down-regulation of IL-1β,
IL-6, IL-8, TNF-α, and IL-12 production. Thus, three crucial func-
tions of specific and non-specific immunity, which are mediated
by monocytes and macrophages, namely antigen presentation,

www.frontiersin.org July 2012 | Volume 3 | Article 216 | 116

http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


Andreev et al. Airway tolerance in the lung

expression of immune mediators, and phagocytosis are affected
by IL-10 leading to the inhibition of airway inflammation (Sabat,
2010; Hofmann et al., 2012).

Accordingly, reduced levels of IL-10 have been found in the
lungs of asthmatic patients. Furthermore, IL-10 deficient mice
express higher levels of IL-4, IL-5, and IFN-γ compared to wild-
type littermates leading to the suggestion that normal levels of
IL-10 in healthy persons might be responsible for reduced Th2-
like immune responses (Umetsu and DeKruyff, 1999). However,
the role of IL-10 in allergic asthma is not clear. On one hand it
is thought to reduce AHR and inflammation on the other hand
it is suggested to be a crucial Th2 cytokine. Thus, IL-10 is able
to suppress the production of Th1 cytokines by blocking IL-12
synthesis (Umetsu et al., 2002). In addition, IL-10 is crucial for
the Th2-polarized responses in asthma and has a regulatory role
in the later immune responses by down-modulating the inflam-
mation caused by Th2 cell signaling as mentioned above (Umetsu
et al., 2002). Taking the mentioned findings together, the conclu-
sion arises that IL-10 plays an important role in asthma and airway
tolerance.

Pulmonary DCs are crucial for the maintenance of airway tol-
erance. For instance, they produce IL-10 after uptake of harmless
antigens, which is suggested to be involved in induction of Tregs,
in particular T regulatory type 1 (Tr1) cells. Akbari et al. could
confirm this statement by the adoptive transfer of IL-10 deficient
DCs (Akbari et al., 2001; Kushwah and Hu, 2011) in a murine
model of allergic asthma. The importance of IL-10-producing
DCs and Tr1 cells in the maintenance of airway tolerance could
also be demonstrated by an antibody-mediated blockade of IL-10
signaling (Gravano and Vignali, 2011).

Apart from IL-10, also IL-27 and TGF-β1 produced by pul-
monary DCs as well as ICOS/ICOS-L signaling seem to be
involved in the induction of Tr1 cells. In this term, the func-
tion of IL-27 is the stimulation of naïve T cells to express c-
maf, IL-21, and ICOS. Furthermore, IL-27 activates STAT1 and
STAT3 and thus drives IL-10 production in T cells (Murugaiyan
et al., 2009; Pot et al., 2009; Iyer et al., 2010; Kushwah and
Hu, 2011). Examination of the blood of allergic and healthy
donors indicated a down-regulation of antigen-specific Tr1 cells
and an up-regulation of IL-4 producing Th2 cells in allergic
patients. By comparison, in healthy subjects IL-10-producing
Tr1 cells are the predominant antigen-reactive T cell popu-
lation (Umetsu et al., 2002; Hammad and Lambrecht, 2008).
Thus, the induction of Tr1 cells and therefore IL-10 might be
a new therapeutical aim in the treatment of allergic asthma
since Tr1 cells inhibit airway hyperresponsiveness, amongst other
features of allergic asthma (Akbari et al., 2001; Umetsu et al.,
2002).

THE ROLE OF INTERLEUKIN-17 (IL-17) IN ALLERGIC ASTHMA
Recently, Th mediated immunity has enlarged to include a third
subset of effector helper T cells, the Th17 cells, termed after IL-
17A, their preferentially produced cytokine (Park and Lee, 2010;
Aujla and Alcorn, 2011). Beside Th17 cells, other cells such as
eosinophils, NK cells, neutrophils, NKT cells, and γδ T cells also
express IL-17A (Korn et al., 2009). It is already known that TGF-β,
a profibrotic cytokine which is also crucial for airway tolerance,

in combination with IL-6 or IL-21 drive the differentiation of
Th17 cells and therefore the production of the pro-inflammatory
cytokine IL-17A by inducing RORγt that is thought to be the mas-
ter regulator of Th17 cells. TGF-β in conjunction with IL-6 also
initiates the expression of IL-23 that in turn stimulates IL-17A pro-
duction. After binding to its receptor, IL-17A signals through two
different pathways, one of which is Act-1-dependent whereas the
second one is Act-1-independent. The Act-1-dependent pathway
includes intracellular signaling molecules such as TRAF6, TRAF3,
and TAK1 as well as members of the MAP kinase family such as
ERK and p38 leading to the secretion of neutrophil-mobilizing
molecules. The Act-1-independent one includes JAK1 and PI3K
and results in gene activation, cytokine secretion, and inactivation
of GSK-3β (Ivanov and Linden, 2009).

Several studies have shown that IL-17A is up-regulated in lung
tissues, BALF, sputum, and peripheral blood from patients with
allergic asthma. In addition, increased levels of IL-17A mRNA were
detected in the sputum of asthmatic patients where IL-17A levels
correlate with the number of neutrophils (Bullens et al., 2006; Park
and Lee, 2010). It has been shown that IL-17A causes neutrophilic
inflammation in allergic asthma via IL-8 as both IL-17A and IL-8
mRNA are increased in the sputum of allergic patients. Further-
more, IL-17A could enhance the development of neutrophils by
inducing the release of IL-6 from human bronchial fibroblasts
(Park and Lee, 2010; Aujla and Alcorn, 2011). An up-regulation of
IL-17A also seems to be linked to bronchial hyper-responsiveness
in asthmatic patients. However, the influence of Th17 cells on the
AHR is not yet completely clear as there are different findings on
this aspect in murine models of allergic asthma (Park and Lee,
2010; Aujla and Alcorn, 2011).

Apart from the contribution to neutrophilic inflammation
in asthma, IL-17A is also suggested to be responsible for the
eosinophilia observed in the airways of asthmatic patients. It is
assumed that IL-17A is able to synergize with IL-4 and IL-13 to
increase Th2 cytokines and CCL11 secretion (Aujla and Alcorn,
2011). Chemokine (C–C motif) ligand 11 (CCL11) belongs to
the CC chemokine family that is also known as eotaxin-1. CCL11
selectively recruits eosinophils by inducing their chemotaxis, and
therefore is implicated in allergic responses (Jose et al., 1994;
Garcia-Zepeda et al., 1996). It is obvious that the therapy of
asthma tend to eliminate inflammatory cells such as neutrophils
and eosinophils. As mentioned before, IL-17A seems to be involved
in the establishment and course of asthma and may offer a new
therapeutic target in the treatment of asthma.

Accordingly, blockade of IL-17A via anti-IL-17A antibody leads
to a down-regulation of IL-4, IL-5, and IL-13 as well as reduced
neutrophils and eosinophils in BALF as well as extenuated AHR in
an allergic model of this disease (Hellings et al., 2003; Anderson,
2008; Park and Lee, 2010). Furthermore, splenocytes of IL-17RA
deficient mice cultured with IL-25, a cytokine regulating allergen-
induced Th2 responses and AHR, lose their ability to produce IL-5
or IL-13 (Ballantyne et al., 2007; Kuestner et al., 2007; Rickel et al.,
2008; Park and Lee, 2010).

Other possibilities to target the IL-17A mediated effects are the
modulation of upstream (e.g., IL-6, IL-23) or downstream media-
tors (e.g., MAP kinases) of IL-17A. It is known that IL-23 is needed
for the development and stabilization of Th17 cells and therefore
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the IL-17A expression. Wakashin et al. (2008) could demonstrate
that it is possible to suppress the recruitment of lymphocytes,
eosinophils, and neutrophils after allergen sensitization using an
antibody against IL-23-p19. In addition, a down-regulation of
Th2 cytokines in murine lungs has been observed after OVA-
sensitization (Wakashin et al., 2008; Ivanov and Linden, 2009; Park
and Lee, 2010).

As mentioned before, another way to reduce IL-17A expres-
sion is the blockade of downstream messengers. Some groups
could already show that the blockade of p38 kinase and ERK
kinase results in a decreased expression of IL-6 and IL-8 from
human bronchial epithelial cells. These experiments also disclosed
a more potent effect of the p38 kinase inhibitor indicating that this
pathway is more promising as target (Ivanov and Linden, 2009).

Taken together, there are several alternatives to regulate IL-
17A expression representing new therapeutic strategies in the
treatment of asthma.

TOLERANCE AND LUNG CANCER
Lung cancer is the most common cancer-related cause of death
worldwide (van Klaveren, 2009). Despite many years of research,
there is still no efficient therapy against this disease. Since lung
cancer is described as almost symptom free during its early stages,
a large proportion of the patients already shows metastases by
the time of diagnosis. As a consequence, only 15% of the patients
survive for more than 5 years after primary diagnosis (van Klav-
eren, 2009; Reddy et al., 2011). Generally, lung cancer is thought
to arise upon a number of pre-neoplastic lesions in the airway
mucosa. There are two main types of lung cancer, namely small
cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC),
whereas NSCLC is more common accounting for approximately
75% of all lung cancer cases (Ellis, 2012). NSCLC in turn involves
several subtypes such as adenocarcinoma (Ad), bronchoalveolar
carcinoma (BAC), squamous cell carcinoma (SCC), large cell car-
cinoma (LCC) as well as some mixed subtypes (Kerr, 2001; Ellis,
2012).

The predominant cause of lung cancer is tobacco smoking
explaining the fact that there is a higher incidence of this dis-
ease in developed countries (van Klaveren, 2009). However, an
increased lung cancer risk is also associated with inherited fea-
tures as well as exposure to various environmental carcinogens
such as asbestos, arsenic, radon, and polycyclic aromatic hydro-
carbons (Ellis, 2012). Apart from that, there is a close relationship
between the development of several kind of tumors and inflamma-
tion. However, the relationship between cancer and the immune
system is ambiguous. On one hand inflammation is associated
with production and secretion of tumor growth promoting mole-
cules such as DNA-damaging agents as well as particular cytokines
and growth factors, which are able to enhance cell prolifera-
tion. In accordance, chronic inflammation potentiates the risk of
tumor development (Muller and Scherle, 2006). Thus, patients
with chronic obstructive pulmonary disease have been shown to
have a higher risk of developing lung cancer (Reddy et al., 2011).

On the other hand inflammatory immune responses are sug-
gested to play a major role for tumor rejection. For instance,
immune-compromised Rag−/− and STAT1−/− mice show a sig-
nificantly higher incidence of tumor development (Mapara and

Sykes, 2004; Muller and Scherle, 2006). Although normally the
immune system is able to recognize particular tumor antigens,
for example mutated epitopes, cancer cell antigens are always
self-antigens, which strongly hampers the recognition of tumor
cells by the immune system (Perales et al., 2002). Moreover,
tumor cells have evolved numerous strategies to escape immune-
mediated rejection. For example, they may lack tumor-specific
antigens or co-stimulatory signals which are necessary to elicit
an adequate immune response. They also might show a reduced
expression of MHC class I, thereby avoiding recognition by
CD8+ cytotoxic T cells (CTLs). Finally, tumors seem to be
able to actively achieve immunosuppression by the production
of anti-inflammatory molecules such as the cytokines TGF-β
and IL-10, the enzyme indoleamine 2,3-dioxygenase (IDO) or
the inhibitory cell-surface protein programmed death ligand-1
(PD-L1) (Byrne et al., 2011). Besides, a general immunologi-
cal hyporesponsiveness and thus a suppressive microenvironment
as it exists in airway tissues could make an efficient anti-tumor
response even more difficult compared to other tissues. This could
probably potentiate the risk of tumor growth in the respiratory
tract resulting in diseases such as lung tumor (Karabon et al.,
2011). Taken together, this indicates that immunological toler-
ance, which normally serves to protect the host from dangerous
self-directed immune reactions, becomes a problem in connec-
tion with cancer diseases. For that reason, current approaches
to cancer therapy are often aimed at breaking self-tolerance,
thereby enhancing the anti-tumor immune response (Perales et al.,
2002).

The most important mediators of airway tolerance are sug-
gested to be Tregs which are suggested to hamper immune sur-
veillance and to inhibit efficient immune responses against can-
cer (Sakaguchi et al., 2008). Thus, it has been shown that at
early stages of cancer Foxp3+ Tregs accumulate at the tumor
site (Figure 3; Sakaguchi et al., 2008; Byrne et al., 2011). More-
over, there is an increased number of Tregs in the peripheral
blood of patients with NSCLC as well as other kinds of can-
cer diseases (Li et al., 2011; Onishi et al., 2012). An increased
ratio of Tregs to effector T cells at the tumor site seems to
correlate with poor prognosis for cancer patients (Byrne et al.,
2011; Onishi et al., 2012). Based on these assumptions, numer-
ous animal studies aimed to analyze the effects of Treg depletion
or an alteration of Treg function. The results of these studies
indicate that the elimination or a reduction of Tregs can break
immunological tolerance to tumor cells in vivo and in vitro and
induce an effective tumor-specific immune response (Shimizu
et al., 1999; Sakaguchi et al., 2008). For example, elimination of
Tregs and a concomitant stimulation of effector T cells resulted
in tumor rejection in 90% of sarcoma-bearing mice (Whelan
et al., 2010). In addition, the attempt to remove Tregs in can-
cer patients led to a regression of melanoma metastases (Rasku
et al., 2008). According to that, Tregs represent an obstacle for
successful immunotherapy against cancer (Byrne et al., 2011;
Onishi et al., 2012). Therefore, a promising target for future cancer
immunotherapy is to overcome Treg-mediated tumor cell toler-
ance. Although up to now the mechanisms of how Tregs inhibit
anti-tumor responses and why Tregs accumulate at tumor sites
have to be still elucidated (Li et al., 2011), there is evidence for
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FIGURE 3 | Lung cancer-associated immunosuppressive
microenvironment. An efficient anti-tumor immune response strongly
depends on IFNγ-producing Th1 cells which in turn mediate the activation
of tumor-specific CD8+ cytotoxic T cells (CTLs) which are required for the
elimination of cancer cells. The lung immune system is characterized by a
general hyporesponsiveness and a suppressive microenvironment
inhibiting an efficient anti-tumor immune response. This involves, inter
alia, Treg cells, which have been found to accumulate at the tumor site
and the cytokines IL-10, TGF-β, and IL-17A. These cytokines can also be
produced by the tumor cells. Thus, it is possible that tumor cells
contribute to the induction of Treg differentiation or at least to the
recruitment of Treg cells to the tumor site. TGF-β suppresses T cell
proliferation and differentiation of naïve T cells into effector memory cells

as well as antigen presentation. Moreover, it is involved in the
development and function of induced Treg cells. The immunosuppressive
functions of IL-10 include the inhibition of Th1 cell proliferation and
cytokine production as well as the suppression of antigen presentation.
In addition, IL-10 is involved in Treg development and function, in
particular Tr1 cells. The tumor-promoting role of the Th17 cytokine IL-17A
can be attributed to its relation to the proto-oncogene Stat3. One
function of Stat3 is the inhibition of IL-12 expression which is required for
the induction of Th1 differentiation and thus anti-tumor immune
responses. The differentiation of Th17 cells requires the presence of IL-6
and TGF-β, whereas Treg development is induced by TGF-β alone and IL-6
promotes Treg inhibition. Nevertheless, IL-17A seems to be linked to Treg
development in tumor via a mechanism that is still unclear.

some Treg-associated molecules to be involved in these processes
such as TGF-β1 or IL-10. Moreover, recent data indicates that
IL-17A, a molecule previously described as a pro-inflammatory
factor, unexpectedly might also be connected to Treg mediated
tumor promotion (Li et al., 2011; Reppert et al., 2011; Onishi
et al., 2012).

THE ROLE OF TRANSFORMING GROWTH FACTOR-β IN LUNG CANCER
Transforming growth factor-β plays a central role for the regula-
tion of the balance between inflammation and tolerance in both
alveoli and the conducting airways of the lung. TGF-β influences
T cell proliferation and differentiation as well as T cell apoptosis
and antigen presentation (Cottrez and Groux, 2001). In partic-
ular, this cytokine suppresses the differentiation of naïve T cells
into effector memory cells and inhibits the proliferation of T
cells. Moreover, it is involved in development and function of
induced Tregs (iTregs). Thus, TGF-β exhibits typical features of
immunosuppressive cytokines indicating a tumor-promoting role

of TGF-β. However, besides its various immune regulatory func-
tions, TGF-β is also able to inhibit epithelial proliferation and to
induce expression of extracellular matrix components suggesting
that TGF-β might rather act as a tumor suppressor, inhibiting the
development and progression of cancer (Figure 3; Markowitz and
Roberts, 1996).

Previous studies concerning the role of TGF-β in lung cancer
revealed that lung cancer patients show increased serum levels
of TGF-β as compared to healthy individuals (Hasegawa et al.,
2001). Moreover, it has been shown that different kinds of tumor
cells, including small- as well as NSCLC cells, over-express TGF-β
(Wojtowicz-Praga, 2003; Jeon and Jen, 2010). Furthermore, vari-
ous types of cancers have been shown to require TGF-β activity
to form metastases (Roberts and Wakefield, 2003). These find-
ings indicate that TGF-β indeed supports tumorigenesis. However,
it has also been shown that higher levels of TGF-β in patients
with lung Ad are associated with better prognosis (Inoue et al.,
1995).
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This contradiction could possibly be explained by the fact
that the increased expression and activation of the TGF-β lig-
and during carcinogenesis is often accompanied by a decreased
expression or inactivation of the TGF-β receptors resulting in an
unresponsiveness of the tumor cells to TGF-β-induced growth
inhibition (Roberts and Wakefield, 2003; Jeon and Jen, 2010).
Thus, it has been reported that numerous tumor types are
characterized by the loss of functional RII or RI TGF-β recep-
tor due to somatic mutations (Markowitz and Roberts, 1996).
The consequence could be that the role of TGF-β for cancer
development changes in the course of tumorigenesis. Whereas
it exhibits tumor suppressor activity at early stages of tumor
development, it loses this function due to TGF-β receptor unre-
sponsiveness and becomes a tumor promoter in late-stage dis-
ease supporting tumor invasiveness and metastases (Roberts and
Wakefield, 2003; Jeon and Jen, 2010). Consistent with this idea,
studies on mammary tumors in mice revealed that enhanced
TGF-β signaling leads to a delayed development of primary
tumors but an increased formation of lung metastases whereas
a disruption of TGF-β signaling has the opposite effect lead-
ing to earlier appearance of primary tumors but a lower num-
ber of metastatic foci (Roberts and Wakefield, 2003). In con-
sideration of these facts, the disruption of TGF-β mediated
immunosuppression could be a promising therapeutic approach
to cancer.

THE ROLE OF INTERLEUKIN-10 (IL-10) IN LUNG CANCER
Interleukin-10 (IL-10) is a Th2 cytokine which has long been
associated with anti-proliferative properties. Its immunosuppres-
sive functions include the inhibition of Th1 cell proliferation and
cytokine production, the inhibition of antigen presentation and
natural killer cell activity as well as the down-regulation of tumo-
ricidal molecules (de Vita et al., 2000; Hatanaka et al., 2000; Teng
et al., 2011). In addition, IL-10 has been shown to be necessary
to induce the development of T regulatory 1 cells (Tr1) in vitro
and to be involved in the regulation of TGF-β responses, thus
supporting the suppressive effects of TGF-β (Groux et al., 1997;
Cottrez and Groux, 2001). A wide range of cell types is known to
produce IL-10, as for example macrophages [in particular tumor-
associated macrophages (TAMs)], B cells, T cells (especially Tregs),
and epithelial cells (Ouyang et al., 2011; Wang et al., 2011). Besides
that, IL-10 is also known to be produced and secreted by different
types of cancer cells, including lung cancer (de Vita et al., 2000;
Hatanaka et al., 2000; Mocellin et al., 2005).

These findings indicate that IL-10 could be involved in tumor
immunosuppression. To prove this assumption, numerous stud-
ies have been performed to further analyze IL-10 regarding lung
cancer. Thus, it could be demonstrated that NSCLC patients
show significantly elevated IL-10 mRNA as well as serum levels
as compared to healthy controls which has been shown to be
associated with poorer prognosis (Hatanaka et al., 2000). Fur-
thermore, metastatic cancer has been associated with higher IL-10
levels than cancer without metastases. In addition, there seems
to be a relation between IL-10 levels and therapeutic success as
a comparison of IL-10 levels in lung cancer patients treated with
either radiotherapy or chemotherapy revealed that IL-10 values
were significantly increased in non-responders, whereas they were

decreased in responders (Wojciechowska-Lacka et al., 1996; de
Vita et al., 2000; Hatanaka et al., 2000). Another study revealed
that NSCLC patients with late-stage disease (stage II, III, and IV)
show increased levels of TAM-derived IL-10 which is accompanied
by lymph node metastases, pleural invasion, and lympho-vascular
invasion (Figure 3; Wang et al., 2011).

Nevertheless, data concerning the role of IL-10 for tumor
progression are partially inconsistent. Thus, in contrast to the
above-mentioned results, some preclinical and clinical studies
suggest that IL-10 is important for tumor rejection. Accordingly,
there are indications that IL-10 expression is reduced in patients
with NSCLC and that this reduction could correlate with poor
prognosis (Lu et al., 2004; Mocellin et al., 2005). However, up to
now a connection between higher IL-10 levels and better survival
could not be shown (Teng et al., 2011). Despite these contradic-
tions, the immune-suppressive molecule IL-10 is an important
factor during the induction of airway tolerance and might be a
promising target for future approaches to lung cancer therapy.
Therefore, it is necessary to further define the role of IL-10 in lung
cancer.

THE ROLE OF INTERLEUKIN-17 (IL-17) IN LUNG CANCER
The role of IL-17A in cancer is controversial. On the one hand IL-
17A has pro-inflammatory functions. Thus, IL-17A recruits neu-
trophils and induces the production of IL-6, IL-8, tumor necrosis
factor-α (TNF-α), and IL-1β (Weaver et al., 2007). In contrast to
that, most of the cytokines which are assumed to promote tumor
development are anti-inflammatory cytokines, as for example IL-
10 or TGF-β, indicating that IL-17A might be important for tumor
rejection (Wang et al., 2009; Chen et al., 2010). According to that,
tumor growth has been shown to be increased in IL-17−/−mice in
case of MC38 sarcoma (Kryczek et al., 2009). Nevertheless, there
is growing evidence that IL-17A could rather act as a tumor pro-
moter. For instance, an increased number of IL-17A producing
cells have been detected in different types of cancer (Chen et al.,
2010). Furthermore, in patients with lung Ad the mRNA levels of
IL-17A as well as of the Th17 transcription factors RORα4 and
RORc2 have been shown to be significantly increased (Reppert
et al., 2011). In addition to that, IL-17A is suggested to be respon-
sible for an enhanced production of VEGF-C resulting in increased
lymphangiogenesis. Finally, IL-17A expression also correlates with
poor prognosis in NSCLC patients (Figure 3; Chen et al., 2010).

One explanation for the putative, tumor-promoting function
of IL-17A is that the expression and the function of this cytokine
are closely related to the proto-oncogene Stat3. On the one hand
Stat3 regulates the expression of IL-17A whereas on the other
hand IL-17A signaling in turn leads to an IL-6-dependent acti-
vation of Stat3 itself creating a positive feedback loop (Wang
et al., 2009). Stat3 is known to have tumor-promoting prop-
erties as its expression in tumor cells has been associated with
enhanced tumor cell survival, proliferation, and angiogenesis as
well as with an accumulation of Tregs and myeloid-derived sup-
pressor cells. Stat3 activates the expression of the anti-apoptotic
gene Bcl-XL as well as of IL-23, which has been reported to pro-
mote carcinogenesis also. Besides that, Stat3 inhibits the expres-
sion of IL-12 which is involved in anti-tumor responses via NK
cell activation and Th1 induction (Hatton and Weaver, 2009;
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Wang et al., 2009). Consistent with this, IL-17A-deficient C57/Bl6
mice are characterized by a reduced Stat3 activation, as well as
increased numbers of tumor infiltrating CD4+ and CD8+ T cells,
which produce higher amounts of IFN-γ as compared to wild-
type littermates. As a consequence, those IL-17A-deficient mice
showed a reduced tumor growth rate in case of B16 melanoma
as well as in case of MB49 bladder carcinoma (Wang et al.,
2009).

Interestingly, the differentiation of Th17 cells depends on the
concomitant action of IL-6 and the suppressive cytokine TGF-
β which is also necessary for the induction of Tregs. IL-6, in
turn, inhibits the development of Tregs suggesting that the dif-
ferentiation of Tregs and Th17 cells could be mutually exclusive
(Weaver et al., 2007). In contrast to this assumption, recent stud-
ies indicate that the differentiation of Th17 cells may even be
connected to the development of Tregs (Zhou et al., 2009; Rep-
pert et al., 2011). Thus, an up-regulation of Th17 cell lineage
transcription factors has been shown to correlate with increased
Foxp3 expression in patients with lung Ad. Moreover, blocking
of IL-17A in a mouse model of lung Ad resulted in a decrease
of Foxp3+ Treg numbers. This was accompanied by decreased
levels of IL-6 and TGF-β, increased numbers of IFN-γ and
TNF-α producing CD4+ T cells as well as a significant reduc-
tion of tumor growth (Reppert et al., 2011). As a conclusion
these findings strongly support the idea that IL-17A is involved
in tumor growth promotion. Therefore, anti-IL-17A treatment
strategies could provide an attractive approach to lung cancer
therapy.

CONCLUSION
ALLERGIC ASTHMA
Allergic asthma is characterized by a lack of Tregs and a patho-
logical expansion of Th2 cells. Furthermore, it is suggested that
there is an imbalance between Th1 and Th2 cells because under
normal circumstances Th1 cells are thought to have a regulatory
influence on Th2 cells. In addition, Th17 cells and especially their
main cytokine IL-17A seem to play a significant role in the patho-
genesis of asthma. Up to now, there is no therapy available to cure
this disease. Airway tolerance is thought to provide the possibility
to protect against and control the occurrence of asthma.

Transforming growth factor β is a pro- and anti-inflammatory
cytokine which is up-regulated in the BALF of asthmatic patients.
On the one hand it promotes airway remodeling and increases the
mucus production leading to an exacerbation of asthma. On the
other hand TGF-β, released by and acting on T regulatory cells, has
an immunoregulatory function. The cytokine is able to suppress
the proliferation of T cells and macrophages and therefore results
in suppression of allergic asthma. Thus, the induction of TGF-β
producing Tregs may represent a promising treatment in allergic
asthma.

Interleukin-10, an anti-inflammatory cytokine, was found to be
reduced in asthmatic patients. Simultaneously, Th2 cytokines were
up-regulated in these patients suggesting that IL-10 has a suppres-
sive effect on Th2 cells. There is increasing evidence that IL-10 and
Tr1 cells are essential for the development of airway tolerance. The
application of IL-10 as therapy has already been investigated in

diseases such as psoriasis or rheumatoid arthritis. In this first clin-
ical studies the data leads to the suggestion that IL-10 application
is rather adequate to prevent than to cure psoriasis (Asadullah
et al., 2003). These observations might also be true for allergic
asthma. But the role of IL-10 in allergic asthma and therefore new
treatment possibilities needs to be further elucidated.

Interleukin-17A is a pro-inflammatory cytokine which is up-
regulated in the lung of asthmatic patients. It seems to be linked
to neutrophilic and eosinophilic inflammation and perhaps also
to AHR. Therefore, it can be speculated that targeting IL-17A
is promising in asthma treatment. Investigators could already
demonstrate that blocking IL-17A per se or upstream regulators
and downstream messengers leads to reduced eosinophils, neu-
trophils, or Th2 cytokines. However, human studies are needed to
gain deeper insight into the immunological and pathogenic role
of IL-17A in allergic asthma.

LUNG ADENOCARCINOMA
Regulatory T cell numbers are found to be increased in lung can-
cer patients which has been associated with poor prognosis. Thus,
Tregs are thought to represent a predominant obstacle for the
induction of anti-tumor immune responses and lung cancer ther-
apy. Efficient anti-tumor immunity strongly depends on IFN-γ
producing Th1 cells, mediating the activation of tumor-specific
CD8+CTLs which are required for the elimination of cancer
cells. However, Tregs are suggested to antagonize these inflam-
matory effector cell responses (Byrne et al., 2011). It is possible
that tumor cells contribute to the induction of Treg differenti-
ation or at least to the recruitment of Tregs to the tumor site.
Although the potential underlying mechanisms are not identi-
fied yet, it has been reported that several tumor types, including
lung tumors, are able to produce considerable amounts of cer-
tain cytokines such as TGF-β, IL-10, or IL-17A. Interestingly, these
cytokines are suggested to be connected to Treg development or
function.

For instance, the immunosuppressive factor TGF-β is required
for the development of iTregs. However, its role for tumor immu-
nity is equivocal. Thus, it seems to show tumor suppressor activity
at early stages of tumor development. However, in the course
of tumor progression, cancer cells become insensitive to TGF-β
mediated suppression. As a consequence, TGF-β acts as a tumor
promoter in late-stage disease, probably due to its ability to induce
iTregs and to suppress the differentiation of naïve T cells into
effector T cells.

Another suppressive molecule, which is thought to be linked to
Treg function, is IL-10. This cytokine is necessary for the develop-
ment of T regulatory 1 cells (Tr1) and is involved in the regulation
of TGF-β responses. NSCLC patients show significantly elevated
IL-10 mRNA and serum levels as compared to healthy controls,
which has been shown to be associated with poorer prognosis.
However, data concerning the role of IL-10 for tumor progression
are also partially inconsistent. Thus, some preclinical and clinical
studies suggest that IL-10 might be important for tumor rejection,
meaning that the role of IL-10 for lung cancer still needs to be
elucidated.

The last molecule discussed in this review is IL-17A, which
generally is a pro-inflammatory cytokine. However, in contrast to

Frontiers in Immunology | Immunological Tolerance July 2012 | Volume 3 | Article 216 | 121

http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance/archive


Andreev et al. Airway tolerance in the lung

former assumptions, the development of IL-17-producing Th17
cells and Tregs is not mutually exclusive, but rather seems to
be connected. According to this, blocking of IL-17A in a wild-
type mouse model of lung Ad resulted in a decreased num-
ber of Foxp3+ Tregs and an increase of IFN-γ and TNF-α

producing CD4+ T cells leading to a significant reduction of tumor
growth.

As a conclusion, the suppression of Tregs by blocking the sig-
naling pathways of particular cytokines may represent a promising
approach to future lung cancer therapy.
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Myelin-specific induction of tolerance represents a promising means to modify the course
of autoimmune inflammatory demyelinating diseases such as multiple sclerosis (MS).
Our laboratory has focused on a novel preclinical strategy for the induction of tolerance
to the major encephalitogenic epitopes of myelin that cause experimental autoimmune
encephalomyelitis (EAE) in rats and mice. This novel approach is based on the use of
cytokine-NAg (neuroantigen) fusion proteins comprised of the native cytokine fused either
with or without a linker to a NAg domain. Several single-chain cytokine-NAg fusion proteins
were tested including GMCSF-NAg, IFNbeta-NAg, NAgIL16, and IL2-NAg. These cytokine-
NAg vaccines were tolerogenic, therapeutic vaccines that had tolerogenic activity when
given as pre-treatments before encephalitogenic immunization and also were effective as
therapeutic interventions during the effector phase of EAE. The rank order of inhibitory
activity was as follows: GMCSF-NAg, IFNbeta-NAg > NAgIL16 > IL2-NAg > MCSF-NAg,
IL4-NAg, IL-13-NAg, IL1RA-NAg, and NAg. Several cytokine-NAg fusion proteins exhibited
antigen-targeting activity. High affinity binding of the cytokine domain to specific cytokine
receptors on particular subsets of APC resulted in the concentrated uptake of the NAg
domain by those APC which in turn facilitated the enhanced processing and presentation
of the NAg domain on cell surface MHC class II glycoproteins. For most cytokine-NAg
vaccines, the covalent linkage of the cytokine domain and NAg domain was required for
inhibition of EAE, thereby indicating that antigenic targeting of the NAg domain to APC
was also required in vivo for tolerogenic activity. Overall, these studies introduced a new
concept of cytokine-NAg fusion proteins as a means to induce tolerance and to inhibit the
effector phase of autoimmune disease.The approach has broad application for suppressive
vaccination as a therapy for autoimmune diseases such as MS.

Keywords: multiple sclerosis, experimental autoimmune encephalomyelitis, tolerogenic therapeutic vaccine,
cytokine-neuroantigen fusion protein, immunological tolerance, interferon-beta, granulocyte-macrophage colony-
stimulating factor, autoimmune demyelination

INTRODUCTION: IMMUNOLOGICAL TOLERANCE TO CNS
MYELIN AS A THERAPY FOR MS
Multiple sclerosis (MS) is an inflammatory demyelinating disease
of the CNS (Nylander and Hafler, 2012). A defining hallmark of
the disease is the formation of multiple discrete inflammatory
lesions and focal demyelination in perivascular and periventricular
sites of CNS white matter. These demyelinating lesions are marked
by infiltration of activated mononuclear cells and are associated
with the appearance of neurologic deficits. MS is also marked by

Abbreviations: DC, dendritic cell(s); EAE, experimental autoimmune
encephalomyelitis; GM-CSF, granulocyte-macrophage colony-stimulating fac-
tor; IFN, interferon; MBP, myelin basic protein; MHCII, major histocompatibility
complex class II; MOG, myelin oligodendrocyte glycoprotein; MS, multiple
sclerosis; NAg, neuroantigen(s); PLP, proteolipid protein.

significant involvement in CNS gray matter with axonal loss, corti-
cal atrophy, and cognitive dysfunction (Calabrese et al., 2011). MS
is considered to be an autoimmune disorder caused by T cells spe-
cific for immunodominant self-epitopes of myelin and other CNS
antigens (Severson and Hafler, 2010). These autoreactive T cells
are postulated to migrate across the blood-brain barrier into the
CNS and undergo re-activation upon T cell antigen recognition
of endogenous CNS epitopes. These activated T cells then secrete
pro-inflammatory cytokines and chemokines to recruit inflamma-
tory macrophages and other leukocytes from the blood to initiate
focal demyelination and CNS dysfunction.

A central goal for the field of autoimmunity is to opti-
mize strategies of antigen-specific tolerance induction as a ther-
apy for chronic autoimmune disorders (Leech and Anderton,
2008; Sabatos-Peyton et al., 2010; Nepom et al., 2011). The goal
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is to derive antigen-specific vaccines to generate a suppressive
immunological memory specific for particular target self-antigens.
Realization of this goal will provide a potentially curative interven-
tion that would reverse the pathological autoimmune response
and thereby preempt the need for chronic administration of
broad-spectrum immunosuppressive drugs. Thus, new tolero-
genic strategies are needed to maximize reliability and efficiency
of antigen-specific tolerogenic vaccines that may be amenable for
use in humans.

Strategies of myelin-specific tolerance induction may thereby
provide a means to develop more effective therapies for MS.
Tolerogenic vaccine strategies would be disease-specific and would
be based on the imposition of regulatory constraints on the dom-
inant pathogenic clones responsible for MS. However, substantial
hurdles exist. First and most importantly, the field currently lacks
a valid and reliable means to induce myelin-specific tolerance in
patients afflicted with MS. Second, myelin-specific tolerance regi-
mens must not lead to inadvertent encephalitogenic sensitization,
autoantibody formation, or anaphylactic sensitivity. Third, MS in
different patients may be driven by autoreactivity against unique
and perhaps non-overlapping sets of pathogenic myelin epitopes.
Fourth, during the course of disease, “epitope-spreading” may
generate an ever broadening polyclonal repertoire that targets an
expanding multiplicity of myelin epitopes. Lastly, MS may tran-
sition from an immunological inflammatory disease amenable to
immunological intervention to a neurodegenerative disease resis-
tant to immunomodulatory approaches. Meaningful solutions to
these challenges will stem from new technologies that profile the
myelin-specific T cell specificities early during the course of dis-
ease coupled with new strategies to reliably induce tolerance to
those myelin epitopes. Thus, an important part of this strategy
will be to engineer immunosuppressive vaccines based on a robust
platform that can induce reliable and potent tolerance in both non-
inflammatory and overtly inflammatory environments. Despite
the hurdles, myelin-specific induction of immunological toler-
ance represents the most promising path to specifically modify the
course of autoimmune inflammatory demyelinating disease and
thereby circumvent the need for broad-spectrum immunosup-
pression. Myelin-specific tolerance regimens promise qualitative
improvements in clinical efficacy, therapeutic longevity, and cost-
effectiveness without the adverse consequences of a compromised
immune system.

Experimental autoimmune encephalomyelitis (EAE) repre-
sents a widely used preclinical model to test tolerogenic vac-
cines as candidates for potential translation for treatment of
MS (Wekerle, 2008). EAE represents a valid model of the major
pathophysiologic and regulatory mechanisms underlying anti-
myelin autoimmunity in mammals. EAE can be induced by active
immunization with dominant encephalitogenic epitopes of myelin
together with immunological adjuvants. Alternatively, EAE can be
induced by adoptive transfer of activated encephalitogenic T cells.
Overall, the disease is regulated by many of the same counter-
regulatory molecules (e.g., IL-10, TGF-beta, CTLA-4, PD-1) and
cellular regulatory circuits believed to be important in MS. Hence,
EAE is useful as a testing ground for new experimental vac-
cines designed to drive the inhibitory circuits underlying active,
infectious tolerance.

Three rodent models of EAE were used in our studies, with
each model representing a qualitatively different disease course
and a potentially different underlying immunoregulatory mecha-
nism. Initial studies were performed in Lewis rats which recognize
the 73–87 sequence of myelin basic protein (MBP) as the dom-
inant encephalitogenic epitope. Lewis rats immunized with the
MBP73–87 peptide exhibit an acute monophasic form of EAE
which manifests as an acute ascending paralysis followed by a
spontaneous, complete remission. In some cases, Lewis rats having
an intense initial course of EAE may exhibit a secondary relapse
but this relapse is characterized by very mild paralytic signs. In
contrast, the C57BL/6 and SJL mouse models of EAE represent
models of chronic disease. C57BL/6 mice, after immunization
with the myelin oligodendrocyte glycoprotein (MOG)35–55 epi-
tope and separate injections of the Pertussis toxin adjuvant, exhibit
a chronic course of severe non-resolving paralysis. The lack of
spontaneous recovery in C57BL/6 mice may reflect inefficient or
compromised regulatory responses. SJL mice immunized with
the proteolipid protein (PLP)139–151 epitope exhibit a chronic
relapsing-remitting course of EAE. These mice exhibit a severe
monophasic episode of EAE followed by a spontaneous recovery
and a subsequent asynchronous series of relapses and sponta-
neous recoveries. Thus, these cytokine-NAg vaccines were studied
in preclinical models of EAE representing monophasic, chronic-
progressive, and relapsing-remitting courses in rat and mouse
species.

CYTOKINE-NAg FUSION PROTEINS AS TOLEROGENIC,
THERAPEUTIC VACCINES
Our laboratory has focused on a novel strategy for the induction of
tolerance to the major encephalitogenic epitopes of myelin in both
mouse and rat models of EAE (Mannie and Abbott, 2007; Mannie
et al., 2007, 2009b; Blanchfield and Mannie, 2010; Abbott et al.,
2011). The tolerogenic strategy is based on derivation of novel
cytokine-NAg fusion proteins comprised of a native cytokine as
the N-terminal domain fused either with or without a linker to
a C-terminal NAg domain. The structural features of the single-
chain cytokine-NAg fusion proteins are portrayed in Figure 1 and
Table 1. The most effective cytokine domains for induction of tol-
erance were GM-CSF (Blanchfield and Mannie, 2010; Abbott et al.,
2011), IFN-beta (Mannie et al., 2009b), IL-16 (Mannie and Abbott,
2007), and IL-2 (Mannie et al., 2007). In all cases, the cytokine
domains were syngeneic with the species of the EAE model. The
NAg domain contained the dominant epitope of the myelin pro-
tein responsible for induction of EAE in the given species and
strain of rodent. In one case (NAgIL16), the NAg and cytokine
domains were switched as the N-terminus and C-terminus respec-
tively to preserve optimal activity of the cytokine. The cytokine
domains of these vaccines had essentially the full activity of the
free cytokine, and the NAg domain was efficiently processed and
presented on MHC class II (MHCII) glycoproteins to NAg-specific
T cells. Thus, the covalent cytokine-NAg linkage did not inter-
fere with the independent activities of either the cytokine or NAg
domain.

Several fusion proteins had both tolerogenic and therapeutic
activity (Table 2). When injected subcutaneously in saline before
encephalitogenic immunization, GMCSF-NAg, IFNbeta-NAg,
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FIGURE 1 | Structure of cytokine-NAg vaccines. Cytokine-NAg vaccine
structure is portrayed including those incorporating native IL-1RA (IL-1
receptor antagonist), IL-2, IL-4, IL-10, IL-13, GM-CSF, M-CSF, or IFN-beta as

the N-terminus or IL-16 as the C-terminus. Some fusion proteins, as
discussed in theTable 1 legend, contained an enterokinase (EK) linker
sequence.

Table 1 | Selected cytokine-NAg vaccines tested for induction of tolerance in EAE.

Cytokine-NAg

vaccine

Species of

cytokine

EAE

model

NAg

domaina

Optimized

Kozak siteb

Signal

sequenceb

Linkerc Expression

system

GMCSF-NAg Rat Lewis rat MBP69–87 No mouse GM-CSF Not included Baculovirus

GMCSF-NAg Mouse SJL PLP139–151 Yes Native Not included Human

GMCSF-NAg Mouse C57BL/6 MOG35–55 Yes Native Not included Human

IFNbeta-NAg Rat Lewis rat MBP69–87 Yes Native EK linker essential Human

IFNbeta-NAg Mouse SJL PLP139–151 Yes Native EK linker essential Human

NAgIL16 Rat Lewis rat MBP69–87 No HBM Not included Baculovirus

MCSF-NAg Rat Lewis rat MBP69–87 No Native Not included Baculovirus

IL2-NAg Rat Lewis rat MBP73–87 Yes Native Not needed Baculovirus

IL4-NAg Rat Lewis rat MBP73–87 No Native Not needed Baculovirus

aPeptide sequences used in these fusion proteins were: MBP69–87 (YGSLPQKSQRSQDENPVVH); MBP73–87 (PQKSQRSQDENPVVH); MOG35–55 (MEVGWYR-

SPFSRVVHLYRNGK); and PLP139–151 (HSLGKWLGHPDKF).
bFusion proteins used to study rat or mouse models of EAE were rat or mouse in origin, respectively. Mouse GMCSF-NAg, both rat and mouse IFNbeta-NAg, and

rat IL2-NAg contained a non-native alanine as the second amino acid at the N-terminus to optimize a Kozak translation-initiation site (GCCGCCACCATGG). The signal

sequence was the native signal sequence for each cytokine gene product except for rat GMCSF-NAg and NAgIL16 which contained the mouse GM-CSF or the honey

bee mellitin (HBM) signal sequence, respectively. Rat MCSF-NAg was comprised of the 33 amino acid signal sequence plus the 220 amino acid N-terminal domain

which forms a soluble biologically active homodimer. NAgIL16 was comprised of a N-terminal his-tag, the 69–87 encephalitogenic peptide of MBP, and the rat 118-aa

IL-16 cytokine C-terminus.
cA linker between the cytokine domain and the NAg domain was not needed or not included in the primary protein structure with the exception of the IFNbeta-NAg

fusion proteins, where this linker was essential for full expression of IFN-beta activity. For those cytokine-NAg linkers in which the linker was “not needed,” the

vaccine was originally expressed with the linker, but subsequent versions that lacked the linker had full activity in assays of cytokine activity, antigenic activity, and

tolerance induction.

NAgIL16, and IL2-NAg prevented or attenuated the subsequent
active induction of EAE. When administered after onset of EAE,
these vaccines also were effective interventions that blunted the
progression of EAE. Because these fusion proteins had both tolero-
genic (i.e., preventative) and therapeutic (i.e., inhibition of effector
autoimmune responses) activity, these vaccines were referred to
as tolerogenic, therapeutic vaccines. The characteristics of these
vaccines are summarized in Table 2, and two of these vaccines
(GMCSF-NAg and IFNbeta-NAg) are discussed in detail includ-
ing considerations of relative tolerogenic efficacy, requirement

for covalent cytokine-NAg linkage, and differential potency and
subset-specificity in targeting of the covalently tethered NAg
to APC.

GMCSF-NAg
Fusion of GM-CSF with the NAg peptides MOG35–55, PLP139–
151, or MBP69–87 domains did not quantitatively affect the
potency of the GM-CSF cytokine domain (Blanchfield and Man-
nie, 2010; Abbott et al., 2011). Rather, these GMCSF-NAg fusion
proteins were equipotent compared to free GM-CSF in cytokine
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Table 2 | Summary of cytokine-NAg vaccines tested in EAE.

Cytokine-NAg

vaccinea

Inhibitory efficacy

in EAEa

Cytokine-NAg linkage

needed for:

Antigenic targeting

to APC in vitroc

Citation

pre-treatment b treatmentb

Rat GMCSF-NAg Yes Yes Yes >1000-fold (myeloid APC) Blanchfield and Mannie (2010)

Murine GMCSF-NAg Yes Yes Yes ∼10-fold (myeloid APC) Abbott et al. (2011)

Rat IFNbeta-NAg Yes No No ∼1 to 10-fold (splenic APC) Mannie et al. (2009b)

Murine IFNbeta-NAg Yes Yes —d —d

Rat NAgIL16 Yes Yes Yes ∼1 to 10-fold (splenic APC) Mannie and Abbott (2007)

Rat IL2-NAg Yes Yes Yes >1000-fold (I-A+ T cells) Mannie et al. (2007)

Rat MCSF-NAg Yes Yes — 10-100 fold (myeloid APC) Blanchfield and Mannie (2010)

Rat IL4-NAg Limited — — >(1000-fold (B cell APC) Mannie et al. (2007)

aCytokine-NAg vaccines exhibited efficacy in both prevention (vaccine administration before encephalitogenic immunization) and therapeutic (vaccine administration

at or after EAE onset) vaccine regimens.
bYes: the cytokine-NAg vaccine was tolerogenic but equimolar doses of cytokine and NAg as separate molecules lacked tolerogenic activity. No: the cytokine-NAg

vaccine had a tolerogenic efficacy similar to that of equimolar doses of cytokine and NAg.
cAntigen-targeting: the “fold” enhancement in antigenic potency of a cytokine-NAg vaccine compared to NAg alone in stimulating MHCII-restricted proliferation of a

NAg-specific T cell clone in the presence of myeloid APC, non-fractionated splenic APC, blastogenic T cell APC, or purified B cell APC.
d(—): Not tested.

bioassays. GM-CSF and GMCSF-NAg elicited equipotent prolifer-
ation of bone marrow cells in the 1–10 pM range. These findings
indicated that GM-CSF is a versatile carrier able to accommo-
date diverse peptide structures without adverse effect on GM-CSF
biological activity.

The tolerogenic activity of the GMCSF-NAg vaccines in mouse
and rat models of EAE (Blanchfield and Mannie, 2010; Abbott
et al., 2011) are portrayed in Figures 2 and 3. These data high-
light the efficacy of each treatment group based on maximal
disease scores. For example, 86% of C57BL/6 mice pretreated with
GMCSF-MOG(35–55) showed no disease whereas mice pretreated
with a combination of GM-CSF and MOG35–55 had severe par-
alytic disease marked by a maximal score of 4.0 or 5.0 (81 and
13% of mice, respectively; Figure 2A). Likewise, over 80% of mice
in control pre-treatment groups that received GM-CSF alone,
MOG35–55 alone, or saline exhibited severe paralytic disease.
Thus, GMCSF-MOG(35–55) had tolerogenic activity because the
vaccine effect was remembered by the immune system as an endur-
ing modification of the MOG-specific encephalitogenic response.
When administered at the first day of clinical onset, GMCSF-
MOG(35–55) was effective as a treatment intervention that halted
the subsequent progression of EAE (Figure 2B). The majority
of mice treated with GMCSF-MOG did not progress beyond a
grade of minimal tail involvement, whereas 100% of mice treated
with saline exhibited severe hind-limb paralysis. In this treat-
ment protocol, GMCSF-MOG(35–55) was more effective than
“MOG35–55 alone” which in turn was more effective than saline.
These data indicate that GMCSF-MOG(35–55) could also inter-
cept the encephalitogenic response during the staging of an attack
on CNS myelin. To test the generality of this approach, a murine
GMCSF-NAg vaccine was also derived for the SJL EAE model
that incorporated the PLP139–151 encephalitogenic peptide as the
NAg rather than MOG35–55 (Figure 2C). Subcutaneous injection
of GMCSF-PLP(139–151) in saline was shown to prevent EAE in

88% of SJL mice. The remaining GMCSF-PLP pretreated mice
had very mild paralysis that was limited to the tail. In contrast, a
substantial percentage (≥50%) of mice pretreated with PLP139–
151 or saline had severe paralytic disease. These data revealed that
GMCSF-NAg vaccines were tolerogenic vaccines in two separate
murine models of EAE.

The original study of GMCSF-NAg was performed by use of
the Lewis rat model of EAE (Blanchfield and Mannie, 2010).
In this study, GM-CSF was compared to M-CSF as a tolero-
genic fusion partner by deriving fusion proteins in which the rat
GM-CSF or M-CSF was linked to the immunodominant encephal-
itogenic 69–87 epitope of MBP. The GMCSF-MBP(69–87) vaccine
was more tolerogenic than the MCSF-MBP(69–87) fusion protein
(Figure 3). All rats that received GMCSF-NAg had no or very mild
signs of EAE whereas 42% of rats pretreated with MCSF-NAg
exhibited severe paralytic disease (Figure 3A). The finding that
GM-CSF was a more effective tolerogenic fusion partner than M-
CSF provided suggestive evidence that active induction of myeloid
APC was more important than“quiescent maintenance”for induc-
tion of tolerance (Fleetwood et al., 2007; Hamilton, 2008). This
outcome was expected because GM-CSF facilitates MHCII expres-
sion on myeloid APC whereas M-CSF confers viability to the
macrophage lineage but does not maintain MHCII expression
(Blanchfield and Mannie, 2010). GM-CSF promotes differenti-
ation of MHCII+ dendritic cells (DC) whereas M-CSF appears
to be a maintenance factor for quiescent or non-inflammatory
MHCII− macrophages. Because MHCII expression is critical for
presentation of the NAg domain which is in turn critical for induc-
tion of tolerance, induction or maintenance of MHCII expression
may be a requisite activity of tolerogenic fusion partners.

Covalent linkage of the cytokine and NAg domains was nec-
essary for tolerogenic efficacy. All rats pretreated with GMCSF-
MBP(69–87) were protected from severe EAE whereas all rats
that received an equimolar mix of GM-CSF and NAg exhibited
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FIGURE 2 | Mouse cytokine-NAg vaccines were effective tolerogens in
the C57BL/6 and SJL mouse models of EAE. EAE was elicited in
C57BL/6 mice by injection of MOG35–55 in CFA together with separate
injections (200 ng i.p.) of Pertussis toxin on days 0 and 2. EAE was elicited
in SJL mice by injection of PLP139–151 in CFA. EAE induction was on day 0
relative to pre-treatment with designated cytokine-NAg fusion protein or
control proteins (x -axis) on days-21, -14, and -7 (A,C) or treatment on days
13, 15, 17, and 20 (B). Vaccines were administered subcutaneously in saline.
Maximal disease scores were defined as the most severe disease score
exhibited by a mouse throughout the relevant disease course. The mouse
clinical EAE scoring scale was: 0, no disease; 1.0, partial or full paralysis of
the tail or ataxia but not both; 2.0, flaccid paralysis of the tail and ataxia or
impaired righting reflex; 3.0, partial hind-limb paralysis; 4.0, full hind-limb
paralysis; 5.0 total hind-limb paralysis with forelimb involvement. p Values
were calculated by non-parametric ANOVA based on ranked data with a
Bonferroni Post hoc Test. Data analysis for these experiments was
previously reported in (Abbott et al., 2011). Pre-treatment of C57BL/6 mice
was portrayed inTables 1 and 2, pre-treatment of SJL mice was portrayed
inTable 3, and treatment of C57BL/6 mice was portrayed in Table 4 of
Abbott et al., 2011; ***p≤0.001; **p≤0.01; *p≤0.05; for comparisons of
the cytokine-NAg-treated group with the respective control group).

severe paralysis (Figure 3A). When administered after the onset
of clinical signs, GMCSF-MBP(69–87) stopped the progression
of EAE by a mechanism that was contingent upon cytokine-NAg
linkage (Figure 3B). Physical linkage of GM-CSF and MOG35–55
domains was also necessary for tolerance induction in the C57BL/6
model of EAE (Figure 2). Overall, these data show that GM-CSF
is an efficacious tolerogenic fusion partner that facilitates toler-
ance of covalently attached myelin antigens in two distinct rodent
species and in qualitatively different models of EAE. The require-
ment for covalent linkage of cytokine and NAg domains pro-
vides evidence for “antigenic targeting” as a potentially important
event in tolerance induction in both pre-treatment and treatment
regimens.

The tolerogenic potency of GMCSF-NAg was paradoxical given
that GM-CSF is a cytokine closely associated with the induction
of EAE in mice (McQualter et al., 2001), and the NAg determi-
nants represent the most potent and dominant encephalitogenic
determinants for the respective rodent strains (Mannie et al.,
2009a; Miller et al., 2009). Yet, a vaccine generated by the com-
bination of these two pro-encephalitogenic domains comprised
a potent tolerogen. Hence, tolerogenic, therapeutic vaccines are
not simply a sum of their parts. Rather, synergy of two physically
connected domains provides novel activities most likely reflecting
unpredicted interactions between APC conditioning and antigenic
targeting. GM-CSF has been shown to be critical for EAE induc-
tion, but these studies have important caveats in regard to the
target tissue localization of pro-disease activity. Indeed, the abil-
ity of NAg-specific T cells to produce GM-CSF during activation
appears to be a defining, central characteristic underlying T cell-
mediated pathogenesis in EAE (Marusic et al., 2002; Ponomarev
et al., 2007; Kroenke et al., 2008; Becher and Segal, 2011; Codarri
et al., 2011; El-Behi et al., 2011). Localization of GM-CSF to the
target tissue, either elaborated by infiltrating T cells or via genetic
manipulation, defined an essential aspect of how GM-CSF pro-
motes disease in EAE and other autoimmune diseases (Biondo
et al., 2001; Judkowski et al., 2004).

Conversely, administration of GM-CSF inhibits autoimmune
disease in mouse models of type I diabetes (Enzler et al., 2003,
2007; Gaudreau et al., 2007, 2010; Meriggioli et al., 2008; Cheatem
et al., 2009), myasthenia gravis (Sheng et al., 2006, 2008; Merig-
gioli et al., 2008), and thyroiditis (Vasu et al., 2003; Gangi et al.,
2005; Ganesh et al., 2009, 2011; Bhattacharya et al., 2011). GM-
CSF appears to promote differentiation of regulatory DC subsets
which in turn facilitate the activity of regulatory T cell subsets
that actively inhibit autoimmune disease. Administration of GM-
CSF may thereby influence the balance between immunity and
tolerance based on factors such as dose, schedule, route, and
bio-distribution. Overall, GM-CSF appears important for devel-
opment and maintenance of regulatory DC-T cell networks. And
GMCSF-NAg vaccines appear to target NAg to these networks
and thereby cause tolerance rather than immunity to the myelin
self-antigen domains.

IFNbeta-NAg
The potent efficacy of IFN-beta as a tolerogenic fusion part-
ner is notable given that this cytokine is used as a first-line
therapy for MS (Kieseier, 2011; Killestein and Polman, 2011;
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FIGURE 3 |The rat GMCSF-MBP vaccine was an effective tolerogen in
the Lewis rat model of EAE. EAE was elicited in Lewis rats by injection
of NAg in CFA on day 0. Designated cytokine-NAg proteins or control
proteins (x -axis) were given as pre-treatments on days-21, -14, and -7
(A) or alternatively were given as treatments after the onset of paralytic
EAE (B) as described in (Blanchfield and Mannie, 2010). Vaccines were
administered subcutaneously in saline. Maximal disease scores were

previously reported in (Blanchfield and Mannie, 2010). The clinical scoring
scale for rats was; 0, no disease; 0.25, distal limp tail; 0.5, limp tail; 1.0,
ataxia; 2.0, partial hind-limb paralysis; 3.0, full hind-limb paralysis. p values
were calculated as described in Figure 2. These data were previously
portrayed inTables 1 and 2 respectively of (Blanchfield and Mannie, 2010).
(***p≤0.001; **p≤0.01; *p≤0.05 for comparison of the respective
treatment groups to that of GMCSF-NAg).

Plosker, 2011; Rudick and Goelz, 2011). The rat IFNbeta-MBP(69–
87) had strong tolerogenic activity, but in contrast to what was
found for GMCSF-NAg and other cytokine-NAg vaccines, an
equimolar mix of IFN-beta and NAg was nearly as effective
as the IFNbeta-NAg vaccine in both pre-treatment and treat-
ment regimens (Figures 4A,B; Mannie et al., 2009b). The lack
of requirement for domain linkage was apparent even when
the two domains were injected in separate but adjacent sites. A
murine IFNbeta-PLP(139–151) vaccine was derived to test the
generality of these findings. The murine IFNbeta-PLP fusion pro-
tein also induced tolerance in a pre-treatment protocol in the
SJL relapsing-remitting model of EAE (Figure 4C). Unlike rat
IFNbeta-NAg however, the murine IFNbeta-NAg required cova-
lently linked cytokine and NAg domains for tolerance induction.
In the IFNbeta-PLP(139–151) pre-treatment group, 100% of mice
had no or very mild EAE,whereas over 50% of mice pretreated with
the combination of murine IFNbeta and PLP139–151 as separate
molecules had severe paralytic EAE. Likewise, mice pretreated with
PLP139–151 alone or saline also exhibited severe paralytic EAE.
Hence, the rat IFNbeta-MBP(69–87) was a notable exception to
the rule that these vaccines required covalently linked cytokine
and NAg domains. Why these particular rat and murine IFNbeta-
NAg had differential requirements for cytokine-NAg linkage is not
known. One cannot conclude that these observations represent a
species difference given that to date only one IFNbeta-NAg fusion
protein vaccine has been tested in each rodent species.

The lack of requirement for covalent linkage in the rat model
could be potentially explained by either a direct or indirect bind-
ing interaction (perhaps via a third party molecule) by which the
peptide became non-covalently associated with IFN-beta. Such an
adventitious event would be considered exceptional. An alterna-
tive possibility is that the two reagents were sequestered in the
same lymphatic drainage where IFN-beta and NAg may synergis-
tically mediate tolerance by a localized or paracrine mechanism.

IFN-beta is known to have pronounced anti-proliferative and
anti-metabolic activity and thereby may impair clonal expan-
sion and differentiation of NAg-specific effector T cells. Perhaps
the potent cytotoxic activity of IFN-beta may inhibit or preempt
NAg-specific clonal expansion and differentiation needed to stage
an encephalitogenic response and may render the NAg-specific
clonotypes anergic or alter their differentiation toward a regulatory
phenotype.

Importantly, this study provides evidence that IFN-beta funda-
mentally alters how the immune system responds to antigen. As
reviewed elsewhere (Mannie et al., 2009b), IFN-beta inhibits EAE
when administered during the immunization or effector phases
of disease. Our studies however indicated that IFN-beta (without
NAg) did not exert modulatory activity in EAE when administered
on days-21, -14, and -7 before encephalitogenic immunization.
Most likely, this pre-treatment protocol had no effect because
IFN-beta was presumably cleared from the body before encephal-
itogenic immunization. The simplest explanation is that IFN-beta
will not shape a T cell repertoire or have lasting effects on adaptive
immunity unless IFN-beta is present concurrently with an antigen
that is driving an immune response. When given with NAg, partic-
ularly in the form of a fusion protein, IFN-beta showed properties
of a tolerogenic adjuvant. That is, in the presence of NAg, IFN-
beta modified immune responsiveness by conferring an enduring
immunological tolerance to that NAg. Thus, this study reveals a
novel adjuvant activity of IFN-beta that was not previously appre-
ciated as a classical IFN-beta activity. Nonetheless, the action of
IFN-beta as a tolerogenic adjuvant is consistent with the efficacy
of IFN-beta as a front-line therapeutic in MS. That is, IFN-beta in
MS patients may act synergistically with myelin-derived endoge-
nous antigens to promote a lasting tolerogenic activity specific for
those antigens. This scenario may provide a rationale for IFN-
beta dose escalation during acute relapses of MS, not only to
contain the inflammatory demyelination, but also to maximize
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FIGURE 4 | IFNbeta-NAg vaccines were effective tolerogens in the
Lewis rat and SJL models of EAE. EAE was elicited in Lewis rats or SJL
mice by injection of the respective NAg in CFA on day 0. Designated
cytokine-NAg proteins or control proteins (x -axis) were given as
pre-treatments on days-21, -14, and -7 (A,C) or alternatively were given as
treatments after the onset of paralytic EAE (B). Vaccines were injected
subcutaneously in saline. The data analysis for experiments shown in (A,B)
was previously reported in Tables 2 and 4 (pre-treatment) and Tables 4 and 5
(treatment) in Mannie et al. (2009b). In the pre-treatment protocol (A),
Lewis rats that were given the combination of IFNbeta+MBP69–88 as
separate injections in adjacent subcutaneous sites had significantly less
severe EAE than rats treated with MBP69–88 alone (p=0.001) or saline
(p=0.011). In the treatment protocol (B), Lewis rats that were given the
combination of IFNbeta+MBP69–88 as separate molecules had
significantly less severe EAE than rats treated IFN-beta alone (p= 0.001),
MBP69–88 (p < 0.001), or saline (p < 0.001). (***p≤0.001; **p≤0.01;
*p≤0.05 for comparison of the respective treatment groups to that of
IFNbeta-NAg).

the bioavailability of IFN-beta during a period when NAg may be
released from the CNS into the periphery and would be available
to act synergistically with IFN-beta to promote tolerance against
those myelin-derived NAg.

NAgIL16 AND IL2-NAg VACCINES
NAgIL16 and IL2-NAg were two additional vaccines that had pro-
nounced tolerogenic activity in the Lewis rat model of EAE. Both
cytokine fusion partners were originally chosen based on their
ability to regulate CD4+ T cell biology. IL-16 is a highly con-
served, species-cross reactive cytokine (Keane et al., 1998) that
may associate with CD4 or other cell surface receptors (Mathy
et al., 2000) and has been implicated in chemotaxis of T cells, DC,
and other leukocyte subsets (Cruikshank et al., 2000). However,
many functions attributed to IL-16 are seen only at high con-
centrations, and the true biological function of IL-16 remains a
mystery. IL-16 is synthesized as a large precursor protein and is
cleaved by caspase-3 into a N-terminal portion that is translo-
cated into the nucleus and a C-terminal protein that constitutes
the active secreted IL-16 (Zhang et al., 1998, 2001). IL-16 there-
fore shares characteristics of IL-1-beta, IL-18, and IL-37 in that the
cytokine is liberated in the cytoplasm by proteolytic cleavage of a
large precursor and then secreted to exert biological functions in
the extracellular environment (Takenouchi et al., 2009).

IL-2 was chosen as a fusion partner because IL-2 has a requi-
site role in the maintenance of self-tolerance based on the ability
of IL-2 to promote the differentiation and expansion of regula-
tory T cell subsets (Malek and Bayer, 2004; Fehervari et al., 2006).
For both NAgIL16 and IL2-NAg vaccines, covalent linkage of the
cytokine and NAg domains was required for inhibitory efficacy
in vivo in both pre-treatment and treatment regimens. For these
vaccines, administration of equimolar doses of the free cytokine
and NAg molecules as a mixture of separate molecules did not
cause tolerance. The requirement for covalent linkage of cytokine
and NAg domains provides suggestive evidence for a mechanism
of “antigenic targeting.”

ANTIGEN-TARGETING ACTIVITY OF CYTOKINE-NAg
VACCINES
Several cytokine-NAg vaccines had antigen-targeting activity
(Tables 1 and 2; Figure 5). “Antigenic targeting” was based on the
observation that rat GMCSF-NAg, IL4-NAg, and IL2-NAg vac-
cines were ∼1000-fold more potent when compared to NAg alone
in assays measuring the MHCII-restricted presentation of NAg
by DC, B cells, or blastogenic (rat) T cells, respectively (Mannie
et al., 2007; Blanchfield and Mannie, 2010). The following obser-
vations provided important insight into mechanisms by which
cytokine-NAg vaccines targeted the NAg to APC for enhanced
antigen presentation. First, covalent linkage between the cytokine
domain and the antigenic domain was needed for potentiated
antigen recognition. Addition of cytokine and NAg as separate
molecules did not result in enhanced T cell responses. This find-
ing indicated that the cytokine domain did not enhance antigen
presentation of NAg by a generic augmentation of antigen pro-
cessing, MHCII expression, cytokine production, or some other
general aspect of APC activity. Second, the antigen-targeting pro-
file of a given cytokine-NAg vaccine was specific for particular
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FIGURE 5 | Mechanism of antigen-targeting by cytokine-NAg
vaccines. The following sequence of events is postulated to mediate the
conditioning and targeting activities of cytokine-NAg vaccines. First, the
cytokine domain of the vaccine binds to APC subsets that bear the
respective cytokine receptor. Engagement of the cytokine receptor on the
APC triggers a shift from costimulatory activity to a counter-regulatory or
tolerogenic co-inhibitory activity. Engagement of the cytokine receptor
also targets the covalently attached NAg domain to the APC. Ingestion of

cytokine receptor/vaccine complexes into the endosomal compartment
introduces the NAg domain in high concentrations to the MHCII-antigen
processing pathway. Processing of the vaccine liberates the NAg domain
for loading onto nascent MHCII glycoproteins. By this mechanism, APC
that are conditioned by the cytokine domain in turn present high
concentrations of NAg domain on MHCII glycoproteins. Tolerogenic
presentation of the NAg is postulated to induce regulatory elements and
blunt the encephalitogenic immune response.

subsets of APC. GMCSF-NAg was targeted to myeloid APC and
IL4-NAg was targeted to B cells. Antigenic targeting was observed
for IL2-NAg when a rat blastogenic T cell clone bearing high sur-
face densities of MHCII and CD25 was used as APC. In these cases,
IL2-NAg was ∼1000-fold more active as an antigen than the iso-
lated NAg domain. These data are consistent with the hypothesis
that antigen-targeting required a specific interaction between the
cytokine domain of the vaccine and the respective cytokine recep-
tor on the APC surface. Third, antigen-targeting was blocked by
the addition of free cytokine. For example, potentiated antigenic
recognition of GMCSF-NAg was blocked by GM-CSF but not
by M-CSF whereas potentiated antigenic recognition of MCSF-
NAg was blocked by M-CSF but not by GM-CSF (Blanchfield and
Mannie, 2010). Enhanced antigenic recognition of IL4-NAg was
blocked by IL-4 or an anti-IL-4 mAb. Likewise, the enhanced anti-
genic recognition of IL2-NAg was blocked by IL-2 (Mannie et al.,
2007). These findings indicate that the high affinity docking of
the cytokine domain to cytokine receptors on APC was the key
event for potentiated antigen recognition. Lastly, the T cell pro-
liferative response to the cytokine-NAg vaccine was blocked by
MHCII-specific antibodies, indicating that the enhanced T cell

proliferative response was due to MHCII-restricted recognition of
NAg rather than an independent mitogenic activity of the cytokine
domain. These data support the concept that the cytokine domain
of a cytokine-NAg vaccine binds the respective receptors on select
APC subsets to facilitate the uptake of the NAg domain into the
MHCII-antigen processing pathway, where the NAg is liberated
and loaded onto nascent MHCII glycoproteins (Figure 5). The
cytokine receptor-mediated, high affinity, high-capacity uptake of
these vaccines by APC is postulated to account for the enhanced
presentation of NAg to NAg-specific T cells.

Two observations revealed potential associations between
antigenic targeting and tolerance induction. First and most
importantly, most cytokine-NAg vaccines required covalently
linked cytokine-NAg domains for tolerance induction (Table 2).
GMCSF-NAg (both rat and mouse versions), mouse IFNbeta-
NAg, MCSF-NAg, NAgIL16, and IL2-NAg required covalently
linked cytokine-NAg domains for tolerance induction, although
rat IFNbeta-NAg did not, and as discussed above, the reason
for this exception is currently unknown. Second, most vac-
cines showed some degree of antigenic potentiation compared
to NAg alone in assays measuring MHCII-restricted stimulation
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of NAg-specific T cell clones. However, the quantitative magni-
tude of antigenic targeting varied substantially among different
cytokine-NAg vaccines. Rat GMCSF-NAg and IL4-NAg exhibited
profound antigenic targeting in the presence of irradiated splenic
APC, but rat GMCSF-NAg was a potent tolerogen whereas IL4-
NAg lacked tolerogenic efficacy. Given that GMCSF-NAg targeted
NAg to myeloid APC whereas IL4-NAg targeted NAg to B cell APC,
the implication is that the APC subset targeted by the vaccine may
be a critical variable in the efficiency of tolerance induction. These
issues however may be complicated and are currently unresolved.
For example, the ability of IL-4 to confer an immunogenic phe-
notype to DC and target NAg to those DC may counteract any
tolerogenic effects associated with the interaction of IL4-NAg with
B cells.

The antigenic potentiation associated with mouse GMCSF-
NAg, rat NAgIL16, and IFNbeta-NAg (either mouse or rat) was
10-fold or less in the presence of irradiated splenic APC, but
these fusion proteins were effective tolerogens. Thus, antigenic
targeting may be an important component of the tolerogenic
mechanism, at least for certain vaccines, but cannot be consid-
ered a sole factor determining the extent of tolerance induction.
Thus, the cytokine domain, in addition to facilitating antigenic
targeting to certain APC subsets, may also condition the APC to
favor tolerogenic presentation. Overall, the following inter-related
concepts may important for understanding the tolerogenic activ-
ity of cytokine-NAg fusion proteins; (a) the quantitative degree of
antigenic targeting, (b) the APC subset targeted by a given vaccine,
and (c) cytokine-mediated conditioning of that APC subset. Com-
binations of these qualities, and perhaps others not yet realized,
may be central to understanding the mode of action. Given that
GM-CSF, IFN-beta, IL-16, and IL-2 have unique and highly diverse
activities, one cannot assume a common tolerogenic mechanism
for these diverse vaccine products.

ATTRIBUTES OF NAg-SPECIFIC CYTOKINE-NAg VACCINES
THE CYTOKINE DOMAIN AS AN AMPLIFIER OF A TOLEROGENIC
ANTIGEN DOMAIN
All tested cytokine-NAg vaccines had some degree of inhibitory
activity in vivo. Notably, none of the cytokine-NAg fusion pro-
teins augmented EAE (Mannie and Abbott, 2007; Mannie et al.,
2007, 2009b; Blanchfield and Mannie, 2010; Abbott et al., 2011).
In studies by other groups, many of the same cytokine domains,
particularly GM-CSF, were coupled to foreign proteins and were
found to augment immunity to those foreign proteins (Wortham
et al., 1998; Rodriguez et al., 1999; Tso et al., 2001; Wang et al.,
2009; Zhai et al., 2009; van Montfort et al., 2011). At the outset of
this project, the anticipation was that the cytokine domain would
be more important than the antigenic domain for determining the
balance of tolerance versus immunity. However, the opposite pos-
sibility should be considered. The cytokine domain, in part, may
be an amplifier of the intrinsic immunogenic or tolerogenic activ-
ity of the covalently coupled antigenic domain. This may be why
GM-CSF has been used as a fusion partner to augment immu-
nity or tolerance depending on the foreign or “self” origins of
the antigenic domain. The possibility is that cytokines target the
antigenic domain to selected APC subsets for enhanced presen-
tation, and the relative balance of conventional and regulatory T

cells that recognize those epitopes determines the outcomes of
immunity or tolerance. Foreign and self-antigen domains would
be preferentially recognized by conventional and regulatory sub-
sets respectively, and these initial interactions may dictate the type
and scope of the ensuing immune response. The cytokine domain
may also affect the balance of immunity and tolerance through
mechanisms of APC conditioning, and these APC conditioning
events may be reinforced by the relative balance of T cell subsets
that initiate and subsequently dominate the response. In turn, early
T cell biasing events may polarize additional APC and by such a
feed-forward mechanism determine the immunogenic or regu-
latory activities of the overall immune response. Thus, vaccine
activity cannot be predicted simply based on the isolated activ-
ity of the cytokine domain. Rather, the activities of the cytokine,
the antigenic domain, and their interaction, particularly in regard
to mechanisms of APC conditioning, antigenic targeting, and
early biasing of T cell subsets may be the key considerations of
antigen-specific tolerogenic efficacy.

Because a substantial percentage of all cytokine-NAg vaccines
tested in the rat model had significant tolerogenic efficacy, the
extrapolation is that many other highly efficacious cytokine fusion
partners may exist in addition to the ones tested so far in EAE.
Overall, the field of cytokine-NAg vaccines may have substantial
promise for a diversity of chronic inflammatory conditions based
on drug discovery of an expanded set of suitable cytokine fusion
partners. The concept is that many other cytokines may be useful
as fusion partners for the induction of tolerance and that the find-
ings to date simply represent the tip of the iceberg in broaching
the use of cytokine-antigen fusion proteins for the induction of
tolerance.

THE CYTOKINE DOMAIN
The following characteristics of the cytokine domain may favor
induction of tolerance. The cytokine domain should mediate
efficient antigen-targeting to an APC subset associated with the
induction of tolerance. The caveat is that no APC subset is solely
dedicated to tolerance but some may facilitate tolerance more effi-
ciently than others. The cytokine domain should be compatible
with the induction and maintenance of MHCII expression. Con-
versely, cytokines that down-regulate MHCII glycoproteins may be
suppressive but not tolerogenic and may not represent desirable
fusion partners. Cytokines that are highly stable and soluble will
facilitate expression, purity, and yield of the protein. The cytokine
fusion partner should have a C-terminus or N-terminus apart
from the active site so that extension of one terminus with an anti-
genic peptide will not impair cytokine activity. For example, an
IL16-NAg fusion protein (NAg at the C-terminus) was less effec-
tive as a NAg than an alternative version (NAgIL16) that placed
the NAg domain at the N-terminus.

THE NAg DOMAIN
The following characteristics of the NAg domain may favor tol-
erance. The NAg domain should be a dominant encephalitogenic
epitope of myelin, or more broadly, a major autoimmune epi-
tope. The concept of antigen-specific tolerance in autoimmune
disease is contingent upon “hitting the nail on the head.” One
would surmise that targeting minor epitopes would have little

www.frontiersin.org August 2012 | Volume 3 | Article 255 | 133

http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


Mannie et al. Tolerogenic, therapeutic vaccines for EAE

effect on the autoimmune disease unless such determinants sub-
sequently became important in perpetuating chronic disease. An
inter-related consideration is that the NAg should be“self”to facili-
tate recognition by regulatory T cells which favor self-recognition.
The NAg domain should be soluble to minimize protein aggre-
gation and facilitate expression, purification, and yield of the
recombinant protein. This requirement of solubility for this vac-
cine approach may preclude use of peptide epitopes buried in
transmembrane or hydrophobic domains.

LINKAGE OF THE CYTOKINE-NAg DOMAINS
Most cytokine-NAg vaccines did not require linkers between the
cytokine and NAg domains (Table 1). GMCSF-NAg, MCSF-NAg,
NAgIL16, IL2-NAg, or IL4-NAg did not require an interven-
ing linker for antigen-targeting activity in vitro or for tolerance
induction in vivo. The notable exception was IFNbeta-NAg in
which the enterokinase (EK) linker was needed to preserve full
IFN-beta activity (Mannie et al., 2009b). Direct linkage of IFN-
beta to the MBP69–87 peptide or conversely, placement of the
MBP peptide at the N-terminus resulted in a vaccine character-
ized by substantial losses of IFN-beta potency. Two considerations
should guide research on optimal linker usage in future cytokine-
NAg vaccines. First, one would want to avoid extraneous foreign
linker sequences, unless necessary for full cytokine domain activity,
because such linkers may be immunogenic and elicit neutral-
izing antibody against the vaccine. Second, the use of linkers
with protease-recognition sites may facilitate cleavage and release
of the NAg domain in the MHCII-antigen processing pathway
and thereby facilitate antigen-targeting and tolerogenic activity of
these vaccines.

ROUTE OF ADMINISTRATION
Administration of antigen in the absence of adjuvants or
co-stimulation has long been associated with the induction of
tolerance in many experimental systems including EAE. Myelin-
derived peptides and proteins have been administered by nasal,
oral, or other mucosal routes, and these routes of NAg administra-
tion often result in myelin-specific tolerance capable of blocking
EAE (Shi et al., 1998; Miyamoto et al., 2005; Song et al., 2006;
Weiner et al., 2011). Other tolerance induction strategies appear
contingent upon intravenous delivery of antigen. For example,
antigen-coupled leukocytes were highly tolerogenic when deliv-
ered intravenously but were immunogenic and promoted EAE
when injected by a subcutaneous route (Getts et al., 2011). Other
routes of administration also favor tolerance induction. For exam-
ple, application of myelin antigen on epicutaneous patches elicited
active regulatory mechanisms that inhibited EAE (Bynoe et al.,
2003). Intrathymic injection of myelin antigen augmented induc-
tion of tolerance and inhibited EAE (Khoury et al., 1993; Goss
et al., 1994). These data indicate that soluble protein/peptide anti-
gens may induce tolerance by mechanisms contingent on route
and may lack effectiveness or tolerogenic potency when delivered
via a subcutaneous route.

Subcutaneous administration can have important advantages.
Avoidance of the intravenous route should minimize the prospect
of adverse anaphylactic reactivity. Administration via a subcu-
taneous route, as opposed to mucosal or cutaneous application,

should aid accuracy in dosing. Because cytokine-NAg vaccines
are intended to be given as a limited number of applications, the
ease-of-use benefits of mucosal application are minimal. Admin-
istration in saline without adjuvants should minimize unintended
immunogenic responses that favor the induction of autoimmune
disease. To date, subcutaneous injection of cytokine-NAg vaccines
has not elicited any sign of local reactivity at the injection site.
The finding that cytokine-NAg vaccines can induce tolerance by
a limited number of low-dose injections precludes the need for
chronic administration and therefore minimizes the likelihood of
eliciting neutralizing antibodies against the vaccine. Thus, a pri-
mary advantage is that these vaccines were effective tolerogens
when given in saline as a limited number of administrations by
the subcutaneous route.

THE ISSUE OF NEUTRALIZING ANTI-VACCINE ANTIBODIES
The issue of neutralizing anti-vaccine antibodies was explored
for GMCSF-NAg, because the generation of anti-GM-CSF anti-
bodies, unlike anti-IFN-beta antibodies, might inhibit EAE, and
confound data interpretation. Several considerations inherent
in the experimental approach minimized the possible produc-
tion of anti-vaccine antibodies, including use of syngeneic “self”
cytokine domains, lack of adjuvant, low-dose administration, and
a limited number of “boosts.” Nonetheless, rat GMCSF-NAg was
expressed from baculovirus-infected insect cultures, whereas the
mouse GMCSF-NAg and all IFNbeta-NAg preparations derived
from mammalian cell culture (human embryonic kidney cells).
Possibly, insect specific-glycosylation of rat GMCSF-NAg may be
sufficiently foreign to evoke antibody against this recombinant
protein, and possibly, by epitope spread, may give rise to anti-
bodies that could neutralize endogenous GM-CSF to inhibit EAE.
However, this was not the case. Pre-treatment with GMCSF-NAg
did not result in detectable antibody against either the GM-CSF
or NAg domain or any aspect of the vaccine protein (including
the histidine-tag). Indeed, subcutaneous treatment of GMCSF-
NAg in an alum adjuvant or in combination with either pertussis
toxin or TNF-alpha did not elicit detectable antibody against the
vaccine protein. Intravenous administration of GMCSF-NAg also
did not elicit anti-vaccine antibody. Even high doses (five injec-
tions of 8.0 nmol GMCSF-NAg) did not elicit detectable antibody.
Immunization of rats with NAg/CFA elicited antibody against
the NAg peptide that cross-reacted against the NAg domain of
GMCSF-NAg, but this antibody did not interfere with the thera-
peutic activity of GMCSF-NAg in EAE. The lack of anti-GM-CSF
antibody production was not surprising, because GM-CSF was a
self protein, and the GMCSF domain lacked the necessary adju-
vant activity for immunogenic responses or EAE induction. Thus,
our data to this point indicated that anti-GMCSF antibody played
no substantial role in the inhibitory activity of GMCSF-NAg.

VACCINE-MEDIATED INHIBITORY ACTIVITY IN PRO-INFLAMMATORY
ENVIRONMENTS
GMCSF-NAg was shown to inhibit the effector phase of EAE
(Figure 2B). In this experiment, treatment was initiated when
the first mice began to show initial signs of EAE. At this point
though, a majority of mice remained clinically normal but disease
onset was imminent because, in the next 2 days, seven of eight
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mice developed EAE in the saline-treated group. Treatment with
GMCSF-MOG halted progression of EAE in all mice including
those showing early signs of EAE. This experiment did not how-
ever address whether GMCSF-MOG, delivered subcutaneously in
the flank, could down-regulate effector cells already entrenched
within the CNS to inhibit established EAE. The experiment shown
in Figure 6A was designed to address this question. Treatment with
GMCSF-MOG was initiated in a group of mice showing 100%
disease incidence and an average severity score of greater than 2.
Here again, treatment with GMCSF-MOG reversed the course of
EAE and blocked disease progression over the next 3 weeks, even
after cessation of treatment. This observation provided evidence
that GMCSF-MOG has lasting inhibitory activity despite ongoing
inflammation in the CNS.

A common assumption is that quiescent, non-inflammatory
environments enable tolerogenic responses whereas pro-
inflammatory environments foster immunogenic responses.
Based on this assumption, a cytokine-NAg vaccine should exert
tolerogenic activity in a quiescent, non-inflamed site but would
exhibit immunogenic activity in an inflamed locale. The credence
of this assumption however may be lacking, given that appre-
ciable frequencies of potentially pathogenic, self-reactive T cells
circulate in most individuals (Elong Ngono et al., 2012), and
pro-inflammatory environments are common in most individuals
due to infectious disease, injury, or vaccination. Yet prevalence of
autoimmune disease is relatively low.

Thus, an important question is whether cytokine-NAg vac-
cines require non-inflammatory environments for induction of
tolerance. For example, if GMCSF-MOG was given to a truly
inflamed tissue, would GMCSF-MOG potentiate EAE rather than
tolerance? One possible explanation for the ability of GMCSF-
MOG to inhibit the effector phase of EAE is that peripheral
injection of GMCSF-MOG positions the vaccine within sterile
non-inflammatory environments of isolated peripheral lymphoid
tissues, separate from the lymphatic drainage associated of the
encephalitogenic CFA emulsion and apart from the inflamed CNS.
To more directly address this question, GMSCF-MOG (in saline)
was given as a single injection immediately adjacent to an active
immunization with MOG35–55 in CFA. These mice were also
injected with Pertussis toxin to elicit EAE. The adjacent injec-
tion of GMCSF-MOG, but not GMCSF-PLP or saline, inhibited
the MOG35–55/CFA sensitization as shown by a lack of EAE in
five of six mice (second column, Figure 6B). The MOG domain
of the GMCSF-MOG vaccine was critical for inhibition, because
GMCSF-PLP had no effect on MOG35–55/CFA sensitization (first
column). Thus, the inhibitory mechanism was MOG-dependent
and antigen-specific. The GMCSF-MOG vaccine was inhibitory
within a lymphatic drainage conditioned by CFA and in the midst
of CFA-conditioned inflammatory responses. These data indicate
that GMCSF-MOG retained regulatory activity within the stag-
ing sites of an encephalitogenic response. Overall, these data do
not readily fit the concept that a generic pro/anti-inflammatory
balance determines the outcome of a tolerogenic vaccination.

A related question was whether GMCSF-MOG had pro-
encephalitogenic activity when given in combination with a
saline/CFA emulsion when no antigen was actually incorporated
into the CFA emulsion (fourth column, Figure 6B). In this case,

FIGURE 6 | GMCSF-MOG was an effective therapeutic in
pro-inflammatory environments. (A) Mice were immunized on day 0 with
200 µg MOG35–55 in CFA and were also given Pertussis toxin (200 ng i.p.)
on days 0 and 2. When the majority of mice began showing paralytic EAE,
mice were matched for clinical signs of EAE and were injected with the
synthetic peptide MOG35–55, GMCSF-MOG (2 nmol subcutaneously in
saline), or saline on days 12, 14, 16, and 18 (red arrows). Mean maximal
disease scores of mice treated with GMCSF-MOG significantly differed
from those treated with saline (p=0.015; non-parametric ANOVA based on
ranked scores). (B) On day 0, mice were given an injection of MOG35–55 in
CFA to elicit EAE along with an adjacent injection (∼1 mm apart) of 2 nmol
GMCSF-PLP, GMCSF-MOG (in saline), or saline. A separate group of mice
were injected with a saline/CFA emulsion and an adjacent injection of
2 nmol GMCSF-MOG. All four groups also received Pertussis toxin (200 ng
i.p.) on days 0 and 2. Maximal EAE scores of mice given adjacent injections
of “MOG35–55/CFA and GMCSF-MOG (second column)” or “saline/CFA
and GMCSF-MOG (fourth column)” differed from those for mice injected
with MOG35–55/CFA and either GMCSF-PLP (first column) or saline (third
column; p≤0.001).

the saline/CFA emulsion and the GMCSF-MOG would reach
the same draining lymphatics. One possibility is that the pro-
inflammatory influence of the CFA emulsion would impose a pro-
inflammatory outcome on T cells that recognized the MOG35–55
peptide derived from the GMCSF-MOG vaccine, given that the
CFA antigens and GMCSF-MOG would likely be processed by
many of the same DC. If the CFA emulsion and the GMCSF-MOG
vaccine affect the same subset of DC, then one might predict that
GMCSF-MOG would cause EAE in this experiment. However,
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EAE was not detected in this group. Overall, arguments based
on a generic pro/anti-inflammatory balance are not sufficient
to account for activity of these vaccines. Rather, GMCSF-MOG
has strong inhibitory activity that can directly inhibit encephal-
itogenic responses, even in the midst of a pro-inflammatory
environment.

In contrast to GMCSF-MOG, it is notable that GMCSF-PLP
did not affect EAE (compare first and second columns, Figure 6B)
when given as side-by-side injections with MOG35–55/CFA. The
observation underscores the antigen specificity of cytokine-NAg
vaccines. Importantly, the GM-CSF domain did not augment
EAE when given in the same peripheral drainage site as the
MOG35–55/CFA emulsion. The same result was revealed by exper-
iments comparing GMCSF-NAg to GM-CSF (Figures 2A and 3B).
Peripheral administration of low-dose GM-CSF did not augment
an encephalitogenic response. According to these experiments,
administration of GM-CSF in limited doses at peripheral sites
in wildtype mice does not augment EAE. These findings show
that peripheral administration of GM-CSF does not feed the
pro-encephalitogenic CNS actions of GM-CSF. Indeed, periph-
eral administration of exogenous GM-CSF inhibits autoimmune
disease by facilitating differentiation of homeostatic DC-Treg net-
works (Enzler et al., 2003, 2007; Vasu et al., 2003; Gangi et al.,
2005; Sheng et al., 2006, 2008; Gaudreau et al., 2007, 2010; Merig-
gioli et al., 2008; Cheatem et al., 2009; Ganesh et al., 2009, 2011;
Bhattacharya et al., 2011).

These observations underlie a paradox. The GM-CSF domain
of GMCSF-MOG is an optimal fusion partner for inhibition of
EAE whereas GM-CSF, produced by re-activated CNS-infiltrating
T cells, is needed for effector responses of EAE in the CNS (Marusic
et al., 2002; Ponomarev et al., 2007; Kroenke et al., 2008; Becher and
Segal, 2011; Codarri et al., 2011; El-Behi et al., 2011). One possible
explanation for this paradox is that the GMCSF-MOG vaccine acts
in peripheral lymphoid tissues to inhibit the generation of MOG-
specific T cells needed for induction of EAE, thereby accounting
the pre-treatment efficacy of the vaccine. GMCSF-MOG may also
impair generation of MOG-specific T cells needed for the main-
tenance or replenishment of CNS-resident T cells during chronic
EAE, thereby explaining the treatment efficacy of the vaccine. In
both cases, GMCSF-MOG may be acting peripherally to mitigate
disease of the CNS. Conversely, the elaboration of the GM-CSF
cytokine in the CNS target tissue may be needed for phagocytic
destruction of myelin during the effector phase of EAE. Inhibitory
and encephalitogenic activities of GM-CSF are not contradictory,
but rather may merely reflect different aspects of GM-CSF in dif-
ferent places at different phases of the immune response. That is,
GM-CSF in peripheral sites including secondary lymphoid organs
may be homeostatic whereas GM-CSF acting centrally in the CNS
may be pathogenic.

ROLE OF MYELOID APC AND DC IN ANTIGEN-SPECIFIC TOLERANCE
The use of antigen to induce antigen-specific immunological
tolerance has been extensively studied over many decades and
represents the basis for development of directed therapies for
autoimmune disease and other allergic or inflammatory disorders.
For autoimmune disease, the simplest reductionist approach is to
use a cocktail of peptides representing the major autoantigens that

are suspected of driving the autoimmune process (Wraith, 2009).
Many variations on this theme exist, including incorporation of
DNA sequences encoding major autoantigens into DNA based
vaccines (Steinman, 2010). Autoantigen peptides have been cou-
pled to leukocyte cell surfaces, and leukocyte-antigen preparations
have been shown to exert tolerogenic activity that prevents autoim-
munity and hypersensitivity in rodent models of disease (Turley
and Miller, 2010). For peptide and DNA vaccines, DC or related
myeloid-derived APC appear to be pivotal APC for induction of
tolerance. For cell-based vaccines, myelin peptides are coupled to
leukocytes by means of a fixative which causes apoptosis, and tol-
erance appears dependent upon uptake of apoptotic donor APC by
recipient myeloid-derived APC followed by reprocessing and pre-
sentation of the myelin antigens by splenic macrophages. These
antigen-based approaches have now progressed into clinical trials
to assess safety and efficacy.

Our experiments consistently show that cytokine-NAg vaccines
are qualitatively superior to the free antigenic peptide for induc-
tion of tolerance and inhibition of autoimmunity (Figures 2–4 and
6A). Free antigenic peptides in some cases had some inhibitory
activity, but based on the delivery regimens used in our stud-
ies, auto-antigenic peptides were useful primarily as “negative”
controls. Likewise, comparison of a multivalent concatemer com-
prising of a linear array of MS-relevant epitopes was substantially
more tolerogenic than the individual peptides (Kaushansky et al.,
2011). The enhanced efficacy of the multi-epitope protein most
likely reflected, in part, protection from proteolysis, enhanced
uptake, and perhaps altered processing by APC. These factors likely
facilitated a greater exposure of the vaccine to the immune system
and thereby promoted more efficient homeostatic regulation of
the relevant autoreactive T cell clones.

Several approaches have been devised to develop tolerogenic
fusion proteins that incorporate autoantigen into larger carrier
proteins. These fusion proteins are designed to target autoanti-
gen into the antigen processing pathways of specialized APC
to enhance MHCII-restricted antigen presentation to thereby
optimize tolerogenic potency and efficacy. For example, myelin
peptides have been incorporated as the CDR3 region of the
immunoglobulin heavy chain (Legge et al., 2001; Divekar et al.,
2011). These Ig-antigen fusion proteins, when appropriately
aggregated and multimerized, interact with low affinity, counter-
regulatory Fc-gamma receptors (i.e., CD32) to target antigen
for enhanced presentation by a mechanism that results in tol-
erance to those myelin antigens. Likewise, B lymphocytes were
engineered to express immunoglobulin-autoantigen fusion pro-
teins. When introduced into mice, these engineered B cells were
able to suppress a number of autoimmune diseases including
EAE by an antigen-specific mechanism associated with the pre-
sentation of endogenously processed peptides on MHCII glyco-
proteins in the context of B7.2-mediated co-stimulation (Melo
et al., 2002; Xu and Scott, 2004; Zhang et al., 2010). The role
of B cells as potentially tolerogenic APC was supported by the
observation that specific targeting of encephalitogenic myelin
peptide to B cells in vivo inhibited the subsequent induction
of EAE (Day et al., 1992; Saoudi et al., 1995). In these stud-
ies, an encephalitogenic MBP peptide was covalently coupled to
anti-IgD antibodies or F(ab’)2 anti-IgD. These antigen-anti-IgD
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Table 3 | Summary of cytokine-NAg vaccines.

Attribute Utility

ATTRIBUTES AND UTILITIES OF CYTOKINE-NAG VACCINES

Antigen-specific induction of tolerance Alleviate need for broad-spectrum immunosuppressive drugs

Long-lasting protection Alleviate need for chronic administration

Potency and efficacy in pre-treatment regimens Vaccines inhibit staging of disease

Potency and efficacy in treatment regimens Vaccines block the effector phase of disease

Effective subcutaneous administration in saline Route of vaccination safe and practical

Three injections sufficient to inhibit EAE Short-term administration minimizes induction of neutralizing antibodies

No adverse reactions at the injection site No recall inflammatory response or Arthus reaction

Small stable proteins, robust expression systems Readily expressed and purified, small proteins have advantageous tissue penetrance and

bio-distribution

IFN-beta re-purposed as a cytokine domain for

myelin-specific vaccines

Extensive clinical experience with IFN-beta as a front-line therapeutic for MS

GM-CSF re-purposed as a cytokine domain for

myelin-specific vaccines

Extensive clinical experience with GM-CSF for bone marrow engraftment and stem cell

mobilization

proteins were therefore designed to bind to most B cells with-
out interference from secreted antibody and without diversion
to Fc receptors. These proteins were used to show a relationship
between B cell-targeted antigen presentation and tolerance induc-
tion. Overall, these experimental systems reinforce the concept that
myelin-derived “self” antigens can be targeted to specialized APC
subsets to efficiently introduce those antigens into the MHCII-
antigen processing pathway to reinforce self-tolerance and blunt
autoimmunity.

In addition to B cells, myelin antigens targeted to DC also
suppress EAE. Myelin peptide antigens have been incorporated
into the C-terminus of immunoglobulin molecules specific for
cell surface molecules on DC such as DEC-205 (Hawiger et al.,
2004; Stern et al., 2010). The incorporation of either MOG35–55
or the PLP139–151 peptide at the C-terminus of an anti-DEC-
205 antibody resulted in the targeted presentation of those myelin
peptides by DC and induction of tolerance and prevention of EAE.
Pre-treatment of C57BL/6 mice with the anti-DEC-205-MOG
fusion protein prevented the subsequent induction of EAE and
induced unresponsiveness in MOG-specific T cells by a mech-
anism associated with enhanced expression of CD5 on anergic
T cells. Pre-treatment with the anti-DEC-205-PLP fusion pro-
tein attenuated the subsequent course of EAE in association
with anergy of PLP effector cells and emergence of regulatory
CD4+T cells. Together with our studies of GMCSF-NAg in
rat and mouse models of EAE, these data provide suggestive
evidence that targeting “self” myelin peptides to DC in vivo
results in antigen-specific tolerance coupled with inhibition of
EAE. GMCSF-NAg is of interest because the vaccine is rela-
tively small in size and has robust activity when administered
after disease onset. The small size facilitates protein expression
and may be advantageous in terms of tissue penetrance and
bioavailability.

It is interesting to note that myelin antigens targeted to major
APC subsets such as B cells and DC resulted in tolerance able
to suppress EAE in various models. Nonetheless, B cells and DC

are critical APC cell types that underlie immunogenic responses
against infectious agents. The major APC subsets of the immune
system therefore do not appear dedicated to either tolerogenic
or immunogenic outcomes. Rather, the functional outcome is a
complex interplay among many poorly understood factors includ-
ing the nature of the antigen (self versus non-self) and the
carrier and their interaction with the local and systemic envi-
ronment. Despite this complexity, it is becoming evident that
new classes of experimental vaccines can be designed to target
major APC subsets to efficiently induce antigen-specific toler-
ance and thereby control autoimmune and other inflammatory
diseases.

CONCLUSION
Cytokine-NAg vaccines represent a novel approach for the induc-
tion of antigen-specific tolerance and may be useful as a ther-
apeutic approach for MS. This approach has numerous advan-
tages as reviewed in Table 3. This vaccine approach may also be
applied to develop therapeutics for other autoimmune diseases.
This approach to date has only been superficially explored and
requires future research to understand the underlying tolerogenic
mechanisms, to test an expanded number of tolerogenic cytokine
fusion partners and myelin epitopes, and translate the concept
to the derivation of optimal human cytokine-NAg vaccines for
treatment of MS.
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The immunosuppressive regimens currently used in transplantation to prevent allograft
destruction by the host’s immune system have deleterious side effects and fail to control
chronic rejection processes. Induction of donor-specific non-responsiveness (i.e., immuno-
logical tolerance) to transplants would solve these problems and would substantially
ameliorate patients’ quality of life. It has been proposed that bone marrow or hematopoietic
stem-cell transplantation, and resulting (mixed) hematopoietic chimerism, lead to immuno-
logical tolerance to organs of the same donor. However, a careful analysis of the literature,
performed here, clearly establishes that whereas hematopoietic chimerism substantially
prolongs allograft survival, it does not systematically prevent chronic rejection. Moreover,
the cytotoxic conditioning regimens used to achieve long-term persistence of chimerism
are associated with severe side effects that appear incompatible with a routine use in
the clinic. Several laboratories recently embarked on different studies to develop alterna-
tive strategies to overcome these issues. We discuss here recent advances obtained by
combining regulatory T cell infusion with bone-marrow transplantation. In experimental
settings, this attractive approach allows development of genuine immunological tolerance
to donor tissues using clinically relevant conditioning regimens.

Keywords: transplantation tolerance, hematopoietic chimerism, regulatoryT lymphocytes, passive tolerance, active

tolerance, chronic rejection

INTRODUCTION
The immunosuppressive regimens developed since the discovery
of cyclosporine A showed ever increasing efficiency in reducing
the severity and occurrence of acute rejection episodes. Recently,
a systematic analysis of the literature firmly identified acute rejec-
tion events as a bad prognosis factor for long-term graft survival
(Wu et al., 2009). Since immunosuppressive drugs efficiently con-
trol acute rejection, this explains how they significantly improved
allograft survival over the past 40 years despite failing to have a
direct impact on chronic rejection. The failure of current treat-
ments to control chronic rejection processes combined with their
deleterious side-effects urgently call for development of novel ther-
apies against allograft rejection (Kahan, 2003; Meier-Kriesche and
Kaplan, 2011).

During lymphocyte development in primary lymphoid organs,
and due to the random rearrangement of genes encoding the anti-
gen receptor, many autospecific T and B cell precursors arise. Since
such cells would cause devastating autoimmune pathology, the
natural mechanisms involved in the induction of self-tolerance
play a crucial role in the survival of the species (Waldmann,
2010). Self-tolerance is defined as a state in which autoim-
mune attack is either prevented or deviated to non-detrimental
responses (Walker and Abbas, 2002; Hogquist et al., 2005). It
allows development of protective immunity and is therefore very
specific. It appears very attractive to manipulate the mechanisms
involved in self-tolerance in order to make them prevent allograft

rejection. If successful, this would allow for indefinite survival of
grafts.

TOLERANCE-INDUCTION BY CELLS OF HEMATOPOIETIC
ORIGIN: PROOF OF PRINCIPLE
Several layers of complementary mechanisms ensure tolerance to
self-antigens. Interestingly, considerable insight into these mech-
anisms was obtained through transplantation models and by
manipulating the development of the immune system early in life,
during embryogenesis or in neonates. Owen (1945) first observed
that dizygotic twin cattle, that almost invariably develop placental
anastomosis, “have identical blood types” as adults and he con-
cluded “the critical interchange is of embryonal cells ancestral
to the erythrocytes”. Later, Billingham, Medawar, and colleagues
showed that these chimeric twins “accepted” each other’s skins
when grafted later in life (Billingham et al., 1952). In a 1953 land-
mark paper, the same group showed that skin allograft survival
could be substantially prolonged by injecting a single-cell sus-
pension of donor tissues in utero or into neonates (Billingham
et al., 1953). Such treatment led to varying levels of hematopoi-
etic chimerism, which was later shown to be critically involved in
allograft survival (Lubaroff and Silvers, 1973; Wood and Streilein,
1982; Wren et al., 1993; Alard et al., 1995).

In the two systems described above, lymphocytes developed in
the presence of (and thus learned to be tolerant to) donor antigens.
However, in adults the situation is more complicated as, in addition
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to developing lymphocytes,preexisting donor-specific mature cells
would also need to be rendered tolerant. To bypass this concern,
several laboratories decided to deplete the pool of mature T cells
(Main and Prehn, 1955; Trentin, 1956; Brocades Zaalberg et al.,
1957). These groups first experimented this approach through
the elimination of all hematopoietic cells. Recipient mice were
lethally irradiated or treated with cytotoxic drugs, reconstituted
with donor bone marrow, and grafted with skin. These strate-
gies invariably led to substantially increased survival of homo-
and xenografts. More recently, Ildstad and Sachs (1984) definitely
validated these observations by inducing long-term survival of
allogenic and xenogenic skin grafts using a comparable approach.
Similar results were obtained in the rat for heart and skin grafts
(Colson et al., 1995b; Orloff et al., 1995). Combined, these obser-
vations clearly demonstrated that hematopoietic chimerism leads
to prolonged survival of allografts.

CELLS OF HEMATOPOIETIC ORIGIN INDUCE T CELL
TOLERANCE BY INDUCTION OF APOPTOSIS AND ANERGY
To address the question of how cells of hematopoietic origin
induce tolerance, researchers needed a means to identify T cell
precursors specific for a given antigen. Kappler et al. (1987b)
showed that practically all T cells expressing the variable TCR
segment Vβ17a, representing up to 15% of the T cell repertoire
in certain mouse-strains, recognized the MHC class II mole-
cule I-E. Given that they had developed an antibody against this
Vβ domain, the mechanisms involved in T cell tolerance to I-E
could now be analyzed. It was shown in I-E expressing mice that
Vβ17a+ T cell precursors were eliminated at an immature stage
during thymic development (Kappler et al., 1987a). The follow-
ing year, the same authors further characterized this mechanism
and showed that clonal deletion requires the expression of the
negatively selecting ligand by thymic cells of hematopoietic origin
(Kappler et al., 1988). Many other illustrations of clonal deletion
of T cells expressing given TCR Vβ segments by endogenous or
exogenous superantigens have since been published (MacDonald
et al., 1988b; Luther and Acha-Orbea, 1997).

Could thymic elimination of reactive clones also be involved in
the neonatal induction of tolerance to alloantigens? This ques-
tion was addressed by MacDonald et al. (1988a) who showed
that the transfer of superantigen-expressing spleen cells into
neonates lead to the intrathymic deletion of superantigen-reactive
T cells. Similar conclusions were rapidly drawn by others (Streilein,
1991). Later, intrathymic deletion of donor-specific precursors was
also reported in adult mixed hematopoietic chimeras using TCR
transgenic cells as a tracer population (Manilay et al., 1998).

Thus, thymic cells of hematopoietic origin are involved in dele-
tion of autospecific T cell-precursors and mixed hematopoietic
chimerism leads to deletion of alloreactive cells. Using thymic
organ cultures to analyze the involvement of different stromal
cells, it was shown that dendritic cells (DC) are critically involved
in this process (Matzinger and Guerder, 1989; Jenkinson et al.,
1992; Anderson et al., 1998). This was further confirmed using
a transgenic mouse model in which TCR ligand-expression was
essentially restricted to DC using the CD11c promoter (Brocker
et al., 1997). Among the thymic DC subtypes, both Sirpα+
and Sirpα − conventional DC have been implicated in central

tolerance-induction by deletion (Wu and Shortman, 2005; Baba
et al., 2009). However, other populations of hematopoietic cells
may also play a role in this process, including CD4+CD8+ thymo-
cytes, thymic macrophages and B cells (Pircher et al., 1992, 1993;
Kleindienst et al., 2000), and circulating peripheral DC (Bonasio
et al., 2006).

Combined, the data discussed thus far showed that DC, and
potentially other cells of hematopoietic origin, contribute to tol-
erance induction by elimination of developing thymocytes. Using
conditioning regimens that totally deplete host T cells before bone-
marrow transplantation, it was proposed that this mechanism was
necessary and sufficient for maintenance of tolerance and that
peripheral mechanisms do not contribute to this process (Khan
et al., 1996). However, other mechanisms could be involved when
less aggressive regimens are used. In normal mice, it has been pro-
posed that deletion of autospecific T cells that escaped thymic
selection could also occur in peripheral lymphoid organs and
could be involved in the maintenance of self-tolerance (Russell,
1995). To test if similar mechanisms were involved in induction
of tolerance to alloantigens following bone-marrow transplan-
tation, Wekerle et al. (1998) tracked T cells specific for a given
superantigen in thymectomized mice transplanted with allogeneic
bone-marrow under cover of CTLA4-Ig and antibody to CD154
(“co-stimulatory blockade”). They observed a rapid deletion of
donor-specific host T cells from the peripheral CD4+ compart-
ment. This observation was later confirmed using a TCR trans-
genic mouse model (Kurtz et al., 2004) and it was further shown
that peripheral deletion relies essentially on two types of mecha-
nisms: activation-induced cell death, a Fas-dependent process that
can be promoted by IL-2 and that leads to apoptosis of activated
T cells when restimulated with high doses of antigen (Lenardo,
1991; Ju et al., 1995; Russell, 1995); and passive cell death or death
“by neglect,” a Fas-independent process that can be prevented by
overexpression of Bcl-2 or Bcl-xL and that leads to T cell apoptosis
when stimulated with low dose of antigen and/or in the absence
of co-stimulatory signals (Boise et al., 1995; Van Parijs et al., 1996;
Wekerle et al., 2001). It was also shown that in addition to DC,
other populations of hematopoietic cells such as B cells have the
capacity to delete allospecific precursors from the peripheral T cell
compartment (Fehr et al., 2008a,b). Finally, hematopoietic cells
can also cause T cell tolerance by inducing a non-responsive state
called clonal anergy (Rammensee et al., 1989; Tomita et al., 1994;
Hawiger et al., 2001). Combined, the cited reports clearly show
that cells of hematopoietic origin can induce “passive” tolerance
(i.e., apoptosis and anergy).

CAN HEMATOPOIETIC CELLS INDUCE ACTIVE REGULATORY
MECHANISMS?
T lymphocytes from chimeric mice in which radioresistant cells
express MHC molecules but hematopoietic cells do not, vigor-
ously react to self-antigens in vitro (van Meerwijk and MacDonald,
1999) and in some well-defined experimental conditions in vivo
(Hudrisier et al., 2003). Combined with the observations listed
above, this shows that hematopoietic cells play a central role in
the deletion and/or functional inactivation of self-reactive pre-
cursors. However, passive mechanisms are not sufficient to fully
control self-reactivity. Individuals carrying a mutated FOXP3 gene
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develop the rapidly lethal autoimmune syndrome immuno dys-
function, polyendocrinopathy, enteropathy, X-linked (IPEX). This
is explained by the fact that Foxp3 is required for the program-
ming of a population of regulatory CD4+ T lymphocytes (Treg)
that inhibit and/or divert innate and adaptive immune responses,
mainly those directed against self-antigens. Genuine tolerance to
self, and consequently probably to non-self-antigens, therefore
requires Treg (Fontenot and Rudensky, 2005; Sakaguchi et al.,
2006; Shevach et al., 2006).

Given their central (though not exclusive) role in the control
of autoimmune responses, it was probably not a very surprising
finding that the Treg repertoire is strongly enriched in autospecific
cells (Romagnoli et al., 2002; Hsieh et al., 2004). Development
of self-antigen-specific Treg in the thymus depends on inter-
action of developing precursors with MHC/self-peptide ligands
expressed by thymic epithelial cells (Bensinger et al., 2001; Romag-
noli et al., 2005; Ribot et al., 2006, 2007; Aschenbrenner et al.,
2007). Moreover, the transplantation of allogeneic thymic anla-
gen (i.e., the initial cluster of pluripotent embryonic cells from
which the thymus will develop) into mice induces Treg-mediated
tolerance to subsequent skin grafts of the same donor, again
showing that thymic epithelial cells can select antigen-specific
Treg (Le Douarin et al., 1996). However, the capacity to trigger
Treg differentiation in the thymus is not a property restricted to
epithelial cells as it has been reported that thymic DC are also
involved in this process (Watanabe et al., 2005; Proietto et al.,
2008; Wirnsberger et al., 2009). Moreover, induction of Treg dif-
ferentiation by DC has also been reported in peripheral lymphoid
organs under certain carefully controlled experimental condi-
tions (reviewed by Romagnoli et al., 2008). It may therefore be
hypothesized that hematopoietic chimerism can lead to differ-
entiation and/or expansion of Treg specific for donor antigens
and thus to the development of dominant tolerance. However,
in experimental systems where the conditioning regimen used to
induce mixed hematopoietic chimerism involved the total dele-
tion of host T cells, transfer of syngeneic naïve CD4+ T cells
into the recipient leads to bone-marrow rejection and to the con-
comitant loss of donor-specific transplantation tolerance (Wren
et al., 1993). This result clearly demonstrated that hematopoi-
etic chimerism per se is insufficient for induction of dominant
tolerance to alloantigens. Given the non-redundant role of Treg
in maintenance of self-tolerance, hematopoietic chimerism there-
fore appears unlikely to be sufficient for permanent survival of
allografts.

Active tolerance mechanisms are not limited to those medi-
ated by Treg. “Immune deviation” from a harmful Th1 to a less
detrimental Th2 response has also been shown to play a role in
control of immune responses (Rocken, 1996; Walker and Abbas,
2002). Alloreactive Th2 cytokine producing T cells have been
observed after neonatal injection of lymphohematopoietic cells
(Streilein, 1991) and immune deviation by IL-4 was shown to play
a critical role in tolerance to alloantigens (Donckier et al., 1995).
The hematopoietic (micro-)chimerism induced in this experimen-
tal model, which is critically required for the allograft tolerance
(Lubaroff and Silvers, 1973), therefore appears to induce an active
regulatory mechanism. However, this mechanism appears insuffi-
cient for induction of full immunological tolerance to alloantigens

(see below). Stem-cell transplantation under cover of cyclophos-
phamide can induce tolerance to MHC-matched skin allografts
in mice. It was shown that NKT cells, another immunoregula-
tory population, play a central role in this phenomenon (Iwai
et al., 2006). Regulatory T cell populations other than Foxp3+ cells
may therefore be induced by hematopoietic chimerism but their
activity appears insufficient for prevention of chronic allograft
rejection.

DOES HEMATOPOIETIC CHIMERISM INDUCE GENUINE
TOLERANCE TO ALLOGRAFTS?
As discussed above, hematopoietic chimerism is thought to be
sufficient for induction of tolerance to allografts. The mechanisms
involved include central and peripheral clonal deletion and anergy.
After the initial reports on allograft tolerance in dizygotic cattle
twins that had shared blood circulation during embryonic life, it
became clear that most skin grafts were rejected in the long term
(Stone et al., 1965, 1971). Second skin grafts from the same donor
survived less long than the first grafts, but substantially longer than
third party organs, showing that the tolerance mechanism had not
waned away.

Also neonatal injection of allogeneic splenocytes, leading to
hematopoietic microchimerism, is thought to induce tolerance to
subsequent skin grafts. However, this procedure appeared to work
only in a limited number of donor/host combinations. Impor-
tantly, most of the reported donor/host combinations concerned
MHC congenic strains (i.e., expressing distinct MHC haplotypes
on an identical genetic background) and chronic rejection was
not systematically studied (Streilein and Klein, 1977). Moreover,
even when acceptance of skin allografts was achieved, it did not
correlate with immunological unresponsiveness (Streilein, 1991;
Donckier et al., 1995).

In adult mice, lymphoablation was achieved using lethal
total body irradiation or depleting antibodies to, e.g., CD4 and
CD8. Myeloablation, required for induction of hematopoietic
chimerism, was induced by the irradiation or administration of
myeloablative drugs. Subsequent transplantation of allogenic or
xenogenic bone marrow led to persistent chimerism (reviewed in
Wekerle and Sykes, 1999; Cosimi and Sachs, 2004). Skin grafts from
the bone-marrow donors could survive for prolonged periods, but
success-rates were often well below 100% and chronic rejection
was not studied. In some host/donor combinations, hematopoi-
etic chimerism failed to prevent acute rejection of skin allografts
(Boyse et al., 1970), and T cell reactivity to skin-specific anti-
gens not expressed by hematopoietic cells was responsible for this
observation (Scheid et al., 1972; Boyse et al., 1973). Also the sur-
vival of cardiac allografts was favored by hematopoietic chimerism
(Steinmuller and Lofgreen, 1974). However, histological analysis
of surviving hearts revealed frequent chronic rejection (Russell
et al., 2001). Also in the rat, myelo- and lymphoablation followed
by induction of hematopoietic chimerism was reported to pro-
long survival of skin, heart, and renal allografts (Slavin et al., 1978;
Colson et al., 1995b; Orloff et al., 1995; Blom et al., 1996). How-
ever, chronic rejection was seldom adequately studied. It appears
therefore that immunological tolerance to allografts is not sys-
tematically achieved by induction of hematopoietic chimerism in
lymphoablated recipients.
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Hematopoietic chimerism can also be induced with non-
lymphoablative regimens. Surprisingly, under certain of these con-
ditions, allografts appear to do better than when lymphoablative
conditioning is used (Table 1). Blocking the T cell co-stimulatory
molecule CD28 with an Ig-fusion protein of its CTLA4-ligand
(CTLA4-Ig), combined with inhibition of the CD40/CD40L (i.e.,
CD154) pathway involved in activation of antigen presenting and
B cells, substantially prolongs heart and skin allograft survival
(Larsen et al., 1996). However, histological signs of chronic rejec-
tion of cardiac allografts was observed in all thus conditioned mice
(Shirasugi et al., 2002). When co-stimulatory blockade was com-
bined with induction of hematopoietic chimerism, heart, skin,
and also intestine allografts survived substantially longer and no
chronic rejection was observed (Wekerle et al., 1998, 2000; Adams
et al., 2001; Shirasugi et al., 2002; Guo et al., 2003). Transplantation
tolerance in such settings was dominant and depended on Treg, at
least during early stages (Bigenzahn et al., 2005; Domenig et al.,
2005).

Combined, these data indicate that hematopoietic chimerism
per se appears insufficient for induction of transplantation tol-
erance. However, when combined with conditioning regimens
that allow for development of dominant tolerance, prevention of
chronic rejection can be achieved.

INDUCTION OF HEMATOPOIETIC CHIMERISM: TOWARD THE
CLINIC
Given the very encouraging results obtained with mixed
hematopoietic chimerism in rodents, several groups have
attempted to induce hematopoietic chimerism and transplanta-
tion tolerance in large animal models (Wekerle and Sykes, 1999;
Cosimi and Sachs, 2004; Horner et al., 2006). Experimental proto-
cols are necessarily more complex than in rodents since adult recip-
ients were used and high dose whole body irradiation is associated
with a too high level of morbidity. A combination of immunosup-
pressive drugs and antibodies, as well as lower levels of irradiation
or irradiation limited to lymphoid organs, was therefore used as
conditioning regimen (Table 2). In miniature swine, a precondi-
tioning of T cell depletion, low dose total body irradiation, thymic
irradiation, and splenectomy, followed by bone-marrow and skin
transplantation, led to persistent hematopoietic chimerism in five
out of six animals. Four of these animals were transplanted with
donor skin. Half of these animals appeared to accept, but the other
half rejected the skin allografts (Fuchimoto et al., 2000). Also using
a milder conditioning regimen, persistent chimerism was obtained
in miniature swine and one out of two skin grafts appeared to be
permanently accepted (Fuchimoto et al., 2000). When the latter
protocol was used for kidney transplantation, four out of four
allografts survived more than 100 days (Fuchimoto et al., 2000,
2001). Therefore, as observed in rodents, persistent hematopoietic
chimerism led to an incomplete level of allograft tolerance that
appeared efficient for protection of poorly immunogenic organs
such as kidney but fails to prevent rejection of highly immunogenic
skin allografts.

In Cynomolgus monkeys, a preconditioning regimen was used
that consisted of T cell depletion, low dose total body irradi-
ation, thymic irradiation, and splenectomy, followed by bone-
marrow and kidney transplantation (Kawai et al., 1995, 2002, 2004;

Kimikawa et al., 1997b). Only transient hematopoietic chimerism
was observed, but nevertheless 8 out of 15 grafts did not show
signs of rejection (Table 2). An acute cellular rejection process led
to the loss of the other grafts (Kimikawa et al., 1997a; Kawai et al.,
1999). A similar preconditioning regimen was used for monkeys
that received a cardiac allograft. Three out of five animals devel-
oped transient chimerism, but all five hearts were eventually lost
by a rejection-process characterized by cellular infiltrates (Kawai
et al., 2002). The observation that kidney allografts were more
likely to be accepted than heart allografts confirmed earlier data on
transplantation in miniature swine that, interestingly, also showed
that kidneys can play an important role in tolerance to heart allo-
grafts (Madsen et al., 1998; Mezrich et al., 2003a,b). Taken together
these data highlight the difficulty to obtain an efficient and per-
sistent engraftment of hematopoietic stem cells in large animal
models. When only transient, hematopoietic chimerism induces
tolerance mechanisms that are probably different from and less
efficient than those induced in hosts with long-term persistence of
hematopoietic donor cells.

INDUCTION OF HEMATOPOIETIC CHIMERISM: IN THE CLINIC
Based on the promising results in monkeys, induction of
hematopoietic chimerism for prevention of allograft rejection has
also been performed in humans (Table 3). Infusion of donor
bone-marrow showed some beneficial effect in renal allograft
recipients (Monaco, 2003). Interestingly, in an early report in
which large numbers of patients were described, infusion of
donor bone marrow, leading to transient chimerism, inhibited
acute but not chronic rejection (Barber et al., 1991; McDaniel
et al., 1994). One of the first reported cases of long-term allograft
survival achieved by induction of hematopoietic chimerism con-
cerned a woman with end-stage renal disease secondary to multiple
myeloma (Spitzer et al., 1999). The patient received an immuno-
suppressive but non-myeloablative conditioning regimen. HLA-
matched bone marrow and kidney from the patient’s sister were
transplanted and the immunosuppressive drug cyclosporine A
administered for 73 days. Whereas the hematopoietic chimerism
disappeared after discontinuation of immunosuppression, the
kidney remained functional for at least another 7 years (Fud-
aba et al., 2006). In total, six multiple myeloma patients receiv-
ing this treatment have been reported and all maintained renal
function after discontinuation of immunosuppression for 2–
7 years (Spitzer et al., 1999; Buhler et al., 2002; Fudaba et al.,
2006). Stem-cell transfusion was also shown to have a benefi-
cial effect in liver transplantation (Donckier et al., 2004). Another
example concerned a patient with end-stage renal disease who
received an HLA-matched kidney graft. The conditioning regimen,
which included total lymphoid irradiation, immunosuppression,
and a graft of mobilized CD34+ stem cells, led to persistent
hematopoietic chimerism. At the time of publication, the renal
graft had remained functional for 34 months (Scandling et al.,
2008).

Induction of hematopoietic chimerism followed by kidney
transplantation was also performed with HLA single haplotype
mismatched grafts (Kawai et al., 2008), a clinically important
setting. Five patients with end-stage renal disease received an
immunosuppressive but non-myeloablative preparative regimen
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Table 1 | Combined bone-marrow and organ transplantation in the mouse: non-myelo- and lymphoablative procedures.

BM/SC graft =>

host

Organ/tissue

graft

Conditioninga Hematopoietic

chimerismb

Allograft survival Reference

ANTIBODIES

No BM, C3H host BALB/c heart αCD154 and

CTLA4-Ig

7/7 > day 70 (no

chronic rejection at

d63)

Larsen et al. (1996)

BALB/c skin 15/15 > day 50 (no

chronic rejection at

day 50)

B10.A => B6 B10.A skin αCD154 and

CTLA4-Ig

Persistent 8/8 at day 145 Wekerle et al. (2000)

Transient 1/5 at day 145

B10.A => B6 B10.A skin αCD154 and

CTLA4-Ig,

sublethal TBI

Persistent 7/9 at day 160 Wekerle et al. (1998)

BALB/c => B6 BALB/c skin αCD154 and

CTLA4-Ig, BUS

Persistent 7/7 at day 250 Adams et al. (2001)

BALB/c => B6 BALB/c heart αCD154 and

CTLA4-Ig

Undetectable 8/9 at day 180,

chronic rejection at

day 300 in 8/8

hosts

Shirasugi et al. (2002)

αCD154 and

CTLA4-Ig, BUS

Persistent 5/5 at day 180, no

chronic rejection at

day 300

BALB/c => B6 BALB/c

intestine

αCD154 and

CTLA4-Ig, BUS

Persistent 5/7 at day 92 Guo et al. (2003)

BALB/c => B6 BALB/c skin αCD154 and

CTLA4-Ig, Rapa,

Treg

Persistent? 7/7 at day 170 Pilat et al. (2010)

BALB/c => B6 BALB/c skin low dose TBI,

αCD154

Persistent 0/4 at day 60 Luo et al. (2007)

B6.C-H-2d skin 4/4 > day 180

BALB/c => B6 BALB/c skin αCD154

andαLFA-1

Persistent 4/7 > day 270 Metzler et al. (2004)

αCD154 and Rapa 4/7 > day 226

αCD154 and BUS

and various

22/24: chronic

rejection

BALB/c heart 4/24: mild chronic

rejection

BALB/c skin αLFA-1 and Rapa 0/6 day 117

BALB/c => B6 BALB/c

pancreatic

islets

Rapa, low dose

TBI

Persistent 6/6 > day 100 Luo et al. (2005)

B10.BR => CBA B10.BR skin αCD4

andαCD8(nd)

Persistent 8/8 at day 240 Qin et al. (1990)

B10 DST => C3H C3H heart αCD4(nd) N/D 7/7 at day 100 Pearson et al. (1992)

DRUGS

BALB/c => B6 BALB/c skin SC, CP, αThy1 Persistent 10/15 at day 159 Mayumi and Good (1989)

BALB/c = > C3H BALB/c skin 7/8 at day 165

B6 => C3H B6 skin 4/9 at day 185

C3H => B6 C3H skin 0/19 (chronic

rejection)

B10.BR or

BALB/c => B10

B10.BR or

BALB/c skin

Sublethal TBI, CP Persistent 9/10 at day 60 Colson et al. (1995a)

(Continued)
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Table 1 | Continued

BM/SC graft =>

host

Organ/tissue

graft

Conditioninga Hematopoietic

chimerismb

Allograft survival Reference

BALB/c => B10 BALB/c heart 6/6 > day 420

B10.A(5R) => B10 B10.A(5R) skin SC, CP Transient 4/10 at day 200 Tomita et al. (1990b)

C3H =>AKR C3H skin SC, CP Transient 5/8 at day 100=> Tomita et al. (1990a)

B10.BR =>AKR B10.BR skin 5/6 at day 100

AKR => C3H AKR skin 5/8 at day 100

B10.BR => C3H B10.BR skin 4/8 at day 100

B10.D2 => BALB/c B10.D2 skin 5/6 at day 100

B10 =>AKR B10 skin 0/6 at day 12

B6 => C3H B6 skin 0/6 at day 13=>

B6 =>AKR B6 skin 0/6 at day 12

AKR SC => C3H AKR skin CP Persistent 9/10, day 120 Eto et al. (1990)

AKR SC => C3H B10.BR skin 0/5 at day 13

B10.BR SC => C3H B10.BR skin 10/10 at day 120

B10.BR SC => C3H AKR skin 0/5 at day 14

DBA/2 => BALB/c DBA/2 skin 8/10 at day 80

DBA/2 => BALB B10.D2 skin 0/5 at day 13

DBA/2

SC => BALB/c wt

DBA/2 skin CP Persistent 6/6 at day 100 Iwai et al. (2006)

DBA/2 SC =>Vα14

NKT KO

0/6 at day 50

B10.A => B6 B10.A skin αCD4(d) and

αCD8(d), CP, TI,

TBI

Persistent 6/6 at day 100 Mapara et al. (2001)

aα, antibody to; BUS, busulfan; CP, cyclophosphamide; nd, non-depleting; SC, CD34+ stem cells; TBI, total body irradiation; TI, thymic irradiation; Treg, CD4+CD25+
regulatory T cells.
bN/D, not detected.

and a combined bone-marrow/renal allograft. All developed a
transient multi-lineage chimerism. Whereas one patient lost the
allograft by acute humoral rejection 10 days post transplanta-
tion, four out of the five patients, treated with a combination
of immunosuppressive drugs for up to 14 months, maintained
renal function for up to 1400 days thereafter. Renal biopsies
showed normal tissue for three of these patients, with some
minor signs of chronic rejection for the fourth. In vitro studies
suggested specific absence of T cell-responses to directly pre-
sented alloantigens. However, two out of the four patients later
developed alloantibodies, one showing complement depositions
in the graft (Porcheray et al., 2009). It needs to be empha-
sized that T cell reactivity to indirectly presented donor antigens
is required for alloantibody-production by host B-lymphocytes.
The apparent absence of T cell response to directly presented
alloantigens and the production of alloantibodies are therefore
not in contradiction. Combined, these studies suggested that
long-term acceptance of (though not genuine immunological
tolerance to) kidney allografts can be obtained by a therapy
including induction of transient hematopoietic chimerism and
therefore represented a major step forward in transplantation
medicine.

Less promising results were obtained in a study in which HLA-
mismatched pancreatic islets were transplanted into type I diabetes
patients (Mineo et al., 2008). The conditioning regimen used

was very mild but nevertheless led to transient hematopoietic
chimerism. However, all four patients that initially adhered to
immunosuppressive therapy lost graft-function rapidly after drug
weaning.

A ROLE FOR REGULATORY T CELLS IN HEMATOPOIETIC
CHIMERISM-ASSOCIATED TOLERANCE?
At this point, one might wonder if more work is warranted to
obtain tolerance to (and therefore permanent acceptance of) organ
allografts. When considering the very promising results obtained
with kidney allografts in humans, one has to keep in mind that this
organ might represent a special case. The human islet study failed,
and the monkey and swine studies gave substantially less satisfying
results with skin and heart allografts than with renal transplants.
Moreover, in miniature swine it was shown that kidney allografts
induced tolerance to heart allografts (Madsen et al., 1998). The
thymus and Treg may play a role in this phenomenon (Yamada
et al., 1999; Mezrich et al., 2003a).

To induce genuine immunological tolerance to donor tissues,
hematopoietic chimerism needs to persist in the long term to con-
tinuously induce tolerance of newly developing lymphocytes in
primary lymphoid organs. Indeed, if hematopoietic chimerism is
only transient, mature allospecific lymphocytes will develop and,
in the absence of dominant tolerance mechanisms, will eventu-
ally destroy the graft. Long-term hematopoietic chimerism has
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Table 2 | Combined bone-marrow and organ transplantation in large animals and non-human primates.

Species Organ Conditioninga Immuno-

suppression

Hematopoietic

chimerismc

Allograft

survivald

Reference

“Cattle” Skin Co-twins None Persistent 30% at 2 years Stone et al. (1971)

Body

skin

Co-twins None Persistent 0/10 at day 68 Emery and McCul-

lagh (1980)

Auricular

skin

5/12 > day 60

Dog Heart TLI, donor BM ±ATG, ±MTX,

±CsA

N/A 0/29 at day 329 Strober et al. (1984)

Kidney ALS, donor BM None N/A >14b, >17b, >38b, >78b

d, ≤ 4/24

Caridis et al. (1973)

Kidney ALS, donor BM None N/A 0/13 at day 300 Hartner et al. (1986)

Miniature

swine

Kidney Lethal TBI ± CP None Persistent >200, >200, >200, >200,

75

Guzzetta et al. (1991)

Skin αCD3-DT; TBI; TI; donor

BM

30 days CsA Persistent 45, 50, >50, >235 days Huang et al. (2000)

Skin αCD3-DT; TI; donor

PBSC

30 days CsA Persistent >300, 45 days Fuchimoto et al.

(2000)

Kidney >120, >180, >100 days,

“long term”

Fuchimoto et al.

(2000, 2001)

Rhesus

monkey

Kidney ATG, donor BM None N/A 20% at day 240 Thomas et al. (1983,

1987)

Cynomolgus

monkey

Kidney ATG; TBI; TI;

splenectomy; donor BM

4 weeks CsA Transient >3478, >2569, >834e,

>771e, >405e, 260,

>198e, >196e, >137e, 72,

44, 40, 37, 40, 37 days

Kawai et al. (1995),

Kimikawa et al.

(1997b), Kawai et al.

(2002, 2004)

N/D 14, 175 days

Heart Transient 509, 428, 138 days

N/D 56, 43 days

Kidney ATG; TBI; TI; donor BM 4 weeks CsA Transient 117, 95, 43

Kidney ATG; TBI; TI; donor BM;

aCD154

4 weeks CsA Transient >1710, >1167, 755, 206,

837, 401, 373, 58

Kawai et al. (2004)

aα, antibody to; αCD3-DT, anti-CD3 antibody coupled to diphtheria toxin; ALS, anti-lymphocyte serum; ATG, antithymocyte globulin; BM, bone marrow; CP, cyclophos-

phamide; PBSC, peripheral blood stem cells; TBI, total body irradiation; TI, thymic irradiation; TLI, total lymphoid irradiation.
bRenal allografts that were not rejected but were lost for other reasons.
cN/A, not analyzed; N/D, not detected.
dAnimals that rejected their allografts are indicated in bold.
eRenal allografts that were not rejected but were lost for other reasons.

been achieved with very aggressive conditioning regimens induc-
ing total host T cell depletion. However, the level of toxicity and
the severe immunosuppression associated with this type of treat-
ment do not allow their use in the clinic. Alternative conditioning
regimens have been envisaged to avoid rejection of donor bone
marrow while allowing for survival of part of the host T cells. They
included the injection of non-depleting antibodies to block T cell
co-stimulatory pathways and the injection of antibodies specific
for some T cell markers upregulated upon activation. As described
throughout this review, these methods gave very promising results
in rodents. However, induction of a permanent chimerism was
far more difficult to achieve in large animals. This observation
might be largely responsible for the less satisfying results obtained

with heart and skin allograft in miniature swine and primates.
Moreover, antibody-based therapies can also generate unpredicted
side effects that complicate translation into the clinic. For exam-
ple, the use of anti-CD154 antibody in a non-human primate
renal allograft model led to severe thromboembolic complications
(Kawai et al., 2000; Koyama et al., 2004) due to CD154 expres-
sion on activated platelets and to CD40 expression on the vascular
endothelium (Henn et al., 1998; Slupsky et al., 1998). The use
of anti-CD154 has also been associated with impaired humoral
immunity against influenza in a heart allograft model (Crowe
et al., 2003). Antibodies targeting other T cell surface markers also
present limitations as targeted molecules can be expressed by other
populations, e.g., CD25 on Treg. While inhibiting the allogeneic
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Table 3 | Combined bone-marrow and organ transplantation in humans.

Organ Conditioninga Immuno-

suppressiona

Hematopoietic

chimerismc

Allograft

survivalb

Reference

Kidney

(HLA-matched)

ALG; CP Maintenance CsA;

azathioprine; prednisone

N/A 13/54 rejected Barber et al. (1991)
ALG; CP; donor BM 3/57 rejected

Kidney Donor BM 2 weeks

ALG + maintenance

Persistent

microchimerism

21/23 at 1 year (but

“chronic rejection”)

McDaniel et al. (1994)

Transient/ND 1/7 at 1 year

Kidney

(haplocompatible)

TBI, ARA-C, CP, ATG

(splenectomy)

10 months CsA, Pred Persistent >15 months Sorof et al. (1995)

Kidney (related

donors)

Not specified, prior BM

transplantation to treat

hematological disorders

None Persistent >15, >30, >3 months Butcher et al. (1999)

Kidney

(HLA-matched)

CP; ATG; TI; donor BM 2 months CsA Transient/persistent >7.3, >5.3, >4.3, >3.5,

>2.8, >2 years

Spitzer et al. (1999),

Buhler et al. (2002),

Fudaba et al. (2006)

Kidney

(HLA-matched)

ATG; TLI; donor PBSC 6 months CsA Persistent >34 months Scandling et al. (2008)

Kidney

(HLA-mismatched)

CP; αCD2; TI; donor BM ≤14 months CsA/Rapa Transient >1932, >1666, 10 days,

>1050, >707 days;

donor-specific antibodies

Kawai et al. (2008),

Porcheray et al. (2009)

Pancreatic islet

(HLA-mismatched)

High dose HSC 1 year “Edmonton”

(FK506, Rapa)

Transient 451, 480, 178, 471, 158,

510 days

Mineo et al. (2008)

Liver ATG; CP; donor HSC 28–90 days FK506, Rapa Transient/ND >240, >290 Donckier et al. (2004)

aα, antibody to; ALG, anti-lymphocyte globulin; ARA-C, arabinofuranosyl cytidine; ATG, antithymocyte globulin; BM, bone marrow; CsA, cyclosporin A; CP, cyclophos-

phamide; HSC, CD34+ hematopoietic stem cells; PBSC, peripheral blood stem cells; Pred, prednisone; Rapa, Rapamycin; TBI, total body irradiation; TI, thymic

irradiation; TLI, total lymphoid irradiation.
bPatients that rejected their allografts are indicated in bold.
cN/A, not analyzed; N/D, not detected.

response, such approaches could therefore prevent the establish-
ment of regulatory mechanisms important for graft survival. They
also non-specifically inhibit T cell-dependent immunity, includ-
ing protective responses against pathogens. Finally, most of the
protocols used in large animals or currently tested in the clinic
require strong initial immunosuppressive treatments that induce
major qualitative and quantitative modifications of the immune
system that last for years. In conclusion, while highly promising,
these strategies still need to be optimized before going into the
clinic.

To overcome the issues listed above, several laboratories
embarked on studies to evaluate the potential of Treg to pro-
mote allograft protection (reviewed by Li and Turka, 2010).
The capacity of naturally occurring Treg to control allogeneic
responses was already highlighted by Sakaguchi et al. (1995)
landmark paper. Using in vivo activated polyclonal Treg with
irrelevant specificity, Karim et al. (2005) first induced tol-
erance to allogeneic skin graft in lymphopenic Rag-deficient
hosts reconstituted with naïve CD45RBhigh CD4+T cells (Karim
et al., 2005). Similar results were obtained in another lym-
phopenic system with in vitro expanded donor-specific Treg
(Golshayan et al., 2007). Interestingly, this approach also sig-
nificantly prolonged skin allograft survival in unmanipulated
wild-type hosts. In a transplantation-model across minor his-
tocompatibility antigens, another group protected male skin

graft from rejection by syngeneic female hosts using Foxp3-
transduced male antigen-specific TCR transgenic CD4+ T cells
(Chai et al., 2005). In another study, a genetically manipulated
Treg population with direct and indirect alloantigen-specificity
substantially prolonged skin allograft survival and delayed chronic
rejection of heart allografts when co-injected with anti-CD8
antibody (Tsang et al., 2008). More recently, prevention of
transplant arteriosclerosis and long-term survival of skin allo-
graft were achieved with in vitro expanded naturally occurring
CD127lowCD25+CD4+ human Treg in a chimeric humanized
mouse system (Issa and Wood, 2010; Nadig et al., 2010). Com-
bined, these reports demonstrated the capacity of Treg to delay
rejection processes.

Based on the large body of literature on transplantation toler-
ance through hematopoietic chimerism and on the immunosup-
pressive potential of Treg, several laboratories decided to combine
Treg infusion with bone-marrow transplantation (Figure 1). This
method is expected to allow the establishment of complementary
tolerance mechanisms, thus mimicking the complex network of
checkpoints and regulatory systems naturally involved in mainte-
nance of self-tolerance (Figure 2). Moreover, in addition to their
general modulatory effects on the reactivity of the immune system,
Treg expressing the transcription factor Foxp3 have the capacity to
establish an immune-privileged niche for allogeneic hematopoi-
etic stem cells after transplantation into non-irradiated recipients
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FIGURE 1 | A regulatoryT cell/hematopoietic chimerism-based

protocol for induction of transplantation tolerance. (1) The allograft
(e.g., heart) will be transplanted with concomitant infusion of donor
BM or HSC into conditioned hosts. Rejection of the grafts will temporarily be
prevented using an immunosuppressive regimen. (2) Donor (a) and host (b)
BM will be cultured in vitro under conditions allowing for differentiation of DC.
Host DC will be pulsed with donor antigen to assure indirect presentation of

these antigens. Thus generated DC will then be co-cultured with host-derived
Treg (c), allowing for expansion of Treg specific for directly and indirectly
presented donor antigens. (3) Thus generated donor-antigen-specific Treg will
then be infused into the host. Immunosuppression may temporarily be
continued using drugs that do not affect Treg (e.g., Rapamycin). Using this
protocol, full tolerance to donor-tissue will be achieved and chronic rejection
effectively prevented.

(Fujisaki et al., 2011). The co-injection of Treg with allogeneic
bone-marrow should therefore promote its engraftment. Adminis-
tration of donor-specific Treg prevented rejection of bone-marrow
allografts in preconditioned mice (Joffre et al., 2004; Joffre and
van Meerwijk, 2006). Promising results were later obtained using
polyclonal donor Treg (Hanash and Levy, 2005). However, similar
protocols failed to substantially prolong survival of skin and heart
allografts (Joffre et al., 2008; Tsang et al., 2008; Pilat et al., 2010).
In contrast, when combined with bone-marrow transplantation,
administration of a single dose of Treg fully prevented rejection
of skin and heart (Joffre et al., 2008). Whereas Treg specific for
directly presented donor-antigens allowed for survival of bone-
marrow allografts, they failed to prevent chronic rejection of skin
and heart. In contrast, Treg specific for indirectly presented donor-
antigens fully prevented chronic heart and skin allograft rejection
(Joffre et al., 2008). These results firmly demonstrated the clinical
potential of Treg infusion in induction of bone-marrow chimerism

and in the subsequent prevention of acute and chronic allograft
rejection.

TREG AND HEMATOPOIETIC CHIMERISM-BASED
STRATEGIES: SOME LIMITATIONS TO OVERCOME
The data described above constitute a proof of principle that com-
bining Treg and bone-marrow infusion can lead to subsequent
tolerance to allogeneic tissues, even in very stringent donor/host
combinations and for highly immunogenic tissues such as the
skin. However, 5 Gy total body irradiation was required in that
protocol (Joffre et al., 2008). This dose appears not suitable for
clinical use as it is associated with severe temporary leukopenia.
Interestingly, the group of Wekerle recently induced hematopoietic
chimerism in mice using a comparable approach, but without or
with very limited cytoreductive conditioning (Pilat et al., 2010,
2011). Treatment with costimulation-blocking agents, a short
course of rapamycin, and injection of polyclonal Treg allowed for
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FIGURE 2 |Tolerance mechanisms induced by the proposed

regulatoryT cell/hematopoietic chimerism-based protocol for

induction of transplantation tolerance. (1) Hematopoietic cells
(e.g., DC) derived from the grafted BM will colonize the recipient’s
thymus and induce deletion and anergy (i.e., “recessive tolerance”) of
developing donor-specific host T lymphocytes. DC may also promote
limited differentiation of donor-specific Treg that will contribute to
transplantation tolerance. (2) Donor DC will also induce recessive
tolerance of mature peripheral donor-specific T lymphocytes. These

cells may, to a limited extent, directly induce donor-specific Treg.
However, the dominant tolerance (i.e., Treg) induce by hematopoietic
chimerism in (1) and (2) appears insufficient to durably prevent most notably
chronic allograft rejection. (3) Infusion of donor-specific Treg will aid in
engraftment of grafted donor BM/HSC (a) and inhibit the reactivity of mature
peripheral donor-specific T lymphocytes (b), thus favoring graft-acceptance.
They will also allow the differentiation of donor-specific conventional T
lymphocytes into Treg (c), thus assuring persistence of tolerance and
preventing chronic allograft rejection.

induction of hematopoietic chimerism. Skin grafts transplanted
on these mice survived for more than 160 days, without signs of
rejection or appearance of donor-specific antibodies (Pilat et al.,
2010). More recently, this group raised similar conclusions using
polyclonal host CD4+ lymphocytes previously transduced with
a retroviral vector containing Foxp3 and a drug-free condition-
ing regimen where 1 Gy total body irradiation replaced the short
course of rapamycin (Pilat et al., 2011). These protocols repre-
sent a major step forward to the clinic. However, they still rely on
anti-CD154 treatment and this antibody is presently not usable
in patients (see above). Different non-mutually exclusive strate-
gies can be envisaged to avoid co-stimulatory-blockade. The use
of hematopoietic or mesenchymal stem cells instead of bone-
marrow cells could be an option, as this will significantly reduce
the immunogenicity of the graft. Another strategy would be to
improve the efficiency of the immunosuppression by injecting
donor-specific Treg. Alloantigen-specific T cells survived longer
and in several transplantation models gave substantially better
results than polyclonal Tregs with irrelevant specificity (Joffre et al.,
2004, 2008; Nishimura et al., 2004; Golshayan et al., 2007).

Another aspect that still needs to be tested before translat-
ing Treg-based strategies into the clinic is represented by the

antigen-specificity of the treatments. Indeed, if Treg activation is
antigen specific, these cells exert their suppressor effector function
in a non-antigen-specific-manner in vitro (Thornton and Shevach,
2000). If true in vivo, infused Treg may therefore inhibit protec-
tive immunity. However, it has been shown that hematopoietic
chimerism/Treg-based therapy against allograft rejection is (at
least) donor specific. A related issue is that tolerance to donor-
antigen may be broken by (e.g., viral) infection (Welsh et al., 2000;
Williams et al., 2001; Forman et al., 2002). It therefore also needs
to be verified to what extent Treg-based therapies are resistant to
infection. Experimental work will need to be performed to clarify
these important issues.

Finally, infused Treg do not necessarily survive indefinitely and
tolerance may therefore wane away with time. In other trans-
plantation models, however, it was shown that a tolerant T cell
population can render naïve T cells tolerant and even tolerogenic
(Waldmann, 2010). Very recently it was shown that this so-called
“infectious tolerance” depends on Treg that induce novel Treg
required for persistence of tolerance to allografts (Kendal et al.,
2011). Even if it remains to be shown that also infused Treg can
cause infectious tolerance, it appears therefore that Treg can induce
life-long tolerance to allografts.
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CONCLUSION
The data discussed here indicate that induction of persistent
hematopoietic chimerism combined with infusion of Treg with
appropriate specificity efficiently leads to life-long tolerance to
allografts in experimental animal models (Figure 1). Thus, and not
very surprisingly so, the mechanisms involved in the maintenance
of tolerance to self antigens also appear required for tolerance to
donor antigens (Figure 2). More work will need to be performed

to establish conditioning regimens compatible with clinical con-
straints and to assess immunocompetence of grafted animals. The
validity of these conclusions for non-human primates and humans
remains to be studied. Very substantial progress has been made in
recent years in the induction of authentic immunological tolerance
to allogeneic organ grafts, and transplant recipients may soon be
able to live a life free of the fear of losing the graft and of the severe
side effects of immunosuppressive drugs.
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Negative costimulatory molecules, acting through so-called inhibitory pathways, play a cru-
cial role in the control of T cell responses. This negative “second signal” opposes T cell
receptor activation and leads to downregulation ofT cell proliferation and promotes antigen
specific tolerance. Much interest has focused upon these pathways in recent years as a
method to control detrimental alloresponses and promote allograft tolerance. However,
recent experimental data highlights the complexity of negative costimulatory pathways in
alloimmunity. Varying effects are observed from molecules expressed on donor and recip-
ient tissues and also depending upon the activation status of immune cells involved.There
appears to be significant overlap and redundancy within these systems, rendering this a
challenging area to understand and exploit therapeutically. In this article, we will review the
literature at the current time regarding the major negative costimulation pathways includ-
ing CTLA-4:B7, PD-1:PD-L1/PD-L2 and PD-L1:B7-1, B7-H3, B7-H4, HVEM:BTLA/CD160,
and TIM-3:Galectin-9. We aim to outline the role of these pathways in alloimmunity and
discuss their potential applications for tolerance induction in transplantation.

Keywords: Negative costimulation,Tolerance, CTLA-4, PD-1:PD-L1, B7-H3, B7-H4, BTLA,TIM-3

INTRODUCTION
CD4+ T cells are initially stimulated through the T cell receptor
(TCR), by the recognition of antigen presented with major his-
tocompatibility complex (MHC) Class II molecules. Full T cell
activation requires a “second signal” or binding of a costimulatory
molecule at the time of TCR ligation. The most important costim-
ulatory molecule is CD28 and mice deficient in CD28 or one of
its ligands (B7-1 or B7-2), display severely impaired CD4+ T cell
proliferation. The absence of a “second signal” at the time of TCR
ligation leads to the development of T cell anergy, a state charac-
terized by decreased proliferative capacity, the inability to secrete
IL-2 and reduced ability to undergo activation. While positive cos-
timulatory signals promote T cell proliferation and differentiation
into effector phenotypes, negative signals lead to arrest of T cell
responses and promote regulation and tolerance. Therefore, T cell
activation involves a delicate balance between positive and negative
costimulatory signals.

Solid organ transplantation is a lifesaving therapy for patients
with end-stage organ failure and while short-term allograft sur-
vival has improved dramatically, long-term outcomes remain
disappointingly poor. Current immunosuppressive protocols are
highly effective at suppressing acute rejection but are associated
with significant morbidity with long-term use. To date, induction
of donor specific tolerance has remained an elusive goal for all but
the most aggressive therapeutic strategies, suitable only for a small
subset of patients. Innate mechanisms of regulation and coinhi-
bition are as yet incompletely understood but remain the focus of
intensive research. In targeting our goal of inducing allospecific
tolerance without global immunosuppression, the most promis-
ing strategies would appear to be those aimed at limiting positive
costimulation, in combination with selective signaling through

inhibitory pathways. However, there are a number of coinhibitory
molecules and substantial overlap exists between these pathways.
Therefore, successful induction of tolerance may require manip-
ulation of more than one to overcome the inherent redundancy
between them. To this end, a detailed understanding of the relative
importance of each negative costimulatory pathway, their expres-
sion patterns, receptors and ligands, and the interactions between
them is crucial to develop coherent strategies to control aggressive
alloimmune responses.

Below, we discuss the current state of knowledge of the most
widely studied negative costimulatory pathways (Figure 1) and
their potential applications in alloimmunity. To provide some
pathophysiological context and highlight the overlap between
pathways observed in disease pathogenesis, we have provided
examples of disease states in which each of these molecules has
been implicated. The examples provided are intended to be illus-
trative only, as a complete description is beyond the scope of
this text.

CTLA-4:B7-1/B7-2
Cytolytic T lymphocyte-associated antigen 4 (CTLA-4) is a mem-
ber of the Ig superfamily and is closely structurally related to CD28,
with which it shares approximately 30% homology. CTLA-4 is
not expressed by naïve T cells but is rapidly upregulated on T
cell activation and CD28 engagement (Walunas et al., 1994). It is
highly expressed on regulatory T (Tregs) cells and is central to their
suppressive function and the maintenance of peripheral tolerance
(Wing et al., 2008).

Cytolytic T lymphocyte-associated antigen 4 is mainly located
within intracellular vesicles (Mead et al., 2005). Upon TCR
ligation, it is trafficked to the cell surface where it forms a
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FIGURE 1 | Major negative costimulatory pathways. Associated positive
signaling pathways marked with “+.”

homodimer. However, it appears that CTLA-4 continuously
undergoes endocytosis, where cell surface CTLA-4 is rapidly re-
internalized independent of ligand binding (Linsley et al., 1996).
Its fate after being internalized remains incompletely understood,
but it appears that some molecules are degraded in lysosomes
and some are trafficked back to the cell surface (Linsley et al.,
1996; Egen and Allison, 2002). CTLA-4 shares the same ligands
as CD28; B7-1 (CD80) and B7-2 (CD86), but binds with 10- to
50-fold greater binding affinity.

B7-1 and B7-2 are both widely expressed on B cells,
macrophages, dendritic cells (DCs) and T cells and are rarely found
on non-lymphoid tissues. B7-2 is constitutively expressed on anti-
gen presenting cells (APCs) at low levels and is rapidly upregulated,
whereas B7-1 expression is induced, later than B7-2. While their
function on APCs has been extensively studied, their role on T cells
is incompletely understood. Recent studies have suggested that B7
on T cells may serve to down-regulate responses and deliver nega-
tive signals to T cells, through CTLA-4 ligation via T-T interaction
(Taylor et al., 2004). B7 deficiency on T cells resulted in accelerated
graft versus host disease (GVHD) in a model of allogeneic bone
marrow transplantation (Taylor et al., 2004). Furthermore,B7 defi-
cient T cells demonstrate resistance to suppression by Tregs in an
in vivo colitis model (Paust et al., 2004). As discussed below, B7-1
has also been demonstrated to interact with PD-L1, producing a
coinhibitory signal.

More recent data, using receptor array techniques, indicates
that ICOS ligand, B7-H2, is also a costimulatory ligand for CD28,
with a distinct binding site from ICOS. B7-H2 binds both CD28
and CTLA-4, albeit at a lower affinity than B7-1 or B7-2 (Yao et al.,
2011). Furthermore, CD28 binds B7-H2 and B7-1/B7-2 through
different interfaces, potentially allowing simultaneous binding
of these ligands. Interestingly however, Abatacept, (CTLA-4-Ig),
binds B7-H2 and also blocks the interaction between B7-H2-Ig
and CD28, suggesting that CTLA-4 may have a greater affinity
for B7-H2 than CD28 (Yao et al., 2011). In terms of function,
B7-H2 binding to CD28 costimulates T cell proliferation and
appears to play a central role in IFNγ production from mem-
ory T cells. While B7-H2 may act synergistically with B7-1 and

B7-2 to deliver CD28-mediated costimulatory signals, the impact
of B7-H2:CTLA-4 interaction remains largely unstudied. This
link between the ICOS:B7-H2 positive costimulatory pathway
and CTLA-4 is interesting as this could also potentially repre-
sent a regulatory mechanism to control ICOS-induced T cell
activation, However, these data were acquired in vitro and there-
fore the true significance of these observations in vivo remains
unknown.

Cytolytic T lymphocyte-associated antigen 4 ligation blocks
T cell activation, inhibits CD28-dependent IL-2 production and
inhibits cell cycle progression (Walunas et al., 1994, 1996). Despite
a large body of literature, there remains considerable ongoing
investigation into its exact mechanism of action. CTLA-4 mediated
inhibition of T cell activation is currently thought to arise through
both“cell intrinsic”and“cell extrinsic”mechanisms. Firstly, CTLA-
4 acts as an antagonist of CD28 by competitively binding B7-1
and B7-2, thereby blocking positive costimulatory signaling. This
hypothesis is consistent with the known greater affinity and avidity
of CTLA-4 for these ligands. More recently it has been proposed
that CTLA-4 expression may also increase T cell mobility and
oppose the TCR induced “stop signal” needed for contact between
T cells and APCs, thereby limiting the potential for T cell activa-
tion (Schneider et al., 2006). In addition, through binding B7-1
and B7-2, CTLA-4 blocks transmission of signals from the TCR
by inhibiting the formation of ZAP-70 containing microclusters,
leading to reduced calcium mobilization, which then limits T cell
capacity for proliferation (Schneider et al., 2008). A splice variant
of CTLA-4 has also been described. This variant lacks the extra-
cellular ligand-binding domain and is proposed to constitutively
generate a ligand-independent inhibitory signal (Vijayakrishnan
et al., 2004). The importance of this splice variant in control
of T effector cell responses is suggested by its increased expres-
sion in disease-resistant strains of NOD mice when compared to
diabetes-susceptible congenic strains (Vijayakrishnan et al., 2004;
Araki et al., 2009). However, this splice variant does not appear to
be present in humans and therefore appears unlikely to represent
a central mode of action of CTLA-4 in immunity.

In addition, it has been suggested that CTLA-4 exerts its effect
through “cell extrinsic” mechanisms of immune suppression.
A recent paper elegantly demonstrates the capacity of CTLA-
4 to capture B7-2 and internalize it for degradation; leading to
impaired T cell activation (Qureshi et al., 2011). This process was
diminished through deletion of the cytoplasmic tail of CTLA-4
and through the use of blocking antibodies such as anti-CTLA-4,
but not by blockade of CD28, demonstrating that this mechanism
is specific to CTLA-4. Furthermore, while transendocytosis of B7-2
by CTLA-4 occurs constitutively, it is upregulated after TCR acti-
vation, providing an explanation for the increased Treg suppressive
activity observed after T cell activation (Qureshi et al., 2011). Other
cell extrinsic mechanisms of action for CTLA-4 have been pro-
posed including induction of indoleamine 2,3-dioxygenase (IDO)
activity, (thereby leading to localized tryptophan depletion and
decreased T cell proliferation; Munn et al., 1999) and the presence
of a soluble form of CTLA-4, which could locally affect T cell acti-
vation (Magistrelli et al., 1999). However, conflicting data exist for
both of these mechanisms and their true significance and role in
immunity remains unclear.
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CTLA-4 IN DISEASE STATES
Cytolytic T lymphocyte-associated antigen 4 holds a central role in
the control of T cell responses, as evidenced by the fact that CTLA-4
deficient mice die at 3–4 weeks of age of uncontrolled lymphopro-
liferative disease (Tivol et al., 1995). In humans, CTLA-4 gene
polymorphisms have been implicated in many autoimmune dis-
eases including thyroid disease, type I diabetes mellitus, rheuma-
toid arthritis (RA) and systemic lupus erythematosis (Ueda et al.,
2003). Dysregulation of intracellular expression of CTLA-4 has
been proposed as a cause of the lymphoproliferative disorder,
Chediak–Higashi syndrome (Barrat et al., 1999).

IMPACT OF CTLA-4 ON Treg FUNCTION
The central role of CTLA-4 on Treg function has been demon-
strated in studies where administration of anti-CTLA-4 led to the
development of organ specific autoimmunity in immune compe-
tent mice, without reducing total Treg numbers (Takahashi et al.,
2000). Furthermore, Tregs from CTLA-4−/− mice exhibit weak
suppressive activity in vitro. This function is independent of CD28
expression as Tregs from CD28 deficient mice show normal sup-
pressive activity (Takahashi et al., 2000). Finally, other studies
suggest that engagement of CTLA-4 may lead to the development
of antigen specific Tregs, leading to inhibition of T cell responses
in certain experimental models (Vasu et al., 2004).

Recent studies outline the role of reverse signaling through B7-
1 and B7-2 in control of immune responses. Engagement of B7 on
DCs by CTLA-4 initially leads to increased IFNγ, which acts in a
paracrine fashion to increase indoleamine 2,3-dioxygenase (IDO)
thereby inhibiting T cell proliferation (Grohmann et al., 2002; Fal-
larino et al., 2003). As Tregs highly express CTLA-4, a mechanism
of Treg suppression has been proposed where IDO production by
B7 expressing DCs appears to act as an important bridge between
Tregs and naïve responder cells (Mellor et al., 2004). The impor-
tance of this pathway in vivo is underpinned by data from a murine
model of islet transplantation, where inhibition of IDO abrogated
the graft prolonging effects of CTLA-4-Ig (Grohmann et al., 2002).

CTLA-4 IN MODELS OF TRANSPLANTATION
Cytolytic T lymphocyte-associated antigen 4-Ig is a fusion pro-
tein, which avidly binds B7, thereby competitively inhibiting CD28
costimulation. This antibody has been used to study the effects of
costimulation blockade in experimental models of skin, heart, and
kidney transplantation. Administration of CTLA-4-Ig on day 2
after renal or cardiac transplantation lead to improved allograft
survival, decreased pro-inflammatory cytokine production and
decreased histological evidence of chronic allograft vasculopathy
when compared with treatment with cyclosporine alone (Azuma
et al., 1996; Russell et al., 1996). When donor specific transfusion at
the time of transplantation was combined with CTLA-4-Ig, long-
term graft survival with donor specific tolerance was seen (Lin
et al., 1993). Treatment of murine recipients of xenogeneic pan-
creatic islets with CTLA-4-Ig at the time of transplant similarly
led to prolonged allograft survival and donor specific tolerance
(Lenschow et al., 1992). Finally, combined with CD40 blockade,
treatment with CTLA-4-Ig has been demonstrated to lead to long-
term allograft survival in both cardiac and a highly immunogenic
skin transplant model (Larsen et al., 1996).

Interestingly, delayed treatment with CTLA-4-Ig, administered
8 weeks after transplantation, lead to decreased progression of
chronic allograft rejection with attenuation of cardiac allograft
vasculopathy (Chandraker et al., 1998). This suggests that ongo-
ing T cell recognition of foreign antigen is an important mediator
of late allograft injury and costimulation blockade, even given
late after transplantation, may delay progression. Similar results
were seen in a study where an anti-CTLA-4 blocking antibody was
given at various timepoints, up to 30 days after cardiac transplan-
tation. Immediate rejection was not seen but instead treatment led
to delayed severe acute cellular rejection at approximately day 45
post transplant, again indicating the active role of CTLA-4 in the
maintenance of tolerance post transplantation (Chandraker et al.,
2005).

Administration of CTLA-4-Ig in CD28 deficient transplant
recipients leads to accelerated allograft rejection compared to wild
type. In this model of cardiac transplantation, similar accelera-
tion of rejection was observed after treatment with a blocking
anti-CTLA-4 antibody, demonstrating that the negative regulatory
function of CTLA-4 extends beyond its ability to competitively
inhibit CD28 signals (Lin et al., 1998).

More recent studies have examined the link between CTLA-4
expression and CD45 mediated allograft tolerance. Anti-CD45RB
is a potent immunomodulatory agent and has been shown to
induce donor specific tolerance in models of renal and islet trans-
plantation (Lazarovits et al., 1996). Interestingly, administration
of anti-CD45RB is associated with rapid upregulation of CTLA-4
expression in vivo. Blockade of CTLA-4 at the time of islet trans-
plantation abrogated the graft prolonging effect of anti-CD45RB,
demonstrating the dependence of this pathway on CTLA-4
induction to promote allograft survival (Fecteau et al., 2001).

CTLA-4 IN HUMAN STUDIES OF TRANSPLANTATION
Genetic studies suggest that polymorphisms in CTLA-4 are asso-
ciated with differing incidence of acute allograft rejection. In a
cohort of over 200 liver transplant patients, single nucleotide
polymorphisms (SNPs) previously linked with decreased CTLA-4
function were found to be more common in patients with shorter
allograft survival (Marder et al., 2003). Similarly, a study of Korean
kidney transplant recipients linked the same SNP with an increased
risk of late acute allograft rejection (Kim et al., 2010).

BELATACEPT IN KIDNEY TRANSPLANTATION
Initial attempts to generate an antibody to block CD28 were unsuc-
cessful, as the majority of antibodies generated lead to signaling
rather than blockade of this pathway. As described above, CTLA-
4-Ig, the first antibody developed to successfully block CD28:B7
interactions, is a recombinant fusion protein comprising the Fc
domain of human IgG1 linked to the extra-cellular portion of
CTLA-4 (Vincenti et al., 2011). CTLA-4-Ig, known commercially
as Abatacept, was licensed for clinically for the treatment of RA.
However, it proved ineffective in non-human primate studies of
transplantation and the molecule was re-engineered, leading to
the generation of Belatacept. Belatacept differs from Abatacept
by two amino acid substitutions at the ligand-binding domain
and binds B7-1 and B7-2 with greater avidity, thereby producing
greater immunosuppressive effects (Vincenti et al., 2011).
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Phase III human trials in kidney transplant recipients have
demonstrated similar graft survival in those treated with Belata-
cept versus cyclosporine, despite increased rates of acute rejection
in the early post transplant period (Vincenti et al., 2010). At 3 year
follow up, patients treated with Belatacept showed better renal
function, with higher mean eGFR and lower rates of donor spe-
cific antibody formation (Vincenti et al., 2012). On the basis of
these studies, Belatacept was approved by the FDA in June 2011,
for the prevention of acute rejection post renal transplant.

However, despite the early success of Belatacept in transplan-
tation, there remains some concern as to the overall impact of
blocking CD28 signaling through competitive antibody binding
to B7. This strategy also blocks the ability of CTLA-4 to bind
B7-1 and -2 and in particular, this may negatively impact on the
development of antigen specific Tregs (Vasu et al., 2004) and on the
function of existing Tregs, possibly blocking their suppressive activ-
ity. Indeed, a recently published study reported that treatment with
CTLA-4-Ig prolonged survival in a fully mismatched model of car-
diac rejection but precipitated accelerated rejection in a partially
mismatched model, where engraftment is dependent upon Treg

function (Riella et al., 2012). Furthermore, intact CTLA-4 function
has also previously been shown to be critical for the maintenance
of graft tolerance in a model of induced tolerance in skin trans-
plantation (Markees et al., 1998). These issues may provide some
explanation as to why CTLA-4-Ig does not reproducibly induce
tolerance in certain models of transplantation. Alternative agents
currently under investigation include anti-CD28 antibodies,which
selectively block CD28 without impacting CTLA-4 function. Tar-
geting the CD28/CTLA-4: B7-H1/2 pathway in this manner may
instead promote Treg function and has generated some promis-
ing data in non-human primate studies of renal transplantation
(Poirier et al., 2010).

CONCLUSIONS
CD28 is the most important T cell costimulatory molecule and
CTLA-4 holds a central role in the control of CD28-mediated
immune responses, including alloimmune responses. Data from
human studies indicate that blockade of this pathway using Belat-
acept should prove to be a useful addition to treatment protocols
post kidney transplantation. It is hoped that the advent of cos-
timulation blockade will reduce the severity of chronic allograft
rejection both through control of immune mediated injury, and
through decreased exposure to calcineurin inhibitors, both of
which contribute to reduced long-term renal allograft survival.

However, several important issues remain unanswered.
Increased rates of early acute rejection were observed in clinical
trials of Belatacept. While these episodes were responsive to ther-
apy, the long-term impact of these episodes of early acute rejection
on allograft survival are as yet unclear. Furthermore, the nature of
the T cell response and whether it relates to blockade of CTLA-
4 mediated suppression of T effector cells remain unknown. It
is also unclear if CTLA-4-Ig blocks the recently described coin-
hibitory interaction between B7 and PD-L1 (described below)
and how biologically significant this will prove to be in complex
models of alloimmunity. Finally, some data suggests that CTLA-
4:B7 interaction may inhibit differentiation of pro-inflammatory
Th17 cells and that blockade of CTLA-4 exacerbates Th17-driven

experimental autoimmune encephalitis (EAE; Ying et al., 2010).
Further studies are needed to explore these issues in detail, to
understand the complex interactions between CD28 and CTLA-
4 and their links with other costimulatory and coinhibitory
pathways in vivo.

PD-1: PD-L1/PD-L2; PD-L1: B7-1
PD-1 is a type I transmembrane protein and is a member of the
immunoglobulin superfamily. Its intracellular domain contains an
immunoreceptor tyrosine-based inhibitory motif (ITIM) as well as
an immunoreceptor tyrosine-based switch motif (ITSM; Okazaki
et al., 2001). In humans and mice, it is expressed on activated T and
B cells and myeloid cells. Its two ligands, PD-L1 and PD-L2, show
differential expression patterns. PD-L1 is constitutively expressed
on all haematopoietic cells and many non-haematopoietic tissues
and is upregulated after activation whereas PD-L2 is inducibly
expressed on DCs and macrophages only. Upon ligand engage-
ment, PD-1 is phosphorylated and recruits SHP-1 and -2 to the
antigen-receptor complex (Okazaki et al., 2001).

PD-1 signaling inhibits PI3k activity (Parry et al., 2005), leading
to decreased T cell proliferation, reduced IFNγ and IL-2 produc-
tion and increased T cell apoptosis (Sandner et al., 2005). Using
multi-photon laser-scanning microscopy techniques to study the
movement of T cells in vivo, Fife et al. described the mechanism
of inhibition of T cell activation induced by PD-1:PD-L1 signal-
ing. In this model, T cell activation was decreased by blocking
the TCR-induced stop signal, thereby maintaining T cell mobil-
ity within lymph nodes and decreasing interactions between T
cells and antigen bearing DCs (Fife et al., 2009). Of note, PD-1
mediated inhibition depends upon the strength of TCR ligation,
with greatest inhibition delivered at low levels of TCR stimulation.
Furthermore, this inhibition can be overcome by stronger costim-
ulatory signals, such as those delivered through CD28 (Freeman
et al., 2000).

PD-1 IN DISEASE STATES
PD-1 plays an important role in the maintenance of self-tolerance
and its deficiency leads to varying disease states depending upon
the genetic background of the animals studied. PD-1−/− on
a Balb/c background suffer from autoimmune cardiomyopathy
while C57BL/6 PD-1−/− develop progressive arthritis and a lupus-
like glomerulonephritis (Fife and Bluestone, 2008). Furthermore,
PD-1 blockade and deficiency in NOD mice leads to accelerated
autoimmune diabetes (Ansari et al., 2003; Wang et al., 2005a) and
PD-1 blockade leads to the development of accelerated and clin-
ically more severe EAE in mouse models (Salama et al., 2003).
Of note, PD-L1 has been implicated in the development of T
cell exhaustion (Urbani et al., 2006; further discussed below) and
its tissue expression also plays a crucial role in the maintenance
of peripheral tolerance (Keir et al., 2006). Similar to other coin-
hibitory molecules, polymorphisms in PD-1 have been linked with
a range of autoimmune conditions in humans, including MS, SLE,
Type I DM, and Grave’s disease (Keir et al., 2008).

IMPACT OF PD-1 ON Treg FUNCTION
Regulatory T cells upregulate PD-1 expression on activation (Rai-
mondi et al., 2006) and blockade of PD-1 appears to decrease
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the suppressive activity of Tregs in vivo (Kitazawa et al., 2007).
Furthermore, in the setting of transplantation, PD-L1 blockade
appears to alter the balance of Tregs/Teffector cells and promote
aggressive alloresponses (Sandner et al., 2005).

PD-1:PD-L1/PD-L2 IN MODELS OF TRANSPLANTATION
In keeping with its role as a negative costimulatory pathway,
blockade of PD-1 leads to accelerated allograft rejection in fully
mismatched cardiac allografts. However,partially mismatched car-
diac transplants survive long-term in PD-1 deficient recipients (Ito
et al., 2005; Tao et al., 2005). This discrepancy suggests that PD-
1 signals play a greater role in disease models where CD4+ and
CD8+ T cell-dependent responses are prominent. More detailed
studies have demonstrated that blockade of PD-L1 specifically, but
not PD-L2, was associated with accelerated rejection in skin and
cardiac allograft models, characterized by increased proliferation
and decreased apoptosis of allospecific CD4+ T cells (Barrat et al.,
1999; Sandner et al., 2005; Yang et al., 2008).

Administration of a fusion protein which is agonistic for PD-
1, PD-L1-Ig, has been demonstrated to prolong cardiac allo-
graft survival in both CD28−/− recipients and, when given with
cyclosporine, WT recipients of full mismatched cardiac allo-
grafts. This survival was associated with decreased IFNγ expres-
sion and reduction in pro-inflammatory cytokine production
(Ozkaynak et al., 2002). Furthermore, PD-L1-Ig synergizes with
anti-CD154mAb to promote long-term islet allograft survival
(Gao et al., 2003). Finally, intact PD-1:PD-L1 signaling has been
reported to be central to the spontaneous tolerance in murine liver
allografts (Morita et al., 2010).

In a further layer of complexity, tissue expression of PD-1
ligands appears to play an important role in allograft outcome.
Donor, but not recipient, PD-L1 deficiency is associated with an
increased tempo of cardiac allograft rejection; characterized by
accelerated chronic allograft vasculopathy, greater frequency of
effector T cells and increased IFNγ production (Yang et al., 2008).
Studies using bone marrow chimeras have demonstrated that tol-
erance induced by CTLA-4-Ig is dependent upon the presence of
PD-L1 on donor endothelium (Riella et al., 2011). Mechanistic
studies showed increased pro-inflammatory cytokine production
and increased CD8+ effector/memory T cell frequency in recipi-
ents of grafts lacking PD-L1 endothelial expression (Riella et al.,
2011). Furthermore, the effect of PD-1 pathway appears to differ
between cell types. In a GVHD model, blockade of PD-L2 but not
PD-L1 lead to increased proliferation of allospecific CD8+ T cells
with little effect of CD4+ T cells (Habicht et al., 2007). Differing
PD-1 ligand expression in a lymphoreplete versus a lymphopenic
model may also influence these observations.

Recently, B7-1 has been recognized as an alternative binding
partner for PD-L1, albeit at lower affinity than for PD-1 (Butte
et al., 2007). This interaction also transmits a coinhibitory sig-
nal leading to decreased T cell proliferation, reduced cytokine
production and reduction in activation marker expression. In
a MHC Class II mismatched model of chronic cardiac allograft
rejection, PD-L1 blockade accelerated rejection in B7-2, but not
B7-1, deficient recipients (Yang et al., 2011). Moreover, adminis-
tration of an antibody which specifically blocked the B7-1:PD-L1
interaction led to more severe chronic allograft vasculopathy with

upregulation of pro-inflammatory cytokines and reduction in
splenic Tregs (Yang et al., 2011). These data demonstrate the rele-
vance of this interaction using in vivo models of transplantation
and are of particular relevance in light of the recent availability
of the costimulation blocker, Belatacept, in clinical practice. The
impact of Belatacept on the interaction between B7-1 and PD-L1
is unknown and may be an important area of future investigation.

PD-1 PATHWAY IN HUMAN STUDIES OF TRANSPLANTATION
Preliminary studies have looked at the predictive value of uri-
nary levels of PD-1, PD-L1, and PD-L2 mRNA in the diagnosis
of acute allograft rejection in human recipients. Elevated urinary
PD-1 mRNA, was associated with biopsy proven acute rejection
and when measured in combination with urinary mRNA for
OX40, OX40L, and Foxp3, was a strong predictor of acute allograft
rejection (Afaneh et al., 2010).

In human transplant recipients, the role of allograft tissue
expression of PD-1 and its ligands have also been examined. PD-L1
is expressed on human renal tubular epithelial cells and has been
reported to suppress alloreactive T cell responses (Starke et al.,
2010). Furthermore, while these molecules are not seen on native
kidneys, immunohistochemical staining of renal allograft sam-
ples revealed induction of PD-1, PD-L1, and PD-L2 in rejecting
allografts. No correlation was seen between staining and serum
creatinine or proteinuria. However, the expression of PD-L1 was
significantly higher in those grafts showing vascular (Banff 2a and
2b) versus tubulointerstitial rejection (Banff 1a and 1b; Starke
et al., 2010).

CONCLUSIONS
The differential expression of ligands for CTLA-4 and PD-1 has
lead to hypotheses that these negative costimulatory pathways
occupy non-redundant roles in control of immune responses.
CTLA-4 may control early T cell activation, whereas PD-1 may be
more important in control of later stages and in particular T cell
activation within the transplanted organ. Therefore, these path-
ways appear to play complementary roles in alloimmunity and
robust strategies to promote tolerance may involve targeting both.

Data from human studies suggest that PD-1 and PD-L1 may
be useful biomarkers for non-invasive diagnosis of allograft rejec-
tion, most likely in combination with a panel of other molecules.
More importantly, animal models have demonstrated that tissue
expression of PD-1 and its ligands play an important role in mod-
ulating the alloresponse to the graft. Furthermore, upregulation of
these molecules is seen in rejecting grafts, in murine and human
studies, perhaps in response to local tissue injury. Whether this is
associated with limitation of the alloresponse or possibly a marker
of greater responsiveness to therapy, is as yet unknown, and will
form an important area of future investigation. Finally, an exciting
prospect exists that manipulation of graft expression of these mol-
ecules, either through targeted gene therapy or the use of drugs
to upregulate expression, may promote a tolerogenic environment
and influence graft survival.

B7-H3
B7-H3 is a member of the B7 family of costimulatory molecules.
It is a type-1 transmembrane protein with a short cytoplasmic tail
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and no known signaling domain. It is broadly expressed in human
tissues and in the immune system, its expression is induced on
monocytes, DCs, and T cells upon activation (Chapoval et al.,
2001). This wide pattern of expression suggests B7-H3 may have
diverse immunological and non-immunological functions. In
keeping with this, its exact role in immunity remains unclear, with
positive and negative costimulatory functions being reported. Ini-
tial studies of human B7-H3 using a B7-H3-Ig fusion protein,
suggested it was a positive costimulatory molecule, demonstrating
increased T cell proliferation, IFNγ production and CTL gener-
ation (Chapoval et al., 2001). Its receptor is found on activated
T cells and is distinct from CD28, CTLA-4, ICOS, and PD-1
(Chapoval et al., 2001).

Triggering receptor expressed on myeloid cells (TREM)-like
transcript 2 (TLT-2) has been proposed as a receptor for B7-
H3 (Hashiguchi et al., 2008). TLT-2 is constitutively expressed on
CD8+ T cells and is induced on CD4+ T cells after activation. In
this study, B7-H3:TLT-2 was reported to enhance T cell responses
in vitro, with modest increases IL-2 and IFN-γ production on
CD4+ and CD8+ T cells seen after TLT-2 and B7-H3 interac-
tion (Hashiguchi et al., 2008). However, a more recent paper has
strongly refuted these findings, and reports no interaction between
B7-H3 and TLT-2 on murine or human cells (Leitner et al., 2009).

In mice, B7-H3 is constitutively expressed on professional APCs
and a small population of splenic T cells. Its expression is increased
on DCs after incubation with LPS (Prasad et al., 2004). Contrary to
the human study, data from murine studies using a blocking anti-
body against B7-H3 demonstrate its role as a negative regulator of
T cell activation (Prasad et al., 2004). An agonistic fusion protein,
B7-H3-Ig, was found to markedly decrease proliferation, IL-2 and
IFNγ production by T cells incubated with aCD3 (Suh et al., 2003;
Prasad et al., 2004; Leitner et al., 2009). Furthermore, when T cells
were activated with aCD3 in the presence of B7-H3-Ig, reduced
activity of NF-κB, NFAT, and inhibition of AP-1 activation were
observed (Prasad et al., 2004). The effect of B7-H3 signaling was
overcome with CD28-mediated costimulation, suggesting B7-H3
may exert greatest effect in situations where CD28 costimulation
is limited. In addition, use of a blocking mAb, anti-B7-H3, lead to
greatly enhanced T cell proliferation (Prasad et al., 2004). Unlike
the human data, murine studies did not confirm a role for B7-H3
in CTL responses in vitro or in vivo (Suh et al., 2003).

B7-H3 IN DISEASE STATES
In vivo, treatment with an antagonistic mAb, anti-B7-H3, lead to
earlier onset of EAE, more clinically severe disease and greater
numbers of brain-infiltrating CD4+ T cells in treated than con-
trols (Prasad et al., 2004). Finally, B7-H3 deficient APCs show
greater costimulatory capacity than wild type (Suh et al., 2003).

In a murine model of airway inflammation, B7-H3 deficient
mice developed more severe airway inflammation and increased
T cell infiltration than controls in Th1 but not Th2 conditions
(Suh et al., 2003). Furthermore, B7-H3 expression on DCs was
enhanced by IFNγ but suppressed by IL-4. Taken together, these
data suggest a role for B7-H3 in negative regulation of T cell
responses occurring under Th1 polarizing conditions.

Extensive studies of B7-H3 function in cancer biology have
also revealed contradictory data. In several mouse cancer models,

ectopic overexpression of B7-H3 leads to activation of tumor spe-
cific CTLs and slowed growth or tumor eradication (Hofmeyer
et al., 2008). However, human studies in non-small cell, prostate
and ovarian cancers have shown increased disease severity where
malignant cells showed increased B7-H3 expression, suggesting
B7-H3 may be acting as an immune evasion pathway in this setting
(Hofmeyer et al., 2008).

B7-H3 IN MODELS OF TRANSPLANTATION
The role of B7-H3 in transplantation has not yet been extensively
studied but again, conflicting data exists. Using a complete MHC
mismatched cardiac allograft model, prolonged allograft sur-
vival was seen in B7-H3−/− recipients treated with Cyclosporine
or Rapamycin (Wang et al., 2005b). Analysis of graft infiltrat-
ing cells revealed decreased expression of both cytokines IL-2
and IFN-γ and chemoattractant proteins MCP-1 and IP-10 in
treated B7-H3−/− recipients compared with control animals. No
differences were seen in expression of regulatory cytokines (Wang
et al., 2005b). Chronic allograft rejection was investigated using
two models; a complete MHC mismatched allograft combined
with anti-CD154 treatment and a Class II mismatched cardiac
transplant. Decreased chronic allograft vasculopathy with similar
cytokine expression profiles were observed in B7-H3−/− recipients
in both models.

In contrast however, our group has extensive preliminary data
demonstrating the role of B7-H3 as a negative regulator of alloim-
munity. B7-H3−/− recipients show attenuated allograft survival
and treatment with an agonistic fusion protein, B7-H3-Ig prolongs
allograft survival in a complete MHC mismatch model (Ueno,
Yeung, personal communication).

The differing effects observed between these transplantation
studies may possibly relate to specifics of the individual B7-
H3 knockouts described and also the binding affinity/functional
activity of fusion proteins studied. Furthermore, the existence of
separate “costimulatory” and “coinhibitory” ligands for B7-H3 has
not yet been excluded. The contradictory findings suggest the role
played by B7-H3 varies, dependent upon the system being stud-
ied. Furthermore, B7-H3 has wide tissue expression and little is
known as to its local activity in regulating immunity. Clearly, fur-
ther detailed studies are required to elucidate the exact role of
B7-H3 in alloimmunity and its relative importance as a potential
therapeutic target.

B7-H4
B7-H4 is a type I transmembrane protein and is a recently
described member of the B7 family. While B7-H4 mRNA is found
in a variety of tissues, it is not expressed on naïve T cells, B cells
or DCs. Its expression is upregulated after in vitro stimulation of
human T cells, B cells, monocytes, and DCs (Prasad et al., 2003;
Sica et al., 2003). Its receptor, as yet unidentified, is thought to
be expressed on activated T cells and appears to be distinct from
known CD28 family members. Finally, it has also been shown to
suppress neutrophil-mediated immune processes, thereby playing
a role in innate immunity (Zhu et al., 2009).

In studies using an agonistic fusion protein, B7-H4 was demon-
strated to inhibit T cell proliferation both in vitro and in vivo
(Prasad et al., 2003; Sica et al., 2003). Signaling through B7-H4
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lead to suppression of IL-2 and IFN-γ production in vitro. In
addition, there appears to be an interaction between B7-H4 and
Treg function. In a model of GVHD, treatment with B7-H4-Ig sup-
pressed the generation of CTLs both in vitro and in vivo (Sica et al.,
2003). In vitro studies suggest that suppressive function of APCs
is associated with increased B7-H4 expression. This appears to be
mediated through Treg production of IL-10 (Kryczek et al., 2006).
Finally, blockade of B7-H4 lead to accelerated onset and worsen-
ing severity of murine EAE, further indicating its important role
in control of T cell responses (Prasad et al., 2003).

B7-H4 IN DISEASE STATES
Early treatment with B7-H4-Ig reduced the incidence of diabetes in
NOD mice, associated with reduced insulitis scores and increased
pancreatic infiltration with Foxp3+ CD4+ T cells in treated mice
(Wang et al., 2011). In a similar vein, B7-H4 was overexpressed
on an insulinoma cell line transplanted into C57BL/6 mice with
Streptozotocin-induced diabetes. Improved survival was observed
in the B7-H4 group; this was associated with an increased splenic
Treg population and reciprocally reduced IFN-γ-producing and
increased IL-4 producing splenocytes (Yuan et al., 2009). Another
group found that B7-H4 overexpression promoted islet allograft
survival and induced donor specific tolerance (Wang et al., 2009a).

Similar to studies of B7-H3 in cancer biology, B7-H4 appears
to play a role in tumor immune evasion. It appears to be highly
expressed on human tumors including breast, lung, prostate, and
ovarian malignancies. In keeping with its known role as a negative
regulator of immune responses, the presence of B7-H4 positive
cells has been repeatedly shown to correlate with reduced num-
bers of tumor infiltrating lymphocytes and worse outcomes (Yi
and Chen, 2009).

B7-H4 IN MODELS OF TRANSPLANTATION
A small number of studies have addressed the role of B7-H4
in alloimmunity. Our group has recently described the effect of
B7-H4 blockade in murine model of cardiac transplantation. In
a fully mismatched cardiac allograft model, blockade of B7-H4
did not affect allograft survival. However B7-H4 blockade signifi-
cantly accelerated allograft rejection in CD28−/− recipients and in
CD80/CD86DKO recipients, in whom fully mismatched allografts
usually survive long-term (Yamaura et al., 2010). This rejection was
accompanied by increased frequency of IFN-γ and IL-4 producing
splenocytes and increased levels of donor specific antibodies. Fur-
thermore, blockade of this pathway with anti-B7-H4 precipitated
acute rejection in mice treated with CTL-A4-Ig where long-term
allograft acceptance is the norm (Yamaura et al., 2010).

These data suggest that B7-H4 plays a dominant negative reg-
ulatory role in controlling alloreactive T cells in the absence of
CD28/CTLA-4:B7 signaling. In this fashion, it appears to play a
non-redundant role in fine-tuning the immune response in vivo.
Although not yet fully elucidated, this role may prove of increasing
relevance going forward; particularly where costimulatory block-
ade using agents such as Belatacept becomes increasingly common
in clinical practice.

BTLA/CD160/LIGHT:HVEM
This complex pathway involves a number of players, the most
widely studied of which are B and T cell lymphocyte attenuator

(BTLA), herpesvirus entry mediator (HVEM), and LIGHT. These
three molecules interact directly with each other but it appears that
HVEM occupies a central role and can direct either positive or neg-
ative costimulatory signals depending upon its receptor binding.
Central to understanding the role of this pathway in immunity is
an analysis of the complex interactions and relative roles of each
of the molecules involved.

B and T cell lymphocyte attenuator is a member of the Ig super-
family and shares structural homology with PD-1 and CTLA-4.
BTLA is a type I membrane glycoprotein with a single C-type Ig
domain and three conserved tyrosine motifs in its cytoplasmic tail;
two of which a found within (ITIMs; Watanabe et al., 2003). As
predicted by its structure, BTLA acts as a negative costimulatory
molecule. Binding to its ligand, HVEM, induces phosphorylation
of its ITIM domain. This is followed by association with SH2
domain-containing protein tyrosine phosphatase 1 (SHP-1) and
SHP-2, leading to attenuation of signals promoting cellular acti-
vation and growth (Sedy et al., 2005). It is broadly expressed
across cells of both innate and adaptive immunity and is found
on CD4+ and CD8+ T cells, B lymphocytes, DCs, NK cells, and
also endothelial cells.

B and T cell lymphocyte attenuator expression is low on naïve
CD4+ T cells (10–15%; Tao et al., 2008) but increases with anti-
gen specific stimulation and peaks on day 2 (Hurchla et al.,
2005). This declines by day 7 but secondary reactivation of T
cells leads to rapid BTLA induction (Hurchla et al., 2005). In
terms of T cell subsets; greater expression is seen on Th1 than
Th2 cells (Hurchla et al., 2005) and little is expressed on Tregs.
In addition, BTLA is highly expressed on anergic CD4+ T cells
in vivo (Hurchla et al., 2005). The highest levels of BTLA expres-
sion on T cells were seen with anergy induction (Hurchla et al.,
2005). BTLA deficient T cells proliferate more vigorously than
wild type when stimulated with aCD3 or APCs. This appears to
be primarily due to increased CD8+ T cell proliferation. Further-
more, BTLA−/− CD8+ T cells are more efficient at differentiating
into memory T cells than WT cells (Krieg et al., 2005). This
is thought to explain the higher proportion of memory T cells
observed in both BTLA−/− and HVEM−/− animals (Krieg et al.,
2005).

B and T cell lymphocyte attenuator is unique among coin-
hibitory members of the Ig superfamily, in that it binds to HVEM,
which is a member of the TNF receptor superfamily. Other lig-
ands for HVEM have been described, including CD160, which
also transduces a negative costimulatory signal (Cai et al., 2008).
HVEM also binds the canonical TNF ligands, LTα (Murphy and
Murphy, 2010; lymphotoxin alpha), and LIGHT (Mauri et al.,
1998; lymphotoxin-like, exhibits inducible expression, and com-
petes with herpes simplex virus glycoprotein D for HVEM, a
receptor expressed by T lymphocytes) both of which are posi-
tive costimulatory molecules. HVEM engagement with BTLA and
CD160 both activate inhibitory signaling in lymphocytes (Sedy
et al., 2005; Murphy et al., 2006; Cai et al., 2008). BTLA and
CD160 both bind to the N-terminal membrane distal cysteine-
rich domain-1 (CRD-1) of HVEM (Sedy et al., 2005), whereas the
positive costimulatory molecules, LIGHT and LTα, bind to CRD-2
and CRD-3 (Rooney et al., 2000). LTα has not yet been studied in
alloimmunity and will not be discussed further here.
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Herpesvirus entry mediator is widely expressed across cells of
innate and adaptive immunity and is also found on endothelial
cells. However, its relative role in differing cell subsets remains
unclear. Signaling through HVEM activates NF-kB, and in this
manner it costimulates B cell proliferation and immunoglobulin
secretion (Duhen et al., 2004) and on DCs (Salio et al., 1999), NK
cells (Kwon et al., 1997) and non-haematopoietic cells, it promotes
activation of effector functions (Marsters et al., 1997). During T
cell activation, HVEM shows a reciprocal expression pattern to
BTLA, with high HVEM expression seen on naive CD4+ which
markedly decreases with T cell activation (Morel et al., 2000). This
returns to high levels as CD4+ cells become quiescent.

LIGHT is expressed on monocytes, granulocytes, and immature
DCs (Tamada et al., 2000). LIGHT expression on peripheral blood
lymphocytes is induced with TCR activation but it is constitutively
expressed on CD4+ cells and NK cells in mucosal tissues. (Cohavy
et al., 2005) LIGHT does not itself appear to have signaling motifs
but it shows potent CD28 independent costimulatory activity. Its
interaction with HVEM provides a positive costimulatory signal
(Sedy et al., 2005) leading to increased MAP kinase activity, T cell
activation (Shi et al., 2002), and increased inflammatory responses
(Ware, 2008).

LIGHT exists in both membrane-bound and soluble forms,
cleaved by matrix metalloproteases. Interestingly, binding of
LIGHT appears to modulate the interaction between BTLA and
HVEM and its effect on this interaction varies greatly dependent
upon the form. As described above, LIGHT has a separate binding
site to BTLA on HVEM (Rooney et al., 2000) and its binding, in
soluble or membrane-bound forms to HVEM, modulates the sig-
nal produced when BTLA binds, providing a tight feedback loop.
Both membrane-bound and soluble LIGHT can induce NF-κB
activation through HVEM but membrane-bound LIGHT shows
much more robust activity than the soluble form (Cheung et al.,
2009). Conversely, membrane-bound LIGHT non-competitively
disrupts binding between BTLA and HVEM (Cheung et al., 2005).
The regulation of LIGHT cleavage in vivo has not yet been eluci-
dated but it appears to play an important role in determining the
downstream effect of BTLA:HVEM interaction.

CD160 is the second coinhibitory molecule involved in this
pathway. It binds HVEM and inhibits CD4+ proliferation and
cytokine production (Cai et al., 2008). CD160 is highly expressed
on human NK cell subsets, CD8+ T cells, NKT cells, γδ T cells,
and on all intestinal intra-epithelial T lymphocytes (IELs; Maeda
et al., 2005). However, functional studies of CD160 have not been
reported to date and little is known about its role in auto- or allo-
immunity in vivo. Although both act to control T cell proliferation,
CD160 and BTLA appear to show distinct expression patterns, sug-
gesting their inhibitory functions may be non-overlapping in vivo.

BTLA PROMOTES T CELL SURVIVAL
Aside from its role as coinhibitory molecule, there are data to sug-
gest BTLA also promotes T cell survival. In vitro data using an
NF-κB reporter shows that BTLA binding to HVEM leads to NF-
κB activation and promotes cell survival (Cheung et al., 2009).
Furthermore, the presence of soluble LIGHT increased the avidity
of BTLA binding to HVEM and augmented the observed NF-κB
activation.

BTLA−/− T cells fail to sustain GVHD in a non-irradiated
GVHD model. BTLA−/− T cells show normal expansion initially
after adoptive transfer, but failed to sustain inflammation (Hurchla
et al., 2007). After the first week, BTLA−/− T cells show a sharp
decline in effector cell numbers, which is accompanied by reso-
lution of GVHD (Hurchla et al., 2007). Furthermore, BTLA−/−
T cells fail to elicit a strong anti-host response as demonstrated
by lack of depletion of host B cells. Similar findings were seen
with antibody blockade of BTLA on wild type cells. Mechanistic
studies showed that these T cells show decreased proliferation and
decreased cytolytic activity (Hurchla et al., 2007).

IMPACT OF BTLA:HVEM ON Treg FUNCTION
The expression of BTLA is low on Tregs and BTLA−/− Tregs

demonstrate normal suppressive activity (Tao et al., 2008). Upon
activation, T effector cells express increased BTLA but markedly
down-regulate HVEM. In contrast, activated Tregs strongly upreg-
ulate HVEM but not BTLA. The importance of this pathway in
Treg function is emphasized by findings that HVEM−/− Tregs show
decreased suppressive activity and WT Tregs are unable to suppress
BTLA−/− T effector cells (Tao et al., 2008). In addition, studies
using fully mismatched cardiac allografts suggest that long-term
allograft survival could not be achieved in the absence of HVEM
on Tregs (Tao et al., 2008). While HVEM does not appear to be
a dominant functional pathway on Tregs (as HVEM−/− mice do
not display spontaneous autoimmunity observed in Foxp3 defi-
cient mice), these data suggest a potentially important role in
alloimmunity, which requires further detailed evaluation.

BTLA:HVEM IN DISEASE STATES
BTLA−/− mice are more prone to develop autoantibodies and
develop a hepatitis-like syndrome with advancing age (Oya et al.,
2008). Expansion of CD4+ and NKT cell populations in the liver
parenchyma with associated endothelialitis and portal inflamma-
tion has also been described (Oya et al., 2008). BTLA−/− also show
greater allergic airway inflammation (Deppong et al., 2006) and
greater susceptibility to EAE (Greenwald et al., 2005). HVEM−/−
mice show increased susceptibility to Con A mitogen induced,
autoimmune hepatitis (Wang et al., 2005c). LIGHT−/− mice show
impaired T cell responses (Tamada et al., 2000).

In a murine model of inflammatory bowel disease, Rag−/− mice
developed more severe colitis upon adoptive transfer of HVEM−/−
T cells compared to transfer of wild type T cells. Transfer for
BTLA−/− cells did not accelerate colitis in the same fashion (Stein-
berg et al., 2008). It has been proposed that this may be due to lack
of T cell survival as observed in the GVHD model described above
(Hurchla et al., 2007). Treatment of HVEM−/− Rag−/− recipients
with a BTLA agonist reversed the observed colitis (Steinberg et al.,
2008). These data suggest BTLA:HVEM plays an important role in
control of effector T cell responses in vivo. Furthermore, data from
Rag−/− studies suggests the negative costimulatory effect of BTLA
signaling may be the more dominant pathway regulating in vivo
immune responses, rather than positive costimulation mediated
through LIGHT.

A Taiwanese study of 94 patients with RA reported an associ-
ation between a SNP [C(+800)] in BTLA and increased risk of
RA. This SNP is located in the region between the two ITIMs
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in the cytoplasmic tail of BTLA (Lin et al., 2006). In addition, a
small Japanese study showed an association between a different
BTLA SNP (590C) and RA, but not with SLE or Sjogren’s syn-
drome. In this study, patients bearing this SNP were reported to
have presented with disease earlier than those without (Oki et al.,
2011). The functional consequences of either of these SNPs remain
unknown.

BTLA IN MODELS OF TRANSPLANTATION
Several studies have described prolonged islet cell allograft survival
after treatment with anti-BTLA antibodies. One such antibody,
PJ196, given in combination with CTLA-4-Ig, has been reported
to lead to long-term islet cell allograft survival (Truong et al.,
2007a). The mechanism of action of this antibody is unclear.
BTLA expressing cells were not depleted, but BTLA surface expres-
sion was markedly down-regulated after treatment with PJ196.
Furthermore, earlier data had suggested this antibody does not
simply act as a BTLA agonist as it did not decrease in vitro T
cell proliferation. After combination treatment with CTLA-4-Ig,
islet graft histology demonstrated massive cellular infiltration,
primarily consisting of CD4+ Foxp3+ Tregs. Such infiltrate was
not observed after treatment with anti-BTLA alone, leading the
authors to speculate that combined treatment may have enhanced
the local milieu for Treg generation, possibly through down-
regulating coinhibitory signals on Tregs and thereby enhancing
their function (Truong et al., 2007a).

In a related publication from the same group, treatment with
a depleting anti-BTLA antibody, 6F7, alone led to modest non-
significant prolongation of islet allograft survival, when compared
with control. No graft prolongation was seen in BTLA−/− recip-
ients and addition of CTLA-4-Ig did not significantly prolong
allograft survival in BTLA−/− mice. Combination of anti-BTLA
(6F7) with CTLA-4-Ig again lead to long-term islet allograft sur-
vival in this model (Truong et al., 2007b). Treatment was associated
with a reduction in total T cell, CD4+ cell and B cell number.
Furthermore, the percentage of CD4+ cells expressing PD-1 was
significantly increased in the anti-BTLA treatment group.

As seen in the earlier study, allograft histology demonstrated
local accumulation of CD4+ Foxp3+ cells in tolerant animals.
In vivo donor specific tolerance was present and third party
grafts were appropriately rejected. However, in vitro studies
showed no difference in T cell proliferation or cytolytic killing
in response to allogeneic stimulus in tolerant mice. In vivo CFSE
proliferation studies confirmed that 6F7 does not show signif-
icant impact on proliferation of allogeneic CD4+ or CD8+ T
cells (Truong et al., 2007b). The function of this mAb in vivo
is unclear, but the lack of effect on proliferation of activated
T cells suggests that similar to PJ196, 6F7 is not simply an
agonistic antibody. Through an unclear mechanism, increased
expression of PD-1 was observed along with increased local
Treg accumulation in the treated animals. It is unclear if anti-
BTLA mAb acts to increase PD-1 expression either directly or
if this occurs through indirect mechanisms by blocking BTLA
signaling.

Further studies have examined the role of BTLA in the survival
of Class I or Class II mismatched cardiac allograft survival. In con-
trast to wild type recipients, where partially mismatched cardiac

allografts survive long-term, both BTLA−/− and HVEM−/− recip-
ients rejected their grafts within 4 weeks of transplantation. Treat-
ment with a blocking anti-BTLA mAb (6A6) led to accelerated
rejection, at a similar tempo (Tao et al., 2005).

While targeting PD-1 did not induce acute rejection in this
model, recipients deficient in both BTLA and PD-1 rejected their
allografts, at a slightly faster tempo than BTLA−/− alone. More-
over, targeting BTLA via any one of either BTLA−/−, HVEM−/−
recipients, or administration of a blocking anti-BTLA mAb, all lead
to accelerated allograft rejection in a mismatched model (Tao et al.,
2005). Similarly, T cell alloreactivity was greatly enhanced in the
absence of BTLA or HVEM. While BTLA was induced on allore-
active T cells post partially mismatched cardiac transplantation,
PD-1 was not.

Interestingly, and unexpectedly, in the setting of transplan-
tation across a full MHC mismatch, T cells from BTLA−/−
mice display decreased proliferation and cytokine production and
these recipients show slightly prolonged cardiac allograft sur-
vival. As discussed previously (in PD-1 section), following fully
mismatched cardiac transplantation; PD-1 expression is greatly
increased on CD4+ and CD8+ alloreactive T cells. Unexpectedly,
this increase in expression is more marked in BTLA−/− recipi-
ents. Treatment with anti-PD-1 blockade or transplantation into
a BTLA/PD-1 double knockout recipient abrogated this effect and
led to acute allograft rejection, similar to controls (Tao et al.,
2005).

Based on the above data, it appears that BTLA signaling plays
an important role in the maintenance of tolerance to partially
mismatched cardiac allografts, a well-studied model of chronic
rejection. However, in the setting of stronger alloimmune stimu-
lus, as seen with fully mismatched transplantation, the impact of
BTLA on allograft tolerance is much less. In these circumstances,
the pro-tolerogenic effect of PD-1 appears to be dominant. Again,
the effect of targeting BTLA on induction of PD-1 expression
remains unclear, but these data suggest an important link between
these two negative costimulatory pathways.

The differences in survival in the cardiac and islet transplant
data possibly relate to the antibodies used. The cardiac transplants
were carried out using a non-depleting, blocking anti-BTLA mAb
(6A6) whereas the islet cell transplants used a depleting antibody
(6F7) or one that down-regulated BTLA expression (PJ196).

Several groups have studied the role of BTLA using GVHD
models. Using a parent into non-irradiated F1 murine model of
GVH, treatment with an antagonistic anti-BTLA mAb (4G12b)
was shown to decrease anti-host response in terms of infiltration
of bone marrow and thymus along with a marked reduction in
the cytotoxic T cell activity (Del Rio et al., 2011). Further stud-
ies have shown that anti-BTLA mAb (6A6), administered at the
time of allogeneic hematopoietic stem cell transplantation (HSCT)
prevented the development of GVHD (Albring et al., 2010). How-
ever, once GVHD was established, treatment with 6A6 could not
reverse the disease. In this model, lymphocyte depletion was not
seen and the effect was dependent on the presence of BTLA on
donor cells. Overall, treatment at the time of transplantation
appeared to rebalance the T cell expansion in these recipients,
with decreased effector T cell populations, greater proportions of
Tregs with increased Treg/Teff ratio (Albring et al., 2010).
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Finally, a recently published study used an agonistic BTLA
mAb (BYK-1), which does not block the interaction of BTLA and
HVEM. Administration of this mAb profoundly inhibited the gen-
eration of donor anti-host CTLs (Sakoda et al., 2011). Similar to
the study using 6A6 mAb, treatment at the time of transplantation
prevented the development of GVHD in recipient mice and led
to long-term survival and successful engraftment (Sakoda et al.,
2011). These effects were shown to be dependent on donor T
cells and additionally, T cell-expressed BTLA was demonstrated
to deliver a pro-survival signal, through HVEM (Sakoda et al.,
2011). Taken together, these data suggest BTLA blockade may be a
potential therapeutic target in HSCT to prevent the development
of GVHD while allowing survival and engraftment of donor cells.

CONCLUSIONS
Attempts to dissect and understand this pathway are complicated
by several major issues. These include the number of binding
partners for HVEM, their varied functions, and the fact that
most lymphoid cells can express any of these receptors/ligands
(BTLA, HVEM, LIGHT, and CD160) at differing stages of their
development and activation. However, active regulation of HVEM
expression appears to be a central tenet to controlling its interac-
tions with BTLA, CD160, and LIGHT. As such, HVEM appears to
occupy a central role, acting as a molecular switch, to direct T cell
activation in an inhibitory or stimulatory direction.

The observed bidirectional signaling through BTLA:HVEM,
the effect of LIGHT on their interaction and the relative expres-
sion of these molecules are all issues that need to be considered
when interpreting disease or transplantation models involving
this pathway. Studies using differing models suggest that the
dominance of one signal over the other varies according to the
type of immune response involved. Some studies suggest that
the positive costimulatory signal through HVEM may predom-
inate in pathogenesis of GVHD, where blockade of BTLA has
led to impaired allogeneic responses and HVEM−/− mice suf-
fer less severe GVHD. Meanwhile, in models of autoimmunity
and inflammatory responses, BTLA negative costimulatory signal
appears dominant, as BTLA−/− mice show greater susceptibility to
these conditions. However, the impact of LIGHT modulating the
BTLA–HVEM interaction has not yet been adequately investigated
in vivo and remains an important area of future investigation. Fur-
thermore, the link between this pathway and PD-1 remains to be
elucidated.

Further research in this area is crucial to clarify the roles of
these molecules and understand their hierarchy of importance in
models of transplantation. Theoretically, blockade LIGHT:HVEM
costimulation is desirable, as is promotion of coinhibition through
BTLA:HVEM signaling. However, recent data highlighting the cos-
timulatory effect of BTLA binding to HVEM, leading to increased
NF-κB activation and pro-survival signals, sound a note of caution.
Therefore, the development of antibodies binding BTLA to pro-
mote its signaling rather than HVEM may prove the most promis-
ing target. In vivo data from models of transplantation appear to
indicate that those antibodies that deplete or down-regulate BTLA
expression are more effective in controlling alloresponses. How-
ever, much work remains to be done to develop our understanding
of this pathway as a potential therapeutic target.

TIM-3:GALECTIN-9
The T cell immunoglobulin mucin (TIM) family members are a
novel group of costimulatory molecules, expressed on a wide vari-
ety of innate and adaptive immune cells. While TIM-3 is present
on predominantly on Th1 cells, it is found on Th17 cells at lower
levels and is also expressed on CD8+ T cells, DCs, macrophages,
and mast cells (Freeman et al. (2010)). In studies using an antag-
onistic TIM-3Ig fusion protein, TIM-3 blockade in naïve CD4+
cells was demonstrated to increase proliferation and increase IFNγ

production (Sabatos et al., 2003). Galectin-9, an S type lectin, is
the ligand for TIM-3. It is expressed on Tregs, B cells, and mast cells
and is also found on non-immune cells such as endothelial cells
and fibroblasts (Zhu et al., 2005).

Upon binding galectin-9, the intracellular tail of TIM-3 is phos-
phorylated by the interleukin inducible T cell kinase (ITK; van de
Weyer et al., 2006), leading to intracellular calcium influx and
apoptosis. TIM-3 signaling is thought to be a critical inhibitory
mechanism whereby Th1 responses are controlled. Furthermore,
IFNγ upregulates galectin-9 expression, leading to an elegant feed-
back loop (Kashio et al., 2003; Zhu et al., 2005). Similarly, admin-
istration of soluble galectin-9 decreases Th17 differentiation (Seki
et al., 2008) while blockade of TIM-3 increases IL-17 production
(Hastings et al., 2009; Boenisch et al., 2010), demonstrating the
role of this pathway in controlling Th17 responses.

Data on the role of TIM-3 signaling in innate immunity are
conflicting. Interruption of signaling during induction of EAE
leads to macrophage expansion and activation resulting in a more
severe clinical phenotype (Monney et al., 2002). Similarly, TIM-3
blockade during liver ischemia–reperfusion injury increases neu-
trophil infiltration, cytokine release, and hepatocyte apoptosis
(Uchida et al., 2010). In contrast, ex vivo studies suggest TIM-3
acts synergistically with TLR stimuli to increase pro-inflammatory
TNF-α secretion from DCs, which may in turn promote T effector
responses (Anderson et al., 2007).

TIM-3 IN MODELS OF TRANSPLANTATION
Galectin-9 is expressed on Tregs and studies demonstrate that
blockade of TIM-3:galectin-9 reduces the suppressive activity of
Tregs in vitro. In vivo TIM-3 blockade at the time of transplantation
abrogates the tolerizing effect of donor derived Treg transfusion,
leading to accelerated graft loss when compared with controls
(Wang et al., 2009b). Similarly, in a model of islet transplant
tolerance induced with DST and anti-CD154, TIM-3 blockade
was associated with loss of tolerance and rapid allograft rejection
(Sanchez-Fueyo et al., 2003) and TIM-3 interactions have been
demonstrated to be essential for the generation of donor specific
Tregs (Sanchez-Fueyo et al., 2003).

TIM-3:galectin-9 interactions appear to be central to Treg func-
tion and tolerance induction. Galectin-9 expression on T cells is
limited solely to Tregs (Sabatos et al., 2003; Wang et al., 2009b).
TIM-3 blockade abrogates induced peripheral tolerance, causes
significant attenuation of suppressive activity of natural Tregs and
increased auto- and allo-immune responses including autoanti-
body production (Sabatos et al., 2003; Muthukumarana et al.,
2008; Wang et al., 2009b). Furthermore, TIM-3 signaling appears
to facilitate the acquisition of donor specific tolerance; TIM-3 defi-
cient mice are refractory to tolerance induction (Sabatos et al.,
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2003) and the generation of allospecific Tregs during tolerance
induction has been demonstrated to be dependent upon intact
TIM-3:galectin-9 pathway (Sabatos et al., 2003; Sanchez-Fueyo
et al., 2003). In a murine model of islet cell transplantation, toler-
ant allografts displayed blunted intra-graft expression of TIM-
3 and IFN-γ as compared with rejected grafts (Sabatos et al.,
2003).

In fact, TIM-3 broadly modulates the alloresponse in vivo. In
a fully mismatched model of chronic cardiac allograft rejection,
accelerated graft loss is observed with TIM-3 blockade (Boenisch
et al., 2010). This rejection is characterized by increased donor
specific alloantibody production, increased Th1 and Th17 polar-
ization, and suppression of adaptive Treg induction (Boenisch
et al., 2010). Administration of exogenous stable galectin-9 has
been used to promote TIM-3 signaling in experimental models.
Treatment has been associated with prolonged allograft survival of
both skin and cardiac allografts (Wang et al., 2008; He et al., 2009).
These studies used models of both acute and chronic allograft
rejection, and all consistently demonstrated that TIM-3:galectin-9
interaction leads to Th1 and Th17 suppression while promoting
Treg differentiation (Wang et al., 2008; He et al., 2009).

TIM-3 IN HUMAN TRANSPLANT RECIPIENTS
In human transplant recipients, TIM-3 may be helpful as a bio-
marker of Th1 activation and rejection. Small studies indicate that
TIM-3 mRNA levels are significantly higher within rejecting allo-
grafts and that there is a strong correlation between intra-graft
TIM-3 and IFN-γ levels. Interestingly, treatment-refractory rejec-
tion episodes showed relatively lower levels of TIM-3, suggesting a
link between lack of negative costimulatory signaling and poorer
allograft outcomes (Ponciano et al., 2007). In addition, measure-
ment of TIM-3 mRNA in urine and blood have proved accurate
in the differentiation of delayed graft function (DGF) with acute
tubular necrosis versus DGF with acute rejection (Manfro et al.,
2008). Patients with acute rejection showed much higher urine
TIM-3 mRNA levels than those with other causes of allograft
dysfunction or non-rejecting controls (Renesto et al., 2007; Man-
fro et al., 2008). While larger studies will be needed to validate
these findings, these data suggest potential utility of TIM-3 mRNA
measurement as a non-invasive tool in the diagnosis of allograft
dysfunction.

OTHER FUNCTIONS OF TIM-3
TIM-3 also functions as a phosphatidylserine receptor and medi-
ates phagocytosis of apoptotic cells (Nakayama et al., 2009).
Blockade of this phagocytic capacity has been shown to promote
autoantibody production and impair cross presentation by CD8+
DCs (Nakayama et al., 2009). As discussed in greater detail below,
increased TIM-3 expression on CD8+ T cells has been associated
with an exhausted phenotype, with decreased viral clearance and
reduced anti-tumor immunity (Golden-Mason et al., 2009; Meng-
shol et al., 2010; Sehrawat et al., 2010). The mechanisms involved,
including the role of galectin-9 in these conditions, remain unclear
at this time.

CONCLUSIONS
Taken together, experimental data indicate that TIM-3:galectin-
9 plays a central role in regulation of Th1 responses including

alloimmune responses. Through signaling on Tregs, TIM-3 is
involved in the generation of antigen specific tolerance. Admin-
istration of galectin-9 has promoted allograft survival in both a
stringent skin graft model and a vascularized model of transplan-
tation. Human studies correlate TIM-3 levels with alloimmune
activation and risk of rejection. These data indicate that targeting
this pathway pharmacologically may hold significant promise in
the management of detrimental alloresponses (Wang et al., 2008;
He et al., 2009). However, several important issues remain to be
clarified. In particular, the impact of targeting TIM-3 on phagocy-
tosis of apoptotic bodies and maintenance of peripheral tolerance,
and the relative importance of galectin-9 expression on donor and
recipient tissues in modulating the immune response, are unclear.
Furthermore, galectin-9 may also function through other, as yet
unidentified, receptors on T cells, which may contribute to the
observed effects (Zhu et al., 2005; Bi et al., 2008).

T CELL EXHAUSTION, NEGATIVE COSTIMULATION, AND
TRANSPLANTATION
T cell exhaustion is a state of T cell dysfunction characterized by
progressive loss of proliferative and effector functions, culminat-
ing in clonal deletion (Virgin et al., 2009). It is most commonly
seen in chronic viral infections and malignancies and is thought
to relate to chronic antigenic stimulation (Wherry et al., 2003).
There appears to be a link between the strength of antigenic stim-
ulation and degree of T cell exhaustion, where larger amounts of
epitopes lead to more severe degrees of exhaustion, even with sim-
ilar viral loads. To date, it has been most widely studied in CD8+
T cells but is also thought to affect CD4+ T cells. Immune regula-
tion is central to T cell exhaustion and expression of coinhibitory
molecules appears to be a crucial feature. Exhausted T cells dis-
play high expression of PD-1 (Barber et al., 2006) but increased
CD160, TIM-3, and CTLA-4 expression have all been described
on virus-specific CD8+ T cells in chronic infection (Crawford
and Wherry, 2009). Furthermore, studies from the cancer litera-
ture have reported reversal of T cell exhaustion through blockade
of TIM-3 and PD-1 signaling (Sakuishi et al., 2010).

The role of T cell exhaustion in solid organ transplantation
has not yet been widely studied. Several groups have reported
on the impact of alloantigen load on alloreactive CD8+ T cells
and demonstrated evidence of T cell exhaustion with decreased
proliferative capacity and reduced effector cytokine production
(Quezada et al., 2003; Steger et al., 2008). However, the expres-
sion of coinhibitory molecules was not examined in these stud-
ies. The true impact of T cell exhaustion on allograft outcomes
remains unclear and whether manipulation of negative costimu-
latory pathways could lead to exhaustion of specific alloreactive
T cell clones is unknown but is a fascinating potential research
avenue.

SUMMARY AND FUTURE DIRECTIONS
With widespread expression across immune cells and tissues, neg-
ative costimulatory molecules are an appealing target for allospe-
cific tolerance induction. An increasing body of literature outlines
the complexity of these pathways, involving variable expression
of receptors and ligands but also overlapping functions and
interactions of different pathways.
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In terms of hierarchy of costimulatory molecules, CD28 occu-
pies a central role in T cell activation and therefore in opposing
this, CTLA-4 is considered the most important coinhibitory mol-
ecule. CTLA-4-Ig blocks CD28-mediated costimulation through
competitive binding to B7, but does not consistently induce allo-
graft tolerance across varied transplant models. This observation
is thought to be due to the presence of other positive costim-
ulatory pathways unaffected by CTLA-4-Ig, but also may rep-
resent inadvertent blockade of tolerogenic CTLA-4 signals. To
begin to address this issue, several groups are currently work-
ing on antibodies which can block CD28 specifically, without
affecting CTLA-4 function. Recent non-human primate studies
of transplantation using a novel anti-CD28 appear to hold some
promise in this area. However, there is likely to be a require-
ment for concomitant negative costimulatory signals to induce
robust allospecific tolerance. A more complete understanding of
the mechanisms of action of CTLA-4, as provided by recent land-
mark studies, will help to inform and guide further investigation
in this area.

Studies of the PD-1 pathways have greatly advanced our under-
standing of costimulation and the importance of tissue-expressed
ligands in T cell activation and directing the alloresponse. Anti-
body blockade of both PD-1 and PD-L1 has been shown to accel-
erate allograft rejection, associated with increased proliferation of
allospecific CD4+ T cells. Prolonged allograft survival is seen after
administration of a PD-1 agonist in the setting of CD28 deficiency;
suggesting that this may be a promising therapy to combine with
blockade of CD28. Tissue expression of PD-L1 also appears to
play an important role in directing the alloresponse, as indicated
by data showing donor PD-L1 deficiency leads to accelerated allo-
graft rejection and tolerance induced by CTLA-4-Ig appears to be
dependent on PD-L1 on donor endothelium.

B7-H3 and B7-H4 have not been extensively investigated in
alloimmunity but current data suggests these may play an impor-
tant role in fine-tuning the immune responses in the setting of
limited CD28-mediated stimulation. In particular, B7-H3 appears
to negatively regulate T cell responses under Th1 polarizing con-
ditions and manipulation of this pathway may prove useful to
prevent rejection, a predominantly Th1 mediated process. How-
ever, as described above, the current data is conflicting and these
findings need to be resolved to fully assess the role of B7-H3 in
alloimmunity. In addition to negative costimulation, B7-H4 also
appears to promote Treg function by increasing IL-10 production.
B7-H4 may also prove a useful pathway to target, as adjunctive
therapy with CD28 blockade.

Furthermore, there is broad similarity in the expression of B7-
H3, B7-H4, PDL-1, and PDL-2 in lymphoid and non-lymphoid
tissues, and their receptors are all expressed on activated T cells.
These features suggest a role for these molecules in regulating
activation of naïve T cells in lymphoid tissue and effector T cell
function in the periphery. Signals transmitted by these B7 ligands
may be tissue specific and regulated by inflammatory cytokines;
thereby influencing the nature and extent of T cell function. Ther-
apeutic strategies aimed at manipulating expression of or signaling
through these molecules locally either within the graft or drain-
ing lymph nodes may be important future avenues to promote
allospecific tolerance without systemic immunosuppression.

Through limiting the development of GVHD and promot-
ing engraftment, manipulation of BTLA signaling may prove an
important strategy in the management of stem cell transplanta-
tion. The data from islet cell transplantation is also quite promising
but these models do not address the complex interactions with
other ligands such as LIGHT. Of particular interest, there appears
to be interaction between BTLA and PD-1 in the induction of tol-
erance. BTLA−/− mice show greater induction of PD-1 expression
and improved allograft survival, in a PD-1 dependent manner.
This relationship warrants further exploration and may prove a
useful link between these coinhibitory pathways. However, the
complex interactions between the different molecules involved in
BTLA:HVEM signaling and the potential for bidirectional signal-
ing, render this a challenging pathway to exploit. At this time,
much remains to be understood before any potential agent could
be brought closer to clinical applications.

TIM-3 and its ligand, galectin-9, are exciting new players in
the field of coinhibition. Recent data demonstrates the ability of
TIM-3 to broadly modulate the immune response. Administration
of galectin-9 has been demonstrated to prolong allograft sur-
vival with decreases in Th1 and Th17 alloimmunity and increased
allospecific Treg generation. Furthermore, TIM-3 blockade has
been shown to prevent tolerance induction. These data suggest
a central role for TIM-3 in regulation of tolerance and that pro-
motion of TIM-3 signaling, perhaps through administration of
exogenous stable galectin-9, may prove an additional important
tool in the quest to induce tolerance in transplant recipients.
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Adaptive immunity in both mouse and man results in the generation of immunological
memory. Memory T cells are both friend and foe to transplant recipients, as they are
intimately involved and in many cases absolutely required for the maintenance of protec-
tive immunity in the face immunosuppression, yet from the evidence presented herein
they clearly constitute a formidable barrier for the successful implementation of tolerance
induction strategies in transplantation. This review describes the experimental evidence
demonstrating the increased resistance of memory T cells to many distinct tolerance
induction strategies, and outlines recent advances in our knowledge of the ways in which
alloreactive memory T cells arise in previously untransplanted individuals. Understanding
the impact of alloreactive memory T cell specificity, frequency, and quality might allow
for better donor selection in order to minimize the donor-reactive memory T cell barrier in
an individual transplant recipient, thus allowing stratification of relative risk of alloreactive
memory T cell mediated rejection, and conversely increase the likelihood of successful
establishment of tolerance. However, further research into the molecular and cellular path-
ways involved in alloreactive memoryT cell-mediated rejection is required in order to design
new strategies to overcome the memoryT cell barrier, without critically impairing protective
immunity.

Keywords: memoryT cells, transplantation tolerance, heterologous immunity, costimulation

OVERVIEW OF MEMORY T CELL PROGRAMMING
One of the hallmark features of adaptive immunity is immuno-
logic memory. Antigen-specific T cells that have experienced a
prior encounter with cognate antigen exist at a higher precursor
frequency than they did as naïve clones, and have acquired a dif-
ferentiation program that allows them to rapidly and robustly
respond to subsequent encounters, usually at a lower activa-
tion threshold than their naïve counterparts (Ahmed and Gray,
1996). The last 20 years have seen an explosion in new knowledge
regarding the instructional developmental programs that impart
these qualities upon memory T cells, and most of this knowl-
edge has come from the study of memory T cell differentiation
in response to viral infection. It is now known that following
clonal expansion and contraction of an antigen-specific T cell
population, a heterogeneous memory pool consisting of central
and effector memory populations remains. Recently, studies have
focused on elucidating factors that identify short-lived effectors
and memory cell precursors at very early timepoints following
infection.

During the primary CD8+ T cell response to antigen, short-
lived effector cells fail to re-express CD127 and upregulate the
senescence marker KLRG-1 (Kaech et al., 2003; Huster et al., 2004;
Sarkar et al., 2008). Memory precursor cells upregulate CD127
and remain KLRG-1 low, although several studies have shown
that CD127 is permissive but not instructive or even required for
memory cell formation (Lacombe et al., 2005; Wojciechowski et al.,
2006; Hand et al., 2007). After the contraction phase, CD8+ central

memory cells are maintained in lymph tissues due to expression of
CD62L and CCR7, while effector memory cells have greater cyto-
toxic potential and reside in peripheral tissues (Sallusto et al., 1999;
Masopust et al., 2001). The transcription factors T-bet, eomesoder-
min, Blimp-1, and the serine kinase mTOR have been implicated in
the distinct differentiation programs of long-lived CD8+ memory
precursors as compared to short-lived effector T cells (Intlekofer
et al., 2005, 2007; Joshi et al., 2007; Kallies et al., 2009; Rutishauser
et al., 2009; Shin et al., 2009; Banerjee et al., 2010). Specifically,
T-bet and BLIMP-1 are thought to be critical in the differentiation
and contraction of CD8+ effector T cell populations, as evidenced
by the increased differentiation of memory CD8+ T cells in both T-
bet−/− and BLIMP−/− animals (Intlekofer et al., 2005; Joshi et al.,
2007; Kallies et al., 2009; Rutishauser et al., 2009; Shin et al., 2009;
Welsh, 2009; Rao et al., 2010). In contrast, CD8+ T cells lacking
eomesodermin were shown to compete poorly in differentiating
into central memory cells (Araki et al., 2008; Banerjee et al., 2010;
Rao et al., 2010). More specifically, eomesodermin-deficient CD8+
T cells showed similar magnitude and kinetics of expansion follow-
ing antigen priming as compared to wild-type T cells, but were less
able to survive long-term, were defective in establishing a mem-
ory pool in the bone marrow, and exhibited diminished secondary
recall responses (Banerjee et al., 2010). Taken together, these data
suggest that that T-bet and eomesodermin have reciprocal func-
tions in terms of their abilities to promote the differentiation of
short-lived effector cells versus long-lived memory precursor cells.
However, the molecular mechanisms underlying the regulation of
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these transcription factors is still largely unknown and is an area
of intense investigation.

CD4+ memory T cell programming has received comparably
less attention than CD8+ T cell memory, due in part to the fact
that CD4+ memory T cells exist at lower frequencies than CD8+
memory T cells (Harrington et al., 2008; Pepper et al., 2011), and
that class II tetramers for the detection of polyclonal endoge-
nous antigen-specific memory T cells have been developed only
recently (Landais et al., 2009). However, many features of CD4+
memory differentiation are emerging. Similar to the differentia-
tion of CD8+ memory T cells (Wherry et al., 2003; Wherry and
Ahmed, 2004), Th1 effector memory cells arise from Th1 effec-
tors during clonal expansion (Harrington et al., 2008; Lohning
et al., 2008; Sprent et al., 2008). While CD127 is also permissive
for CD4 memory cell formation, the transcription factors T-bet,
Blimp-1, and eomesodermin do not delineate memory CD4 cell
precursors in the same way as they do for CD8+ memory (Yang
et al., 2008; Pepper et al., 2010). However, a recent study revealed
that a subset of CD4+ cells that displayed decreased expression
of Ly6C and T-bet following antigen encounter were better able
to survive long-term and demonstrated superior recall responses
to secondary challenge (Marshall et al., 2011). The authors of this
study also compared the gene expression profiles of the population
of Ly6Clo T-betint CD4+ effector cells to that of mature memory
CD4+ T cells, and found them to be virtually identical. These data
suggest that Ly6Clo T-betint CD4+ cells comprise a population
of early maturating memory CD4+ within the pool of effectors.
In addition, two reports have shown that CD4+ central memory
cells have a T follicular helper-like CCR7+CXCR5+ phenotype
(Chevalier et al., 2011; Pepper et al., 2011). It is these molecular
changes that in part are responsible for memory T cells’ supe-
rior functional capabilities, long life span, and reduced activation
requirements upon recall as compared to their naïve counterparts
(Sallusto et al., 1999).

EVIDENCE FOR ALLOREACTIVITY AMONG MEMORY
When examining the potential barrier posed by alloreactive mem-
ory T cells, one must first consider the evidence that alloreactivity
exists within the memory T cell compartments of mouse and
man. For at least the last two decades, there has been consid-
erable debate concerning the relative precursor frequencies of
alloreactive clones among naïve vs. memory T cell populations
(Lombardi et al., 1990; Lechler et al., 1991). This question was first
addressed by seminal studies which approached the problem by
using cord blood-derived T cell preparations, which were shown
to contain little to no memory T cells (Lombardi et al., 1990), and
later by ELISPOT techniques to identify cells secreting cytokines in
response to brief stimulation with alloantigen (Heeger et al., 1999).
Because naïve T cells do not begin to produce cytokines until 16–
24 h post stimulation, these early cytokine producers were deemed
alloreactive memory T cells. However, our ability to probe these
questions has matured along with the evolution of our under-
standing and identification of memory T cell phenotypes and
ability to physically sort these subsets using flow cytometry. Specif-
ically, a 2009 study which analyzed the frequencies of alloreactive T
cells in naïve (CD45RO− CD62L+), central memory (CD45RO+
CD62L+), effector memory (CD45RO+ CD62L−), and terminal

effector memory (CD4RO− CD62L−) compartments addressed
this issue, and revealed that approximately equal frequencies of
alloreactive T cells exist among these subsets (Macedo et al., 2009).
Perhaps one reason that the frequency of alloreactivity among
memory T cell compartments has been debated lies in the fact
that there are differences in the ways in alloreactivity manifests
in naïve vs. memory T cell compartments. In particular, Macedo
et al. (2009) found that when proliferation was used as a read-out,
it appeared as though there was a higher precursor frequency of
alloreactive T cells among naïve as compared to memory CD8+
T cells. However, when perforin/granzyme expression was used
as a read-out, it appeared as though there was a higher precursor
frequency of alloreactive T cells among TEM as compared to naïve
CD8+ T cells (Macedo et al., 2009). It should therefore be noted
that even though the frequencies of alloreactive T cell clones might
be comparable between naïve and memory T cell compartments,
the immunological manifestation of recognition of alloantigen
might be very different, with potential profound impacts on graft
acceptance vs. rejection.

HOW ARE ALLOREACTIVE MEMORY T CELLS GENERATED?
The generation of donor-reactive memory T cells can arise through
multiple independent mechanisms (Figure 1), and it is likely that
many if not all of the these mechanisms are at play within the mem-
ory T cell compartment of a given individual. The generation of
donor-reactive memory T cells can be subdivided into three main
categories: (1) generation of “traditional” donor-reactive memory
T cells following sensitization with alloantigen, (2) the genera-
tion of memory through antigen-independent mechanisms, and
(3) the generation of allo-cross-reactive memory T cells follow-
ing exposure to non-alloantigens. First, donor-reactive memory
T cells can certainly arise from prior sensitization with allogeneic
tissue. Reports from both experimental models (Valujskikh et al.,
2002; Zhai et al., 2002) and clinical patients (Heeger et al., 1999)
revealed worse outcomes in recipients of a prior graft, consis-
tent with “second set” rejection (Figure 1). Alloreactive memory
T cells can also arise during pregnancy, during which time the
female can be primed against paternal antigens carried by the
fetus (van Halteren et al., 2009). Furthermore, a recent study also
found that immunity generated following platelet transfusion was
sufficient to induce rejection following a subsequent bone mar-
row transplantation in murine recipients, even across only minor
histocompatibility antigens (Patel et al., 2009). Since platelet trans-
fusion is a common occurrence prior to liver transplantation in
particular, these data indicate that the subpopulation of highly
tranfused transplant recipients may be at an increased risk for
memory T cell-mediated graft rejection.

Second, alloreactive memory T cells may be generated in an
antigen-independent manner when in a lymphopenic environ-
ment exists in the host. In these instances, naïve CD4+ and CD8+
alloreactive precursors are induced to undergo IL-7-dependent
homeostatic proliferation and differentiation into memory T
cells (Goldrath et al., 2000; Murali-Krishna and Ahmed, 2000;
Figure 1). Seminal studies from Turka and colleagues showed that
both adoptive transfer of lymphocytes into T and B-cell devoid
SCID recipients and experimental depletion of lymphocytes in
murine transplant recipients resulted in rapid reconstitution of
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FIGURE 1 | Generation of donor-reactive memoryT cells. An alloreactive
memoryT cell pool may be generated through at least four different pathways.
(A) Traditional donor-reactive memory may form following sensitization with
alloantigen presented by donor or recipient antigen-presenting cells. (B)

Pathogen-derived antigen, such as viral antigens, may elicit T cell memory that
is cross-reactive with alloantigen. (C) Dual-receptor T cells may be activated
by non-allogeneic antigen, creating memory populations that are alloreactive

through the second T cell receptor. (D) Lymphopenia induced by
pharmacological treatment or infection may induce antigen-independent
homeostatic proliferation and generate alloreactive memory T cells. Light blue
and green T cells represent naïve T cells. Clonally expanding T cell populations
contain combinations of pathogen-reactive (green) and alloreactive (blue)
cells. Memory populations also contain pathogen-reactive and alloreactive T
cells. Ag, antigen. DC, dendritic cell.

peripheral T cell compartments with memory T cells (Wu et al.,
2004). These findings may be clinically relevant in that lymphope-
nia can be induced in patients following infection with a viral
pathogen such as HIV, or following therapeutic depletion of T
cells for the treatment of autoimmunity or transplantation, and
residual naïve T cells might be induced to undergo rapid divi-
sion and acquisition of a memory-like phenotype (Sener et al.,
2009). Studies from non-transplant models have revealed that
these “pseudomemory” T cells have functional characteristics sim-
ilar to those of memory T cells as well (Goldrath et al., 2000;
Murali-Krishna and Ahmed, 2000). Thus, lymphopenia-induced
immunologic memory seems to be both as phenotypically and
functionally competent as true antigen-dependent memory. Mem-
ory cells generated in this manner have also been shown to consti-
tute a barrier to tolerance induction, discussed more below (Wu
et al., 2004).

A third and often-overlooked mechanism by which donor-
reactive memory T cells might be generated is through the acti-
vation of dual-receptor T cells (Figure 1). Although most T cells
express a single alpha and beta chain by virtue of the principle of

allelic exclusion of T cell receptor (TCR) genes, the existence of
T cells expressing either two alpha or two beta chains has been
documented. Indeed, Lanzavecchia’s laboratory showed that up to
30% of human T cells express a second alpha chain at the mRNA
level and 8% expressed one at the protein level (Padovan et al.,
1993). Thus, one could envision a situation in which two dis-
tinct TCRs, one specific for an alloantigen and one specific for a
pathogen, could co-exist on the same T cell. If that T cell encoun-
ters the pathogen-derived antigen for which it is specific, it could
become activated and differentiate into a memory T cell. If that
same T cell were at some future time to encounter its cognate
alloantigen, it would respond as memory T cell despite never have
seen that antigen before. What is the evidence that dual-receptor
alloreactive T cells exist and can participate in graft rejection? A
recent study by Allen’s group showed that dual-receptor CD4+
T cells were enriched in the alloreactive T cell compartment in
a murine model of graft-versus-host disease (Morris and Allen,
2009). However, the contribution of dual-receptor T cells to rejec-
tion of solid organs and in human patients warrants further
investigation.
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TCR CROSS-REACTIVITY AND THE GENERATION OF
ALLOREACTIVE MEMORY
In addition to the mechanisms discussed above, studies in both
mouse and human have revealed that alloreactive memory T cells
can in fact be generated by prior exposure to pathogens (Pan-
tenburg et al., 2002; Adams et al., 2003; Brehm et al., 2003).
This can occur through a process termed heterologous immu-
nity (Pantenburg et al., 2002; Adams et al., 2003; Brehm et al.,
2003), whereby TCRs present on virus-specific memory T cells
cross-react with alloantigen (Figure 1). This phenomenon is based
upon the intrinsic cross-reactivity of most TCRs to a wide spec-
trum of related peptide:MHC ligands, defined in early seminal
studies wherein amino acid substitutions at TCR contact residues
within the original antigenic ligand revealed that individual TCRs
responded to a spectrum of peptides with unrelated or minimally
related sequences, and that stimulation with these peptides could
evoke differential quantity and quality of responses from the T cell
(Evavold et al., 1993; Sloan-Lancaster and Allen, 1996; Ford and
Evavold, 2004). Interestingly, it has been estimated that a single
TCR may be capable of recognizing up to 106 distinct ligands, and
computational analysis of the T cell repertoire suggested that this
high degree of TCR cross-reactivity is in fact required for complete
coverage of the multitude of potential peptide epitopes that could
be generated by pathogens (Nikolich-Zugich et al., 2004). The
implications of this intrinsic cross-reactivity support the concept
of heterologous immunity, suggesting that microbial pathogens
might activate antigen-specific T cells that then cross-react with
allogeneic tissue and result in graft rejection. Experimental evi-
dence that such cross-reactivity between pathogen-derived and
graft-derived epitopes includes seminal studies by Burrows et al.
(1994, 1995, 1997) demonstrating that CD8+ T cells specific
for EBV-EBNA3A restricted by HLA-B8 were cross-reactive with
HLA-B44 presenting a self-peptide with a sequence unrelated to
the EBNA3A epitope. This self-peptide displays a restricted pat-
tern of expression, a finding which has important implications for
the tissue-specificity of alloimmunity (D’Orsogna et al., 2011a).
Other examples of documented cross-reactivity between viral and
alloepitopes include evidence that CD4+ T cells-specific for a
tetanus toxoid peptide presented in the context of HLA-DR3 were
cross-reactive with HLA-DR4 (Umetsu et al., 1985), and a T cell
specific for HSV-VP13/14 in the context of A2 has been shown
to cross-react with HLA-B44 (Koelle et al., 2002). While early
studies documented the existence of cross-reactivity in these set-
tings, they failed to rule out bystander activation as a potential
explanation for the observed results. More recently, however, new
experimental evidence has emerged identifying true molecular
mimicry as a potential explanation for the observed alloreactiv-
ity within heterologous immune responses. Most prominently, in
a recent seminal study interrogating the specificity of alloreac-
tive CD4+ T cells for peptide:MHC complexes, Felix et al. found
that alloreactive T cells have the inherent propensity to respond
to multiple, distinct peptide epitopes that did not share sequence
homology (Felix et al., 2007). The same finding was also observed
in CD8+ human T cell clones, in that when syngeneic human T
cell populations were primed with a specific tumor antigen, the
responding T cell clones were highly specific for the immunizing
antigen, as would be expected (Falkenburg et al., 2011). However,

in surprising contrast, when allogeneic T cell populations were
primed with the same tumor antigen, the responding CD8+ T
cell clones were specific for not only the immunizing antigen,
but a wide range of both related and unrelated peptide epitopes
(Falkenburg et al., 2011). Taken together, these data demonstrated
that alloreactive T cells are more “poly-specific” as compared to
conventional T cells and thus may possess the ability to recognize
many unrelated peptide sequences (Felix and Allen, 2007). The
concept of the “poly-specificity” of alloreactive T cells was further
confirmed by the results of McCluskey et al. who interrogated the
molecular mechanisms underlying the observed cross-reactivity
of EBV-EBNA3A/HLA-B08 restricted TCR with HLA-B44 mol-
ecules (Macdonald et al., 2009). Using a crystal structure-based
approach, their findings suggested that the binding modes of a
single TCR to two distinct, unrelated cognate and allogeneic pep-
tide:MHC complexes were virtually identical. Interestingly, these
data also supported an induced-fit model of TCR recognition
of alloepitopes, since it was only following TCR ligation that
the viral and allopeptides acquired the same conformation (Bed-
doe et al., 2009; Macdonald et al., 2009). Taken together, these
recent advances have therefore definitively demonstrated that het-
erologous immunity between pathogen-derived and transplant
antigens can function at the level of molecular mimicry, facili-
tated in part by the intrinsic promiscuity of alloreactive T cell
clones.

While these examples confirmed the existence of molecular
mimicry as a mechanism underlying heterologous immunity, until
very recently the experimental evidence for the existence of virally
elicited allo-cross-reactive memory T cells was based on examples
of specific donor-recipient pairs eliciting cross-reactivity between
pathogen-elicited memory T cells and alloepitopes, but lacked a
systematic evaluation of the prevalence of this phenomenon. A
study by Amir et al. (2010) suggested that heterologous immu-
nity is not limited to a few anecdotal instances, but in fact is
quite common. Using MHC tetramers for FACS-purify pathogen-
specific T cell lines and clones, the authors tested the reactivity
of these cells against a panel of HLA-typed target cells. Strik-
ingly, they observed that fully 80% of CD8+ T cell lines and 45%
of pathogen-specific CD8+ T cell clones exhibited alloreactivity
against at least one MHC allele (Amir et al., 2010). Subsequent
experiments utilizing a TCR gene transfer approach confirmed
that both the pathogen- and alloreactivity could be conferred by a
single TCR, thus demonstrating true TCR cross-reactivity and rul-
ing out the involvement of dual-receptor T cells in these instances
(Amir et al., 2010). The potential for pathogen-induced allore-
active T cell responses to manifest clinically were highlighted in
a recent case report study in which a de novo alloreactive T cell
response was generated following varicella-zoster vaccination in
an individual awaiting renal transplantation (D’Orsogna et al.,
2011b). In sum, these recent studies demonstrating that pathogen-
elicited allo-cross-reactive T cell memory is perhaps much more
common than originally anticipated may have important impli-
cations for the field of transplantation (D’Orsogna et al., 2010).
Specifically, if a large proportion of memory T cell clones possess
intrinsic alloreactivity, and a given patient possesses tens of mil-
lions of memory T cell clones, the relevant question is not simply
if donor-reactive memory T cells exist in any given individual, but

Frontiers in Immunology | Immunological Tolerance March 2012 | Volume 3 | Article 36 | 176

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


Krummey and Ford Memory T cells in transplantation

rather the extent to which they exist, and to assess whether their
frequency, phenotype, and functionality results in a significant
barrier to tolerance or even long-term graft survival.

ALLOREACTIVE T CELL MEMORY IS HIGHLY DONOR-SPECIFIC
Despite intrinsic cross-reactive potential of TCRs, studies of virus-
specific human memory T cell clones revealed that while allo-
cross-reactivity was indeed very common, this cross-reactivity was
usually confined to a single HLA molecule (Amir et al., 2010).
Thus, while several studies have now shown that that alloreac-
tivity exists among memory, the extent to which donor-reactive
memory T cells are present appears to be highly dependent on
the donor tissue tested. This is an important finding because it
had previously been hypothesized that due to the lower activation
threshold of memory T cells, many different alloantigens might
be capable of stimulating memory T cells. In a 2007 study, Beni-
chou and coworkers stimulated CD8+ memory T cells from 11
different non-human primates with a panel of 14 different stimu-
lator cells, and found that the donor-reactive CD8+ memory T cell
precursor frequencies within a given individual spanned an over
40-fold range depending on the allostimulator used (Nadazdin
et al., 2010). Interestingly, the authors also reported that naïve
alloreactive T cell precursor frequencies did not range as widely
across the different responder: stimulator pairs tested, suggest-
ing that the observed difference in donor-reactive memory T cell
precursor frequencies was not due to intrinsic differences in the
alloreactive T cell repertoires of these animals, but instead was
likely due to differences in their immunologic histories (Nadazdin
et al., 2010).

BYSTANDER ACTIVATION: PATHOGEN-SPECIFIC RESPONSES
THAT INFLUENCE ALLOREACTIVITY IN AN
ANTIGEN-INDEPENDENT MANNER
The above studies definitively demonstrate that TCR cross-
reactivity is an important mechanism by which pathogen infec-
tion can result in alloimmunity and therefore pose a barrier to
long-term graft survival. However, it is critical to note that non-
specific so-called bystander activation also plays an important
role in the pathogen-mediated barrier to allograft acceptance.
Indeed, studies in murine models of infection prior to and/or
following transplantation have demonstrated that both the type
of infection and timing relative to transplantation can influ-
ence the impact of infections on alloimmunity. In particular,
previous reports have shown that simultaneous infection of a
murine transplant recipient with LCMV Armstrong or with Liste-
ria monocytogenes can increase alloreactivity, accelerating rejec-
tion and potentially abrogating tolerance induction (Williams
et al., 2001; Wang et al., 2008). However, similar studies showed
that infection with LCMV Armstrong after tolerance was already
established did not impact graft survival (Williams et al., 2001),
and infection with LCMV Armstrong prior to transplantation
abrogated tolerance induction in only 7% of mice (Williams
et al., 2002). In contrast, prior infection of transplant recipi-
ents with LCMV clone 13, which persists for the life of the
host, completely inhibited tolerance induction in 100% of the
recipients (Williams et al., 2002). Furthermore, established tol-
erance in murine models can be broken by subsequent infection

with Listeria but not Staphylococcus aureus (Wang et al., 2010).
Overall, these findings indicate that the inflammatory milieu of
a particular viral or bacterial infection can impact the priming
and/or recall of alloimmune responses (Ahmed et al., 2011a).
The mechanisms underlying this phenomenon involve the abil-
ity of a particular infectious agent to induce the adjuvant effects
of IL-6 and type I interferons (Wang et al., 2010; Ahmed et al.,
2011b), and also likely the ability of pathogen infections to
license dendritic cells that may also be presenting alloepitopes
(Alegre et al., 2008a,b), either through the direct or indirect
pathway.

The tropism of the viral pathogen is also likely to play a role in
determining its impact on alloreactive T cell responses and ulti-
mately on tolerance induction. For example, if the virus infects
the transplanted organ, as in the case of hepatitis C virus or BK
virus, viral-specific T cells may play a greater role in mediating
bystander activation of alloreactive T cells and thus inhibiting
tolerance induction. This phenomenon was demonstrated exper-
imentally following infection of murine renal allograft recipients
with mouse polyoma virus, a relative of human BK virus that
infects the kidney, revealing that polyoma virus infection resulted
in acute rejection of allogeneic but not syngeneic transplanted
kidneys (Han Lee et al., 2006). The authors also demonstrated a
concomitant increase in alloantigen-specific CD8+ T cells by flow
cytometry (Han Lee et al., 2006). Subsequent studies have failed
to detect TCR cross-reactivity of viral-specific T cells with alloepi-
topes, suggesting instead that the increased inflammatory milieu
generated by the viral infection in the kidney increased the acti-
vation and differentiation of the alloreactive T cell clones in an
antigen-independent manner.

MEMORY T CELLS POSE A BARRIER TO TOLERANCE
INDUCTION
As discussed above, memory T cells are distinct from their naïve
counterparts with regards to both phenotype and function, pos-
sessing both a lower activation threshold and ability to respond
rapidly upon restimulation (Lanzavecchia and Sallusto, 2000a,b).
Memory T cells are also hallmarked by their reduced requirement
for both TCR stimulation (signal one) and costimulatory signals
(signal two) for recall responses (Lanzavecchia and Sallusto, 2000b;
London et al., 2000). In addition, memory cells express higher
levels of adhesion molecules such as LFA-1, VLA-4, and CD44,
cytokine receptors such as CD122 and IL-15Rα, and anti-apoptotic
molecules of the Bcl-2 family relative to naïve T cells (Zhang et al.,
1998; Grayson et al., 2000, 2001). They also possess altered lev-
els of transcription factors T-bet, eomesodermin, and Blimp-1 as
compared to naïve or effector T cells. Due in large part to these
changes, donor-reactive memory T cells are therefore relatively
refractory to several distinct therapeutic interventions with unre-
lated mechanisms of action. First, results from analysis of human
samples reveals that memory T cells are more resistant to even con-
ventional immunosuppression, as transplant recipients bearing a
higher frequency of pre-transplant IFN-γ-producing memory T
cells exhibited poorer graft outcomes following treatment with a
standard calcineurin inhibitor-based regimen (Heeger et al., 1999).
Furthermore, perhaps the most well-studied of example of the
memory T cell barrier is the observed resistance of donor-specific
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memory T cells, elicited either by exposure to donor antigens
or viral pathogens, to tolerance induction via CD40 and CD28
costimulation blockers (Pantenburg et al., 2002; Valujskikh et al.,
2002; Zhai et al., 2002; Adams et al., 2003). In contrast, numerous
studies have demonstrated that blockade of these costimulatory
pathways during transplantation are highly effective in tolerizing
naïve donor-reactive T cells and lead to prolonged graft sur-
vival in both murine and non-human primate models (Linsley
et al., 1992; Larsen et al., 1996; Kirk et al., 1997). Importantly,
the costimulatory requirements of donor-reactive memory T cells
during transplantation are particularly relevant in that reagents
designed to block CD28 costimulatory molecules were recently
FDA approved for the prevention of graft rejection (Vincenti
et al., 2005, 2010; Durrbach et al., 2010). This observed costimu-
lation independence of donor-reactive memory T cells in models
of transplantation may have been predicted from basic in vitro
analyses of T cell function demonstrating that memory T cells
could become fully activated following in vitro stimulation with
B7-deficient APC (Croft et al., 1994; Bachmann et al., 1999; Kim
et al., 1999; London et al., 2000), and the finding that CD28−/−
mice do not exhibit a gross impairment in their ability to gener-
ate memory T cells in response to LCMV infection, or for these
memory T cells to respond upon secondary rechallenge (Suresh
et al., 2001). In transplant models, a seminal study examining the
pathogen-elicited memory barrier revealed that while CD28 and
CD154 costimulation blockade effectively inhibited graft rejec-
tion in naïve recipients, animals that had previously been infected
with one, two, or three different viruses were relatively refrac-
tory to the tolerance-inducing effects of costimulation blockade
(Adams et al., 2003). While this study focused primarily on the
CD8+ memory T cell barrier, it is clear that both CD4+ and CD8+
donor-specific memory cells can constitute a barrier to costimula-
tion blockade-induced tolerance (Adams et al., 2003; Chen et al.,
2004). For example, similar studies showed that mice infected with
Leishmania major exhibited increased resistance to costimulation
blockade-induced acceptance of fully MHC disparate allografts,
and attributed this resistance to allo-cross-reactive CD4+ T cells
primed by Leishmania infection (Pantenburg et al., 2002). In
addition, approaches that utilized total body irradiation or non-
myeloablative conditioning in combination with costimulatory
blockade to induce mixed hematopoietic chimerism in recipient
animals were highly efficacious at inducing tolerance in naïve lab-
oratory mice (Sykes and Sachs, 1988; Sykes et al., 1997; Durham
et al., 2000; Adams et al., 2001; Sykes, 2001), but met with less
uniform success in the translation of this strategy to non-human
primates (Kawai et al., 1995, 1999a,b, 2001a,b, 2004; Kean et al.,
2007), which, among other challenges, have much higher frequen-
cies of memory T cells in their peripheral blood than laboratory
mice housed in specific pathogen free conditions (Kean et al.,
2006; Ochiai et al., 2007). Importantly, a recent study examining
the efficacy of combined costimulatory blockade/bone marrow
or donor-specific transfusion (DST)-based based approach to
induce tolerance in non-human primate recipients of renal trans-
plants showed that higher pre-transplant precursor frequencies of
donor-reactive memory T cells (as measured by ELISPOT) cor-
related with failure of tolerance induction and acute rejection of
the grafts, while low pre-transplant donor-reactive memory T cell

frequencies portended successful tolerance induction and long-
term renal allograft survival (Ford and Larsen, 2011; Nadazdin
et al., 2011). In support of these findings, a similar study used
the same costimulatory blockade/DST based strategy to attempt
to induce tolerance to a previously transplanted kidney (Koyama
et al., 2007). Their results showed that this regimen, while success-
ful at inducing tolerance when the DST and renal allograft were
transplanted simultaneously, failed in the case where the donor
was essentially pre-sensitized due to prior transplantation of the
renal allograft. The authors of this study showed that memory T
cells were refractory to the tolerance induction regimen and there-
fore were likely responsible for the failure of the establishment of
tolerance in these recipients (Koyama et al., 2007).

In addition to their resistance to costimulation blockade and
chimerism based therapies, memory T cells demonstrate a rela-
tive resistance to antibody-mediated depletion using both anti-
lymphocyte serum (ALS) in mice (Minamimura et al., 2008) or
alemtuzumab (Campath-1H) in humans (Pearl et al., 2005). These
memory T cells that can persist following treatment with deple-
tional therapy are also poised to undergo homeostatic expansion
and repopulate the host during reconstitution (Pearl et al., 2005).
The mechanisms underlying the relative resistance of memory T
cells to antibody-mediated depletion are not well understood. The
increased expression of anti-apoptotic molecules such as Bcl-2
family members may be responsible for the observed increased
resistance to death, however, an alternative hypothesis is that
monoclonal antibodies or other therapeutics present at high con-
centrations in the bloodstream may not necessarily achieve these
high concentrations in peripheral tissues, which are sites to which
effector memory T cells home (Woodland and Kohlmeier, 2009).
Understanding the ability of monoclonal antibodies to target tis-
sue resident memory T cells remains an important area of future
investigation.

Lastly,memory T cells have also been shown to exhibit increased
resistance to regulation by CD4+ CD25+ FoxP3 regulatory T
cells (Treg). This observation was first made in a murine adoptive
transfer model, wherein transferred CD4+ CD25+ cells effectively
inhibited the rejection mediated by naïve but not memory CD4+
T cells (Yang et al., 2007). Regulatory T cells were similarly found
unable to regulate CD8+ alloreactive T cell responses. Interest-
ingly, this was true for both naïve Treg and alloantigen “primed”
Treg, suggesting that strategies to enhance the frequency and/or
activation of alloantigen-specific FoxP3+ Treg are unlikely to be
effective against donor-reactive memory T cells (Li and Turka,
2010). A subsequent study revealed a similar resistance of human
alloreactive memory T cells to regulation by traditional CD4+
CD25+ FoxP3+ Treg (Afzali et al., 2011). However, a more recent
report suggested that in vitro stimulation of human T cells with
TLR-stimulated plasmacytoid dendritic cells resulted in the gener-
ation of CD8+ FoxP3+ LAG-3+ CTLA-4+ regulatory T cells that
were effective at inhibiting alloreactive memory T cell responses
(Boor et al., 2011).

HETEROGENEITY WITHIN THE MEMORY T CELL
COMPARTMENT
The last 20 years have witnessed major advances in our under-
standing of the generation, maintenance, and function of T cell
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memory. This work has led to the understanding that memory T
cells are do not constitute a homogenous population but rather
exhibit a wide array of phenotypes, functional properties, and
trafficking patterns that render them likely to play discrete roles
in protective immune responses. Memory CD4+ and CD8+ T
cells are often segregated into two subsets, central (TCM) and
effector (TEM) memory (Sallusto et al., 1999), which even still
is likely a gross oversimplification of the range of diversity con-
tained within the memory T cell compartment. TCM express the
lymph node homing receptors CD62L and CCR7, whereas TEM

lack these markers and instead express other adhesion molecules
and chemokine receptors which allow them to access peripheral
tissues (Wherry et al., 2003; Sallusto et al., 2004). In addition,
TCM and TEM differ in terms of their capacity for re-expansion
upon recall, in that TCM have high proliferative potential, express
CD27, elaborate IL-2 upon following re-encounter with antigen
(Wherry et al., 2003). Conversely, TEM possess lower proliferative
potential and reside primarily in non-lymphoid tissues, making
them poorly suited to mount secondary re-expansion of antigen-
specific T cell populations (Wherry et al., 2003). However, these
memory T cells likely constitute a first line of defense, in that
they are immediately cytolytic upon Ag re-exposure, and rapidly
secrete inflammatory cytokines such as IFN-γ and TNF (Hislop
et al., 2001; Wherry et al., 2003; Bouneaud et al., 2005; Marzo
et al., 2005; Roberts et al., 2005). Specifically, recent work from
Fairchild’s laboratory demonstrated that memory T cells have the
potential to infiltrate allografts within 12–24 h, and showed that
this very early infiltration was antigen-independent (Schenk et al.,
2008). It is likely that the route of exposure, dose, replication
rate, and tropism of the infectious challenge all play important
roles in determining the relative proportion of each memory T
cell subset persisting after infection, and also the degree to which
each subset participates in protective immunity upon rechallenge
(Masopust et al., 2006). For example, Oberbarnscheidt et al. (2008)
showed in a study that CD8+ TCM and TEM rejected allografts
with equivalent kinetics in wild-type hosts. However, in animals
lacking secondary lymphoid organs, CD8+ TEM were significantly
better than TCM at inducing rejection (Oberbarnscheidt et al.,
2008). With regard to heterogeneity in effector function, previous
work in models of pathogen-specific immunity and vaccination
demonstrated that multi-cytokine producing memory cells exhib-
ited superior protective function following secondary challenge
with antigen (Seder et al., 2008). A 2009 study from Kirk and col-
leagues revealed that this is likely also true for alloreactive memory
T cells, in that CD2hi multi-cytokine producing TEM were asso-
ciated with break-through rejection responses in a non-human
primate model of renal transplantation (Weaver et al., 2009). In
addition, these CD2hi multi-cytokine producing TEM expressed
the cytolytic effector molecule granzymeB and underwent degran-
ulation in vitro (Weaver et al., 2009). Similar findings were also
true in studies of human alloreactive memory T cell responses (Lo
et al., 2011). Thus, this increased effectiveness in mediating graft
rejection may be linked to the ability to carry out a wide range of
effector functions, each of which has the potential to contribute to
graft destruction. Taken together, these data highlight the distinct
roles of individual memory T cell subsets in mediating allograft
rejection.

COSTIMULATION-INDEPENDENT RECALL RESPONSES: NOT
ALL MEMORY IS CREATED EQUALLY
This new understanding that memory T cells actually encom-
passes a wide spectrum of cellular phenotypes, functionalities, and
trafficking patterns, suggests that despite the current dogma that
memory T cells do not require CD28/B7 and/or CD154/CD40
signals for recall responses, memory T cells may in fact exhibit a
range of requirements for costimulation during recall. In particu-
lar, the finding that blockade of CD28 can ameliorate established
autoimmunity in murine models of multiple sclerosis and type
1 diabetes suggest that memory T cells existing in these mod-
els could be inhibited following blockade of the CD28 pathway
(Khoury et al., 1995). Furthermore, administration of abata-
cept (CTLA-4 Ig) to human patients results in the amelioration
of both psoriasis and rheumatoid arthritis, both diseases medi-
ated by memory T cells against self antigens (Abrams et al.,
1999; Kremer et al., 2003; Bluestone et al., 2006). Importantly,
a recent study by Katsikis et al. found that CD8+ memory T
cells derived from adoptively transferred cells required CD28-
mediated costimulation for optimal recall responses in a model
of bacterial infection (Borowski et al., 2007). Taken together,
these findings suggest that under certain circumstances, mem-
ory T cells may depend on CD28 and/or CD154 mediated
costimulation in order to generate optimum secondary recall
responses.

The concept that memory T cells are not uniform in their
costimulation blockade resistance has been demonstrated in trans-
plant models as well. First, several studies have demonstrated
that CD4+ memory cells as a whole exhibit increased suscep-
tibility to CD28/CD154 costimulation blockade during recall as
compared with CD8+ memory T cells (Adams et al., 2003; Nde-
jembi et al., 2006). In addition, there is evidence from adoptive
transfer experiments in fully allogeneic experimental models that
TCM elicited via prior sensitization with BALB/c antigen posed
a greater barrier to costimulation blockade-induced tolerance as
compared with TEM (Adams et al., 2003). However, in a model of
allo-specific heterologous immunity following latent viral infec-
tion with a murine EBV homolog, TEM as opposed to TCM were
the culprits in terms of forming a barrier to tolerance induction
(Stapler et al., 2008). In studies of human transplant recipients,
TEM (and not as much TCM) have been implicated as posing a
relative barrier to the effects of therapeutic lymphocyte depletion
via either anti-thymocyte globulin or Campath-H1 (Pearl et al.,
2005).

In a recent study, we sought to determine the priming
conditions that influenced the programming of costimulation-
independent donor-reactive memory T cells. Previous work in
models of viral infection revealed that the amount/duration of
antigen exposure profoundly impacted the programmed differ-
entiation of memory T cells into short-lived effectors vs. long-
lived memory precursors, and influenced the phenotype and
functionality of the resulting memory T cell population (Sarkar
et al., 1975; Blair and Lefrancois, 2007; Kalia et al., 2008).
We interrogated the effect of differential duration of antigen
exposure during the initial priming phase of the response on
the programming of costimulation-independent donor-reactive
memory T cells during recall (Floyd et al., 2011). This series
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of experiments made use of a system in which OVA-specific
TCR transgenic T cells were primed by OVA-expressing Lis-
teria, resulting in the generation of pathogen-elicited donor-
reactive memory T cells. In order to limit the duration of
antigen exposure of donor-reactive cells during priming, recip-
ients were treated with ampicillin post-infection. These recip-
ients were subsequently transplanted with an OVA-expressing
skin graft to induce a secondary recall response in the presence
or absence of CD28 and CD154/CD40 costimulation blockade.
Results of these studies revealed that skin graft recipients bear-
ing donor-reactive memory T cell responses which had been
elicited under conditions of reduced antigen exposure exhib-
ited similar frequencies and phenotypes of antigen-specific T
cells as compared with non-ampicillin-treated controls (Floyd
et al., 2011). However, these donor-reactive T cells were unable
to mediate costimulation blockade-resistant rejection of the
OVA-expressing skin graft, indicating that the amount/duration
of antigen exposure is a critical factor in determining mem-
ory T cells’ relative requirement for CD28/CD154 costimula-
tion in the generation of a functional recall response following
transplantation.

MOUNTAIN OR MOLEHILL? POTENTIAL STRATEGIES TO
OVERCOME THE MEMORY BARRIER
Pre-existing donor-reactive memory T cells are likely to be a foe of
long-term allograft survival no matter which immunosuppressive
strategy is employed (Figure 2). For instance, studies assessing
the pre-transplant frequency of donor-reactive memory T cells
have identified a direct correlation between donor-reactive mem-
ory T cell precursor frequency (measured by IFN-γ production
following short ex vivo restimulation) and increased risk of acute
rejection while on standard calcineurin inhibitor-based immuno-
suppression (Heeger et al., 1999). However, direct assessment of
the impact of calcineurin inhibition on alloreactive memory T cell
responses revealed a strong inhibition of alloreactive T cell prolif-
eration (Pearl et al., 2005). While calcineurin inhibition may effec-
tively attenuate memory T cell recall responses, it is also associated
with a number of off-target toxicities that lead to the development
of hyperlipidemia, type II diabetes, cardiovascular events, and, not
insignificantly, renal failure (Halloran, 2004). Identification and
therapeutic targeting of those pathways critical for the initiation
and maintenance of donor-reactive memory T cells is an impor-
tant area of investigation in the field. As discussed above, work in

FIGURE 2 | Major therapeutic targets for inhibition of donor-reactive

memoryT cell responses. Transplantation therapeutics have been developed
that target memory T cell costimulation pathways, intracellular signaling
pathways, and trafficking molecules. Alemtuzumab, anti-CD52 monoclonal
antibody. Alefacept, LFA-3 Ig fusion protein. Belatacept, high-affinity CTLA-4
Ig fusion protein. Anti-OX40L mAb, anti-OX40 ligand monoclonal antibody.

Efalizumab, anti-LFA-1 monoclonal antibody. Natalizumab, anti-VLA-4
monoclonal antibody. Sirolimus, Mammalian Target of Rapamycin (mTOR)
pathway inhibitor. Tacrolimus, Calcineurin A (CnA)-NFAT pathway inhibitor.
Oxelumab, anti-OX40 monoclonal antibody. Bortezomib, protease inhibitor.
Gray box, FDA approved therapeutic. Blue box, experimental therapeutic
under clinical development.

Frontiers in Immunology | Immunological Tolerance March 2012 | Volume 3 | Article 36 | 180

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


Krummey and Ford Memory T cells in transplantation

animal models has revealed that memory T cells are for the most
part not effectively inhibited by CD28 costimulation blockade.
This increased resistance may in part explain the increased inci-
dence and severity of acute rejection episodes observed in patients
treated with the CD28 blocker belatacept (Larsen et al., 2005),
as compared to cyclosporine-treated controls in recent Phase II
and Phase II studies of renal transplant recipients (Vincenti et al.,
2005, 2010; Durrbach et al., 2010). Determining whether high
pre-transplant donor-reactive memory T cell precursor frequency
actually correlates with increased incidence and severity of acute
rejection in human renal allograft recipients treated with belata-
cept constitutes an important area of future research. Thus, as use
of belatacept in clinical transplantation is likely to increase fol-
lowing its FDA approval in June 2011, the need to simultaneously
attenuate donor-reactive memory T cell responses by targeting
memory cell-specific pathways becomes more pressing.

As such, several groups have studied the mechanisms by
which memory T cells escape tolerance induction following cos-
timulatory blockade. Vu et al. (2006) reported that targeting
OX40, but not inducible costimulatory molecule (ICOS), CD70,
or 41BB could synergize with CD28/CD40 blockade to inhibit
rejection mediated by donor-reactive memory cells, but in most
experiments rejection ultimately ensued. In contrast, others have
observed that anti-CD70 could inhibit rejection mediated by
memory cells in mice lacking lymph nodes (Yamada et al., 2005).
Given their homing properties, it seems likely rejection in this
model may be mediated primarily by TEM, although the rela-
tive abundance of donor-reactive cells in the various memory
subsets was not defined. In addition, Valujskikh and colleagues
recently interrogated the role of ICOS (CD278) in the ability of
early graft-infiltrating memory T cells to initiate effector functions
associated with graft rejection (Schenk et al., 2009). Their results
revealed that while ICOS was not constitutively expressed on all
memory T cells, its expression was upregulated in situ following
proliferation of memory T cells within the graft itself. Impor-
tantly, blockade of ICOS signaling on memory T cells led to a
significant decrease in the early expression of IFN-γ, perforin,
granzyme B, and FasL mRNA within memory T cell-infiltrated
allograft (Schenk et al., 2009). In other settings, CD4+ mem-
ory cells escaped anti-CD154 therapy and could provide help for
CD8+ T cell responses, macrophage activation, and anti-donor
antibody production (Chen et al., 2004), and it is tempting to
speculate that the TFH memory subset that expresses TRANCE and
CD30L may have contributed to this CD154 independent rejec-
tion (Crotty, 2011). Furthermore, previous work has shown that
the NFκB inhibitor deoxyspergualin synergized with CD28/CD40
blockade (Adams et al., 2003) to inhibit graft rejection pre-
dominantly mediated by CD8+ TCM. More recent studies have
confirmed these early findings by demonstrating that reagents
which block proteasome degradation and thereby inhibit NFκB
nuclear translocation also showed efficacy as inhibitors of donor-
reactive memory T cell responses. Specifically, a recent in vitro
study demonstrated the ability of bortezomib, one such protea-
some inhibitor, to effectively inhibit activation of memory T cells
in vitro (Kim et al., 2009). As an added benefit, bortezomib also
preserved regulatory T cell function in these studies (Kim et al.,
2009).

It is well established that memory T cells mediate graft rejection
by rapidly trafficking into allografts and elaborating inflammatory
cytokines that recruit in other innate and adaptive immune cells,
activating the endothelium and epithelium of the graft, and exe-
cuting their cytolytic function. Thus, one potential strategy to limit
their pathogenicity might be to block the ability of memory T cells
to migrate into the transplanted tissue. In 2011, Fairchild and col-
leagues demonstrated that the early infiltration of memory T cells
into donor tissue was suppressed following treatment with LFA-
1 antagonists (Setoguchi et al., 2009; Figure 2), and our group
showed that anti-LFA-1 mAb synergized with traditional cos-
timulation blockade in effectively diminishing the donor-reactive
memory T cell response in murine models (Kitchens et al., 2011a).
This synergy was mediated by a decrease in donor-reactive mem-
ory T cell cytokine secretion and cytolytic function in the spleen
and draining lymph nodes in addition to a diminution in antigen-
specific T cell trafficking into the graft (Kitchens et al., 2011a).
Furthermore, recent translational studies in a non-human pri-
mate model of islet transplantation revealed that a short course of
anti-LFA-1 synergized with belatacept in inhibiting alloislet rejec-
tion (Badell et al., 2010). In addition, efalizumab, initially devel-
oped and FDA approved for the inhibition of autoreactive T cell
responses during psoriasis, was recently tested in phase II clinical
trials in both renal and islet transplantation (Vincenti et al., 2007;
Posselt et al., 2010; Turgeon et al., 2010). These studies assessed
the utility of an efalizumab-based regimen in inhibiting rejection
in recipients of pancreatic islet allografts. Hundred percent of the
patients treated with efalizumab in the two islet studies maintained
insulin independence for the duration of treatment with the drug
(Posselt et al., 2010; Turgeon et al., 2010). Unfortunately, efal-
izumab was voluntarily withdrawn by the manufacturer in 2009
due to detection of progressive multi-focal leukoencephalopathy
(PML) in patients treated with efalizumab. This rare but poten-
tially fatal JC polyoma-associated disease has thus occurred in
only four of ∼46,000 treated subjects (0.008%; Carson et al.,
2009). While this is clearly a devastating complication, the PML
risk associated with efalizumab is not higher than that associated
with cyclosporine (0.045%), tacrolimus (0.021%), or mycopheno-
late mofetil (0.035%; Neff et al., 2008). Overall, the large number
of treated psoriatic patients combined with relatively rare inci-
dence of side effects suggests that blockade of the LFA-1 pathway
may warrant further investigation for the prophylaxis of trans-
plant rejection (Kitchens et al., 2011b), in order to circumvent
the nephrotoxicity and other side effects associated with current
calcineurin inhibitor-based immunosuppressive regimens.

Other adhesion molecule pathways that have been targeted in
order to overcome the memory T cell barrier include VLA-4, and
adhesion molecule that is not expressed by naïve T cells and that is
upregulated upon activation (Theien et al., 2001). VLA-4 is critical
for T cell entry into peripheral tissues (Kuchroo et al., 1993) and
has blockade of this pathway has been FDA approved for use in
multiple sclerosis (natalizumab; Figure 2). We recently showed in
a murine model of experimental transplantation that treatment
with anti-VLA-4 monoclonal antibodies synergized with costim-
ulatory blockade in inhibiting allograft rejection mediated by
donor-reactive memory T cells (Kitchens et al., 2011a). While anti-
VLA-4 failed to impact donor-reactive memory T cell expansion,
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cytokine secretion, or cytolytic function, it potently inhibited the
ability of donor-reactive memory T cells to traffic into allografts
(Kitchens et al., 2011a). Furthermore, Kirk and colleagues recently
reported the ability of CD2hi TEM cells to mediate CD28 cos-
timulation blockade-resistant rejection, and subsequently targeted
these cells using the CD2 adhesion molecule blocker LFA-3-Ig (ale-
facept; Weaver et al., 2009; Figure 2). When administered as part
of a regimen consisting also of CTLA-4 Ig (CD28 blockade) and
sirolimus (mTOR inhibition), CD2 adhesion molecule blockade
resulted in renal allograft survival beyond the duration of treat-
ment (>90 days) in five out of eight non-human primate renal
allograft recipients (Weaver et al., 2009). These results provided the
experimental foundation for the translation of alefacept, which is
currently FDA approved for use in plaque psoriasis, as an adjunct
therapy to be used in combination with CD28 blockers such as
belatacept to inhibit donor-reactive memory T cell responses in
transplantation.

As discussed above, studies have shown that donor-reactive
memory T cells are resistant to the effects of regulation (Yang
et al., 2007). However, recently published data have shown that
the ability of memory T cells to mediate the early recruitment of
neutrophils into transplanted allografts underlies their resistance
to regulation (Jones et al., 2010). Indeed, depletion of neutrophils
from murine transplant recipients resulted in the ability of adop-
tively transferred Treg to suppress the activity of donor-reactive
memory T cells, resulting in long-term graft survival (Jones et al.,
2010). These results indicate that the ability of memory T cells
to activate the innate immune system following transplantation is
an important mechanism by which they facilitate graft rejection,
and suggest that therapeutic manipulation of these innate immune
components could be utilized in overcoming the memory barrier.

MAINTAINING MEMORY: PROTECTIVE IMMUNITY IN
TRANSPLANTATION
The overall goal of immunomodulatory therapy following trans-
plantation is to inhibit graft rejection while maintaining protective
immunity. While transplant recipients on current immunosup-
pressive regimens can certainly experience infectious complica-
tions, the fact that patients are not immediately overcome with
opportunistic infections indicates that some degree of protec-
tive immunity is intact, very likely due to the inability of these
immunosuppressive regimens to inhibit immunologic memory.
Thus, strategies designed to inhibit alloreactive memory T cells
must be weighed against the cost of potentially attenuating pro-
tective immunity. For example, as mentioned above, use of LFA-1
and VLA-4 antagonists in autoimmunity (psoriasis and multi-
ple sclerosis, respectively), have resulted in the development of
PML, in a small but significant subset of patients (Carson et al.,
2009). Thus, elucidating ways to increase protective immunity
while at the same time inhibit alloreactive T cell responses is criti-
cal to increasing patient health and decreasing morbidity following
transplantation.

Given its history as an immunosuppressive and anti-
proliferative agent, surprising observations were made when inves-
tigators began to interrogate the impact of rapamycin monother-
apy on antigen-specific T cell responses during the course of viral
or bacterial infection. In two studies published in Nature in 2009,

Araki et al. (2009) and Pearce et al. (2009) demonstrated a para-
doxical immunostimulatory effect of rapamycin on the CD8+
memory T cell response following pathogen infection. Adminis-
tration of a clinically relevant dose (serum levels of 5–25 ng/ml) of
rapamycin during the priming phase was found to actually increase
the number of virus-specific memory T cells. Furthermore, when
rapamycin was administered during the contraction phase of the
response alone, the antigen-specific T cells instead increased in
quality, acquiring a more TCM-like phenotype (CD62Lhi KLRG-1lo

CD27hi Bcl-2hi) with increased proliferative capacity upon rechal-
lenge. In a series of elegant RNAi knock-down experiments, the
authors went on to show that this enhancement in virus-specific
responses is a T cell-intrinsic effect (Araki et al., 2009). Thus, in
addition to potential other described effects of mTOR inhibition
on dendritic cells, Treg, or other immune compartments (Thom-
son et al., 2009), these studies point to a direct effect of rapamycin
on CD8+ T cells to enhance both the quantity and quality of
memory T cell differentiation in response to pathogen exposure
in vivo.

These surprising findings raised the question of whether
clinically relevant dosing of rapamycin monotherapy following
transplantation would also augment graft-specific CD8+ T cell
responses. Was the enhancing effect of rapamycin being masked
by the presence of other immunosuppressants following trans-
plantation? Or was there a fundamental difference in the effect
of rapamycin on T cells responding to antigen in the context of
a graft versus a pathogen? To address these questions, our group
compared the responses of identical monoclonal TCR transgenic T
cells to the same epitope presented by either a graft or a pathogen,
in the presence of rapamycin, and found that while rapamycin aug-
mented the OVA-specific CD8+ T cell response in the context of a
bacterial infection, it failed to augment the OVA-specific response
in the setting of a transplant (Ferrer et al., 2010). Additional stud-
ies revealed that rapamycin also inhibited CD8+ T cell responses
to a heterotopic heart transplant or a DST, but augmented CD8+
T cell responses to the transplant-relevant pathogens murine γ-
herpes virus (an EBV homolog) and murine polyoma virus (a
BK/JC homolog). Furthermore, concurrent infection with Lis-
teria did not restore the enhancing effect of rapamycin on the
graft-specific T cells, suggesting that pathogen-associated inflam-
matory signals provided in trans were not sufficient to replicate
the rapamycin-induced augmentation (Ferrer et al., 2010). Since
the TCR affinity, antigen recognized, and dose and timing of
rapamycin administration was identical in both groups, these
data suggested a fundamental difference in the way rapamycin
impacts T cells stimulated in the context of a pathogen vs. the
context of a graft. Understanding the mechanisms underlying this
dichotomous effect of rapamycin on graft- vs. pathogen-specific T
cell responses might facilitate the inhibition of alloreactive T cell
responses while simultaneously preserving protective immunity.

SUMMARY
Memory T cells represent a yin and yang for transplant recip-
ients, as these cells are intimately involved and in most cases
absolutely required for the maintenance of protective immu-
nity in the face of some degree of immunosuppression, yet from
the evidence presented here they clearly constitute a formidable
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barrier for the successful implementation of tolerance induction
strategies in transplantation. However, based on recent obser-
vations that the precursor frequency of alloreactive memory T
cells is highly donor-specific, determination of quantity (and
likely quality) of donor-specific T cell memory for a particular
donor/recipient combination would allow stratification of relative

risk of alloreactive memory T cell mediated rejection, or con-
versely, likelihood of successful establishment of tolerance. This
strategy would allow for circumvention of the memory barrier in
certain patients, while ongoing research is aimed at designing new
strategies to overcome it without critically impairing protective
immunity.
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The development of immunosuppressive drugs to control adaptive immune responses has
led to the success of transplantation as a therapy for end-stage organ failure. However,
these agents are largely ineffective in suppressing components of the innate immune sys-
tem.This distinction has gained in clinical significance as mounting evidence now indicates
that innate immune responses play important roles in the acute and chronic rejection of
whole organ allografts. For instance, whereas clinical interest in natural killer (NK) cells was
once largely confined to the field of bone marrow transplantation, recent findings suggest
that these cells can also participate in the acute rejection of cardiac allografts and prevent
tolerance induction. Stimulation ofToll-like receptors (TLRs), another important component
of innate immunity, by endogenous ligands released in response to ischemia/reperfusion
is now known to cause an inflammatory milieu favorable to graft rejection and abrogation
of tolerance. Emerging data suggest that activation of complement is linked to acute rejec-
tion and interferes with tolerance. In summary, the conventional wisdom that the innate
immune system is of little importance in whole organ transplantation is no longer tenable.
The addition of strategies that target TLRs, NK cells, complement, and other components
of the innate immune system will be necessary to eventually achieve long-term tolerance
to human allograft recipients.

Keywords: innate immunity, tolerance, transplantation, allografts, rejection

INTRODUCTION
Colossal advances over the past decades with the use of immuno-
suppressive drugs have significantly enhanced the early survival of
allogeneic organs and tissues in clinical transplantation (Cecka,
1998; Opelz et al., 1999; Opelz and Dohler, 2008a,b). Never-
theless, longer term success rates remain disappointing due to
treatment-related complications and chronic allograft rejection, a
process characterized by perivascular inflammation, tissue fibro-
sis, and luminal occlusion of graft blood vessels (Hayry et al.,
1993; Hosenpud et al., 1997; Russell et al., 1997; Kean et al., 2006).
This stresses the need for the development of selective immune-
therapies designed to achieve transplantation tolerance defined
as indefinite graft survival in the absence of immunosuppres-
sion and graft vasculopathy (Billingham et al., 1953; Owen et al.,
1954). While tolerance to some solid organ allografts has been
accomplished in several experimental rodent models, consistent
establishment of tolerance in patients still remains an elusive goal.
It is firmly established that the potent adaptive immune responses
initiated by pro-inflammatory T cells activated via direct and indi-
rect pathways in the host’s secondary lymphoid organs are both
necessary and sufficient to ensure acute rejection of most allo-
grafts (Benichou et al., 1992, 1999; Fangmann et al., 1993; Sayegh
et al., 1994; Auchincloss and Sultan, 1996; Lee et al., 1997; Waaga
et al., 1997). At the same time, it is now firmly established that
the presence of alloreactive memory T cells or donor-specific anti-
bodies in so-called sensitized recipients represents a formidable

barrier to transplant tolerance induction (Adams et al., 2003a; Tay-
lor et al., 2004; Valujskikh, 2006; Koyama et al., 2007; Weaver et al.,
2009; Nadazdin et al., 2010, 2011; Yamada et al., 2011). Indeed,
much effort is currently devoted to the elimination or inhibition
of donor-specific memory T cells (TMEM) in primates, which,
unlike laboratory mice, display high frequencies of alloreactive
TMEM prior to transplantation (Nadazdin et al., 2010, 2011).
Altogether, the majority of transplant immunologists have focused
their efforts on the deletion and/or inactivation of alloreactive T
and B cells, pre-transplantation. On the other hand, recent studies
have proven beyond doubt that innate immunity is also an essential
element of both acute and chronic rejection of allo- and xenografts
(LaRosa et al., 2007; Alegre et al., 2008a,b; Alegre and Chong, 2009;
Li, 2010; Goldstein, 2011; Murphy et al., 2011). Innate immune
responses are initiated as a consequence of reperfusion injury,
inflammation, tissue damage, and presumably microbial infec-
tions occurring at the time of transplantation (Figure 1). Different
cells of the innate immune system can contribute to the rejection
process both directly via secretion of soluble factors and destruc-
tion of donor grafted cells as well as indirectly by initiating or
enhancing adaptive immune alloresponses while impairing the
activation/expansion of protective regulatory T cells (Figure 1). At
the same time, there is increasing evidence suggesting that different
cells and molecules associated with innate immunity can hinder
tolerance induction to allografts and xenografts (LaRosa et al.,
2007; Alegre et al., 2008b; Wang et al., 2008; Murphy et al., 2011).
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FIGURE 1 | Leukocytes and major cytokines involved in the innate

immune response after allotransplantation.

At first glance, it can be speculated that all cells and molecules
mediating graft rejection can potentially prevent tolerogenesis.
However, immune rejection and tolerance resistance do not nec-
essarily involve the same mechanisms and these two processes are
likely to differ in nature and magnitude. This article reviews some
of the mechanisms by which innate immunity can interfere with
establishment or maintenance of tolerance to allogeneic trans-
plants, an issue that is essential to the design of novel tolerance
strategies in transplantation.

RECEPTORS AND SOLUBLE MEDIATORS OF THE INNATE
IMMUNE SYSTEM
TOLL-LIKE RECEPTORS
Lymphocytes recognize exquisitely a vast array of molecular motifs
via their antigen receptors generated through somatic recombina-
tion of gene segments during development. In contrast, cells of
the innate immune system interact with a few conserved mol-
ecules expressed by microorganisms referred to as pathogen-
associated molecular patterns (PAMPs; Medzhitov, 2001;

Medzhitov and Janeway, 2002). Among these pattern-recognition
receptors (PRRs; Medzhitov, 2001; Elmaagacli et al., 2006;
Uematsu and Akira, 2007), the Toll-like receptors (TLRs) have
been extensively characterized and studied for their role in the ini-
tiation and amplification of innate immune responses (Iwasaki
and Medzhitov, 2004; Pasare and Medzhitov, 2005). In addi-
tion, there is increasing evidence that tissue injury is associated
with the delivery of signal delivered through TLRs by so-called
damage-associated molecular patterns or DAMPs (Alegre et al.,
2008a,b).

Until now, 10 different TLRs have been identified in humans
(13 in mice), including TLRs 1, 2, 4, 5, and 6 expressed on the cell
surface and TLRs 3, 7, 8, and 9 found in endosomal compartments
(Rehli, 2002; Akira and Takeda, 2004; Akira et al., 2006). TLR1
is ubiquitously expressed while the other TLRs exhibit different
expression patterns depending upon the type of leukocyte (Muzio
et al., 2000; McCurdy et al., 2001; Hornung et al., 2002; Zarember
and Godowski, 2002; Bourke et al., 2003; Caramalho et al., 2003;
Hayashi et al., 2003; Nagase et al., 2003; Hart et al., 2005; Liu et al.,
2006). On the other hand, all TLRs are expressed by epithelial cells
while TLRs 5–10 are found in endothelial cells (Frantz et al., 1999)
and other graft parenchymal cells depending upon the nature of
the organ. All TLRs transduce their signal though the adapter-
protein MyD88 (Barton and Medzhitov, 2003; Akira and Takeda,
2004) with the exception of TLR3 which uses the Toll-IL-1R (TIR)
inducing IFNβ protein, TRIF (Frantz et al., 1999, 2001; Faure et al.,
2000; Tsuboi et al., 2002; Harada et al., 2003; Mempel et al., 2003;
Sukkar et al., 2006). TLR4 uses both MyD88 and TRIF during cell
activation (Sakaguchi et al., 2003; Goriely et al., 2006; Molle et al.,
2007). While the primary functions of TLRs is to ensure early
detection of microbes and their products, these receptors have
been shown to recognize autologous molecules expressed during
the course of inflammatory processes such as nucleic acids released
by necrotic cells, products of degraded extracellular matrices, heat
shock proteins (HSP60 and HSP70 via TLR2 and TLR4; Asea,
2008), high mobility group box chromosomal protein 1 (TLRs 2,
4, and 9), and hyaluronan (TLR signaling via TIRAP; Mollen et al.,
2006; Tesar et al., 2006; Ivanov et al., 2007; Kanzler et al., 2007; Tian
et al., 2007). Transplant surgical procedures, which are associated
with tissue damage and reperfusion injury trigger inflammatory
reactions engaging the delivery of signals through TLRs and sub-
sequent initiation of potent innate immune responses at the graft
site. In addition, maturation and activation of donor and recipient
dendritic cells (DCs) and other cells of the innate immune system
via TLR ligation is essential to their ability to initiate and amplify
adaptive immunity. This process involves the secretion of pro-
inflammatory cytokines and chemokines (Shimamoto et al., 2006;
Wu et al., 2007a) and subsequent activation of antigen processing
pathways and the expression of costimulation and MHC molecules
by APCs involved in antigen presentation to T and B lympho-
cytes (Bluestone, 1996). Therefore, TLRs are considered to be an
essential link between innate and adaptive immunity. These obser-
vations suggest that TLRs play a key role in the initiation of innate
immune responses and the recruitment and activation of alloreac-
tive lymphocytes associated with allograft rejection. In support of
this view, absence of MyD88 adaptor-protein in both donor and
recipient mice has led to acceptance of minor antigen-mismatched
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skin allografts and prolonged survival of fully allogeneic heart and
skin transplants (Goldstein et al., 2003; Tesar et al., 2004). Further-
more, combined deficiencies of MyD88 and TRIF and expressions
in donors have been shown to significantly extend the survival of
MHC-mismatched allografts. At the same time, there is accumu-
lating evidence showing that TLR-mediated responses can hinder
tolerance induction to allotransplants. First, it has been reported
that long-term survival of skin allografts can be achieved in mice
through costimulation blockade but only upon inhibition of TLR
signaling in both donors and recipient mice (Chen et al., 2006;
Walker et al., 2006). In another study, tolerance to cardiac allografts
induced via donor-specific transfusion (DST) combined with anti-
CD40L mAb-mediated costimulation blockade was prevented by
injection of the TLR9 agonist, CpG as well as the TLR2 ligand,
Pam3CysK. In this study, tolerance resistance was attributed to
increased γIFN production and inhibition of graft infiltration by
regulatory T cells (Chen et al., 2006). Similarly, administration
of CpG, LPS, or poly I:C which activate TLR 9, 4, and 3, respec-
tively, prevented tolerance induction to skin allografts induced via
DST + anti-CD40L mAbs. In this model, it was observed that TLR
engagement prevented the deletion of some effector donor-specific
CD8+ T cells (Thornley et al., 2006), a process relying on type
I interferon production (Thornley et al., 2007). Finally, Turka’s
group recently reported that spontaneous tolerance to MHC class
II-mismatched skin heart allografts as well as long-term acceptance
of skin allografts mediated via anti-CD40L mAb and rapamycin
cotreatment in the B6-bm12 mouse combination were both pre-
vented by CpG administration (Porrett et al., 2008). In this study,
prevention of tolerance was dependent on IL-12 production by
APCs, which is critical to the differentiation of pro-inflammatory
type 1 (Th1/CT1) immunity. Therefore, engagement of certain
TLRs at the time of transplantation can hinder tolerance induction
to allografts via concomitant enhancement of pro-inflammatory
T cell responses and impairment of regulatory T cell functions.

INFLAMMATORY CYTOKINES
Certain pro-inflammatory cytokines produced by cells of the
innate immune system can prevent tolerance induction to alloanti-
gens or abrogate established tolerance of an allograft. For instance,
IL-6 and TNFα deficiency has been shown to render mice suscep-
tible to transplant tolerance induction via costimulation blockade
(Walker et al., 2006; Shen and Goldstein, 2009). Apparently, IL-
6 and TNFα contributed to prevent tolerogenesis by enhancing
pro-inflammatory immunity while rendering T cells resistant to
suppression by Tregs (Walker et al., 2006; Shen and Goldstein,
2009). Likewise, type 1 interferons have been shown to confer tol-
erance resistance of skin allografts mediated via anti-CD154 mAb
treatment in mouse models (Thornley et al., 2007). Tolerance resis-
tance to vascularized allografts induced via costimulation blockade
following Listeria monocytogenes infection has been shown to rely
on IFN α and β productions. In another study, evidence was
provided that IL-6 could prevent transplant tolerance to cardiac
allografts induced through the disruption of CD40/CD40L inter-
actions, by promoting the differentiation and activation of CD8+
TH17 cells (Burrell et al., 2008).

IL-1α is produced constitutively and at low levels by many
epithelial cells but it is found in substantial amounts in the

epidermis where its secretion by keratinocytes is thought to play a
key role in the immune defense against microorganisms (Palmer
et al., 2007; Arend et al., 2008; Dinarello, 2009; Gabay et al.,
2010). In addition, during inflammation and sepsis, activated
macrophages, and polymorphonuclear neutrophils (PMNs) pro-
duce large amounts of IL-1α which is known to cause smooth mus-
cle cell proliferation, secretion of TNFα by endothelial cells, the
synthesis of acute phase proteins, and amplify antigen-specific and
alloreactive T and B cell responses (Rao et al., 2007, 2008; Rao and
Pober, 2008; Dinarello, 2011a). IL-1β, also called lymphocyte acti-
vating factor (LAF), is primarily released by activated macrophages
during inflammation (Rao et al., 2007; Netea et al., 2010; Dinarello,
2011b,c). It is involved in a variety of cellular activities, including
cell proliferation, differentiation, and apoptosis. The induction
of cyclooxygenase 2 (PTGS2/COX2) by this cytokine in various
tissues including the central nervous system (CNS) is found to
contribute to hypersensitivity reactions and pain. IL-1α and β

play a role in mediating acute inflammation during ischemia–
reperfusion (I/R) injury after transplantation (Suzuki et al., 2001).
Ischemia and hyperoxia/anoxia both contributes to the release
of IL-1 by macrophages (from the NALP-3 inflammasome), a
process leading to both necrosis and apoptosis of transplanted
cells, neutrophilic inflammation and initiation, and amplifica-
tion of adaptive immune responses (Wanderer, 2010). Indeed,
it has been shown that overexpression of IL-1R antagonist (IL-
1Ra) can confer cardioprotection against I/R injury associated
with reduction in cardiomyocyte apoptosis and decrease of neu-
trophil infiltration and myocardial myeloperoxidase activity in
heart-transplanted rats (Suzuki et al., 2001).

There are a few reports showing that IL-1 can prevent toler-
ance induction to allografts. IL-1β is known to contribute to the
breakdown of self-tolerance to pancreatic autoantigens resulting
in type 1 diabetes in NOD mice (Bertin-Maghit et al., 2011). This
effect is mediated via both induction of TH17 autoimmunity and
concomitant impairment of Treg differentiation and functions.
Likewise, it has been shown that IL-1 can prevent the induction
of tolerance to islet allografts (Sandberg et al., 1993). This is sup-
ported by studies showing that continuous infusion of diabetic
mice with an IL-1 receptor antagonist (IL-1Ra) can restore nor-
moglycemia and facilitate tolerance to islet allografts (Sandberg
et al., 1993). Similarly,alpha-1 anti-trypsin therapy (AAT) has been
shown to promote donor-specific tolerance to islet allografts in
mice via a process relying on the presence of immature DCs (iDCs)
and Tregs in the graft associated with the presence of IL-1Ra (Lewis
et al., 2008; Shahaf et al., 2011). In another set of studies by Holan
(1988), it was observed that transplantation tolerance induced via
inoculation of newborn mice with semi-allogeneic hematopoietic
cells was abolished via administration of IL-1 given at the time
of placement of skin allografts (Holan, 1988). Finally, a series of
studies from Dana and Streilein’s groups have shown that IL-1Ra-
based therapy can restore anterior chamber-associated immune
deviation (ACAID) type tolerance associated with immune priv-
ilege in the eye and acceptance of allogeneic corneal transplants
(Dana et al., 1997, 1998; Yamada et al., 1998, 2000; Dekaris et al.,
1999). Interestingly, IL-1Ra treatment in this model was shown
to abolish donor-specific DTH, reduce corneal graft infiltration
by recipient Langerhans cells and abrogate second set rejection of
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skin allografts suggesting an impaired antigen presentation and a
lack of systemic priming of alloreactive T cells through the indi-
rect allorecognition pathway in draining lymph nodes (Dana et al.,
1997, 1998; Yamada et al., 1998, 2000; Dekaris et al., 1999).

CHEMOKINES
Chemokines represent an extensive family of proteins whose
function was initially associated with leukocyte chemotaxis. It
is now clear that these molecules are also involved in a variety
of biological processes including angiogenesis and hematopoiesis
(Sallusto et al., 2000). There is ample evidence showing that
chemokines play a key role in the initiation of alloantigen-
dependent and alloantigen-independent reactions associated with
transplant injury as well as acute and chronic rejection of allo-
grafts (DeVries et al., 2003). Likewise, many studies have shown
that absence (KO mouse models) or in vivo neutralization of var-
ious chemokines or chemokine receptors, usually combined with
short-term or suboptimal calcineurin inhibitory treatment, results
in prolonged and sometimes indefinite survival of allografts in
animal models (Gao et al., 2000, 2001; Hancock et al., 2000a,b; Fis-
chereder et al., 2001; Abdi et al., 2002). These observations suggest
that chemokine release as well as leukocyte activation and migra-
tion following chemokine receptor signaling should represent a
barrier to transplant tolerance induction and/or maintenance. On
the other hand, a number of chemokines have been associated with
Treg activation and graft infiltration and are clearly necessary for
tolerance induction in transplantation (DeVries et al., 2003).

THE COMPLEMENT SYSTEM
The complement system is comprised of a variety of small proteins
including serum proteins, serosal proteins, and cell surface recep-
tors (over 25 proteins and protein fragments, 5% of serum globulin
fraction) present in the blood, generally synthesized by the liver,
and normally circulating as inactive precursors (pro-proteins;
Carroll, 1998; Kang et al., 2009).

When stimulated, the proteases in the system cleave specific
proteins and subsequent cytokine release thus initiating an ampli-
fying cascade of further cleavages. The end-result of this activation
cascade is a massive amplification of the response and activation
of the cell-killing membrane attack complex or MAC (Peitsch and
Tschopp, 1991). Three distinct pathways are involved in comple-
ment activation: the classical pathway, the alternative pathway, and
the mannose-binding lectin pathway (Sacks et al., 2009). All of
these pathways converge on C3 whose cleavage leads to the release
of soluble C3a and C5a. It is noteworthy that while 80% of C3 is
synthesized in the liver, 20% of C3 is of extra hepatic origin and
produced by resident parenchymal cells and infiltrating leuko-
cytes (Naughton et al., 1996; Tang et al., 1999; Li et al., 2007).
C3a and C5a have anaphylatoxin properties and trigger directly
mast cell degranulation and increase vascular permeability and
smooth muscle contraction. Most importantly, the complement
has opsonizing and chemotactic functions in that it enhances anti-
gen phagocytosis and attracts macrophages and PMNs at the site
of inflammation. The complement system represents an essential
component of the inflammatory cascade and a major link between
innate and adaptive immunity. Likewise, there is now a body of
evidence showing that the complement is an essential element of

the inflammatory process as well as the immune response associ-
ated with the rejection of allogeneic transplants (Zhou et al., 2007;
Raedler et al., 2009; Raedler and Heeger, 2010; Vieyra and Heeger,
2010). First, many studies have demonstrated the contribution of
the complement to I/R injury following transplantation of a vari-
ety of organs including liver, kidney, and lungs (Weisman et al.,
1990; Ikai et al., 1996; Eppinger et al., 1997; Huang et al., 1999;
Zhou et al., 2000; Chan et al., 2006; Farrar et al., 2006; Patel et al.,
2006). Remarkably, mice lacking complement have been shown to
be unable to make high affinity anti-MHC antibodies after skin
transplantation. This was due to the lack of CR2 expression, a
coreceptor that is required for antigen retention by follicular DCs
(Fearon and Carroll, 2000; Marsh et al., 2001; Pratt et al., 2002).
On the other hand, the complement plays an important role in the
antigen processing presentation by DCs and controls their ability
to activate T cells in antigen-specific fashion. Finally, elegant stud-
ies from the Heeger’s group and others have demonstrated the role
of C3 in the activation and expansion of both CD4+ and CD8+
T cells presumably by limiting antigen-induced apoptosis (Fearon
and Carroll, 2000; Marsh et al., 2001; Pratt et al., 2002; Peng et al.,
2006, 2008; Zhou et al., 2006; Lalli et al., 2008; Strainic et al., 2008).
Altogether, these studies suggest that activation of the complement
cascade following transplantation should render tolerance difficult
to induce. In support of this view, it has been shown that blockade
of complement activation on DCs results in an increase of Treg
expansion and favors tolerance induction (Sacks et al., 2009).

CELLS OF THE INNATE IMMUNE SYSTEM
NK CELLS
Natural killer (NK) cells contribute to the innate immune response
through their ability to recognize and destroy foreign cells in the
absence of antigen-specific recognition (Hamerman et al., 2005).
However, although NK cells lack expression of germline-encoded
antigen receptors, they can discriminate between self- and for-
eign cells via clonotypic receptors recognizing self-MHC class I
molecules. NK cell interacting with self-MHC class I expressed
on autologous cells become inactivated while lack or suboptimal
recognition of self-MHC class I molecules (missing self phenom-
enon) on allogeneic cells results in NK cell stimulation associ-
ated with release of pro-inflammatory cytokines and cytotoxicity
(Karre et al., 1986; Ljunggren and Karre, 1990; Ljunggren et al.,
1990). This type of allorecognition has been shown to ensure
the destruction of skin grafts from donors lacking self-MHC
class I expression (b2m KO) as well as bone marrow transplants
from semi-allogeneic donors and parental donors to F1 recipi-
ents (hybrid resistance; Karlhofer et al., 1992, 2006). In addition,
recent evidence has been provided showing that NK cells also con-
tribute to the rejection of solid organs transplants (Oertel et al.,
2000, 2001; Kitchens et al., 2006; McNerney et al., 2006; van der
Touw and Bromberg, 2010). NK cells participate in acute allograft
rejection either directly by killing donor cells through perforin,
granzymes, FasL, and TRAIL pathways (Biron et al., 1999; Smyth
et al., 2001; Takeda et al., 2001; Trapani and Smyth, 2002) or indi-
rectly by promoting alloantigen processing and presentation by
DCs and B cells (Boehm et al., 1997) and by enhancing Type
1 T cell adaptive alloimmunity primarily though their secretion
of γIFN and TNFα (Martin-Fontecha et al., 2004; Yoshida et al.,
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2008). Furthermore, NK cells have been shown to contribute to
the rejection process by killing regulatory T cells (Roy et al., 2008).
Finally, some recent studies have demonstrated the pivotal role
of NK cells in chronic rejection of cardiac allografts through a
process involving CD4+ T cell activation (Uehara et al., 2005a,b).
Altogether, these studies support the view that NK cells represent
an essential link between innate and adaptive immune responses
leading to acute and chronic rejection of allogeneic transplants. On
the other hand, a study from Szot et al. (2001) has demonstrated
that NK cells can also impair tolerance induction to a solid organ
transplant. In this model, injection of recipient CD28-deficient
mice with anti-CD154 antibodies failed to accomplish indefinite
survival of cardiac allografts. However, tolerance to heart allo-
grafts was restored upon in vivo depletion of NK cells or inhibition
of the NK activating receptor, NKGD. Apparently, NK cells acti-
vated consequently to the absence of self-MHC class I molecules
on transplanted cells could provide help (otherwise missing in
CD28KO mice) to CD8+ T cells and thereby prevented tolerance
induction (Maier et al., 2001; Kim et al., 2007).

DENDRITIC CELLS
Dendritic cells are considered as the primary link between innate
and adaptive immunity based on their ability to prime naïve T
cells owing to: (1) efficient processing and presentation of anti-
gen peptides in association with self-MHC molecules and, (2) the
delivery of key costimulation signals (Steinman and Cohn, 1973;
Austyn et al., 1983, 1988; Banchereau and Steinman, 1998; Lanza-
vecchia and Sallusto, 2000, 2001; Steinman et al., 2000). Actually,
the T cell alloresponse is primarily initiated through the recogni-
tion of intact donor-MHC molecules on donor DCs infiltrating
the recipient’s secondary lymphoid organs (direct allorecognition;
Steinman and Witmer, 1978; Lechler and Batchelor, 1982; Larsen
et al., 1990a,b,c,d; Lechler et al., 1990; Larsen and Austyn, 1991).
The direct alloresponse is believed to represent the driving force
behind acute allograft rejection. Alternatively, some alloreactive T
cells become activated after recognition of donor peptides (MHC
and minor antigens) presented by self-MHC molecules on recip-
ient DCs (indirect allorecognition; Benichou et al., 1992, 1999;
Dalchau et al., 1992; Fangmann et al., 1992; Liu et al., 1996; Sayegh
and Carpenter, 1996). The mechanisms by which recipient DCs
acquire donor alloantigens are still unknown. The direct allore-
sponse is believed to be short-lived due to the rapid elimination
of donor DCs, while the indirect alloresponse may be perpetuated
by continuous presentation of donor peptides by recipient APCs.
While it is clear that indirect alloreactivity is sufficient to trigger
vigorous rejection of skin allografts, whether this response plays a
significant role in acute rejection of vascularized solid organ trans-
plants is still open to question (Auchincloss et al., 1993; Lee et al.,
1994, 1997; Illigens et al., 2002). On the other hand, maintenance
of indirect alloresponses via continuous presentation of allopep-
tides by recipient DCs and endothelial cells is clearly associated
with alloantibody production, chronic inflammation, and allo-
graft vasculopathy (Suciu-Foca et al., 1996, 1998; Shirwan, 1999;
Baker et al., 2001; Lee et al., 2001; Najafian et al., 2002; Shirwan
et al., 2003; Yamada et al., 2003; Illigens et al., 2009). Finally, some
recent studies show that recipient DCs can capture donor-MHC
molecules and presumably other donor proteins from donor DCs

and endothelial through a process called trogocytosis (Joly and
Hudrisier, 2003; Aucher et al., 2008). Theoretically, presentation
of intact allo-MHC molecules by host professional APCs could
activate some alloreactive T cells, a mechanism referred to as semi-
direct allorecognition. While, it has been shown that DCs having
acquired donor-MHC molecules can activate T cells in vitro and
in vivo, the actual contribution of semi-direct alloreactivity to the
alloresponse and allograft rejection is still unknown (Herrera et al.,
2004; Smyth et al., 2006, 2007).

Dendritic cells consist of a diverse population of cells charac-
terized by a few common surface markers and some functional
characteristics (Banchereau and Steinman, 1998; Liu et al., 2009).
In addition, DC functions can differ dramatically depending upon
their degree of maturation (Steinman et al., 2003; Wilson and Vil-
ladangos, 2004). Myeloid iDCs, which have not yet encountered
antigens or become activated via PAMPs or cytokine exposure,
express low levels of MHC class II and costimulatory receptors
and are poor APCs. Presentation of alloantigens by these iDCs
has been associated with peripheral tolerance induction (Fu et al.,
1996; Dhodapkar et al., 2001; Roncarolo et al., 2001) and immune
privilege (Stein-Streilein and Streilein, 2002; Streilein et al., 2002;
Masli et al., 2006) presumably via T cell anergy (Fu et al., 1996;
Dhodapkar et al., 2001; Roncarolo et al., 2001). In contrast, DCs
(mDCS) which underwent maturation following antigen uptake
and processing in an inflammatory cytokine environment or expo-
sure to PAMPs and presumably DAMPs express high levels of
MHC class II and costimulation receptors are potent inducers of
type 1 alloimmunity after transplantation (Rogers and Lechler,
2001). Alternatively, plasmocytoid DCs (pDCs), which represent
a small population of DCs mostly located in the peripheral blood,
are thought to contribute to tolerance induction via IL-10 secre-
tion following ICOS costimulation and presumably induction of
regulatory T cell responses (Abe et al., 2005; Liu, 2005; Ochando
et al., 2006; Ito et al., 2007; Tokita et al., 2008; Matta et al., 2010).
Finally, seminal studies by Thomson and others have shown that
physical or chemical modifications of DCs can render them tolero-
genic (Bacci et al., 1996; Kurimoto et al., 2000; Lu and Thomson,
2002; Thomson, 2002; Morelli and Thomson, 2003; Turnquist
et al., 2007) and ensure long-term survival to allografts upon their
in vivo transfer to recipients (Lu and Thomson, 2002; Thomson,
2002; Morelli and Thomson, 2003; Turnquist et al., 2007).

Altogether, these studies emphasize that DCs represent an
essential link between innate and adaptive alloimmunity by serv-
ing as APCs for alloantigen presentation to T cells, by providing
critical costimulation signals, and by secreting cytokines both at
the site of grafting and in the host’s lymphoid tissues and organs.
At the same time, it has become evident that the role of DCs in
the alloimmune response and rejection process is extremely com-
plex and depends on many factors including the origin (recipient
or donor) of the DCs, the nature of the DCs, their level of mat-
uration, and the environment in which they become activated.
It was initially assumed that donor or recipient DCs might hin-
der tolerance induction to allografts owing to their contribution
to the priming of alloreactive T cells and the secretion of pro-
inflammatory cytokines. Based upon this principle, many attempts
have been made to deplete DCs from transplanted tissues or from
the host prior to tolerance induction. Actually, DC depletion has
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led to various and sometimes opposite outcomes depending upon
the nature of the tissue transplanted, the site of graft placement,
the method utilized to induce tolerance. For instance, depletion
of different DCs from skin transplants such as Langerhans cells
or dermal DCs can lead to opposite effects on allograft rejection
(Bobr et al., 2010; Igyarto and Kaplan, 2010; Igyarto et al., 2011).

On the overall, most studies showed that absence of DCs, either
from recipients or donors in studies using CD11C KO mice, graft
parking protocols, or antibody-mediated cell depletion, not only
regularly failed to significantly prolong graft survival but it often
prevented tolerance induction. This further supports the view that
DCs are necessary for antigen presentation during tolerogenesis
via their ability to trigger some regulatory mechanisms resulting
in graft protection. Further studies will be needed to discriminate
between the DCs, which promote or hinder tolerance to allografts
and the mechanisms by which they determine the fate of regu-
latory T cell responses. Gaining insights into these questions will
be necessary to delete or inactivate selectively the DCs associated
with tolerance resistance in transplantation.

GRANULOCYTES, MASTOCYTES, AND MONOCYTES/MACROPHAGES
Granulocytes, mastocytes, and monocytes/macrophages are tradi-
tionally considered as key players in both early innate alloimmune
response and in the actual destruction of donor cells after trans-
plantation. However, the mechanisms by which they contribute to
alloimmunity and the actual nature of their contribution to allo-
graft rejection have not been thoroughly investigated. Likewise,
little is known regarding the impact of these cells in transplanta-
tion tolerance. This section reviews some of the few studies that
have tackled these questions.

Granulocytes are the most abundant leukocytes in the blood
of mammals and an essential part of the innate immune sys-
tem. Among them, PMNs migrate within hours to the site of
acute inflammation after transplantation following chemical sig-
nals such as IL-8, C5a, and Leukotriene B4 in a process called
chemotaxis. However, they survive only 1–3 days at the graft site
where they undergo degranulation and release reactive oxygen
species (ROS), a process involving the activation of NADPH oxi-
dase and the production of superoxide anions and other highly
reactive oxygen metabolites which cause tissue damage (Jaeschke
et al., 1990). There is ample evidence showing that PMNs con-
tribute to donor tissue destruction and graft rejection in skin
transplantation, solid organ transplantation, and bone marrow
transplantation (Buonocore et al., 2004; Surquin et al., 2005).
Studies from the Fairchild’s group have demonstrated that Abs
directed to KC/CXCL1 can prolong cardiac allograft survival by
preventing PMNs from graft infiltrating the graft (Morita et al.,
2001; LaRosa et al., 2007). Additionally, the potential role of PMNs
in the prevention of tolerance induction has been examined in two
recent studies, only. First, it has been reported that peritransplant
elimination of PMNs facilitated tolerance to fully mismatched car-
diac allografts induced via costimulation blockade (El-Sawy et al.,
2005; Mollen et al., 2006; LaRosa et al., 2007). Most interestingly,
another study from Wood’s group shows that prevention of accel-
erated rejection of skin allografts by CD8+ effector memory T cells
could be achieved by Tregs but only following depletion of PMNs
(Jones et al., 2010). It is likely that elimination of PMNs created a

window of opportunity that permitted Treg-mediated suppression
of graft rejection. Indeed, it well established that early activation
of pre-existing alloreactive memory T cells represents a formida-
ble barrier to tolerance induction in transplantation (Valujskikh
et al., 2002; Adams et al., 2003b; Valujskikh and Heeger, 2003;
Weaver et al., 2009; Nadazdin et al., 2011). In the model described
above, PMNs did not prevent tolerance induction directly but
indirectly by hindering the suppression of memory T cells by
Tregs. It is possible that this phenomenon represents a general
mechanism by which innate immunity prevent transplant toler-
ance induction through the potentiation of alloreactive memory
T cells. This implies that blocking innate immune responses at the
time of graft placement may impair the development of anamnes-
tic alloresponses by T cells and render allograft susceptible to
tolerogenesis by regulatory responses induced after costimula-
tion blockade or mixed hematopoietic chimerism induction, a
hypothesis that requires further investigation.

Eosinophils play a key role in the pathogenesis associated
with allergic reactions through their production of inflammatory
cytokines and cationic proteins (Capron and Goldman, 2001).
These cells can drive the differentiation of T cells to TH2 immu-
nity essentially via IL-4 and IL-5 cytokine release (Sanderson,
1992; Kay et al., 1997). TH2 cells that exert antagonist properties
toward their pro-inflammatory TH1 counterparts were initially
thought to be potential contributors to tolerogenesis in autoim-
mune diseases and transplantation (Charlton and Lafferty, 1995;
Goldman et al., 2001). Indeed, TH2 polarization has been demon-
strated to be essential in neonatal tolerance induction and in some
allotransplant models (Hancock et al., 1993; Forsthuber et al.,
1996; Onodera et al., 1997; Yamada et al., 1999; Kishimoto et al.,
2000; Waaga et al., 2001; Fedoseyeva et al., 2002). However, it
became rapidly evident that this concept is over simplistic and
that eosinophils either directly or via the activation of TH2 cells
can trigger the rejection of allografts in various models (Illigens
et al., 2009). First, there is ample evidence showing that adop-
tively transferred allospecific TH2 cells can ensure on their own
the rejection of skin and cardiac allogeneic transplants (Piccotti
et al., 1996, 1997; VanBuskirk et al., 1996; Shirwan, 1999). Second,
IL-4 and IL-5 neutralization has been shown to delay the rejection
of allografts in several models (Chan et al., 1995; Simeonovic et al.,
1997; Matesic et al., 1998; Le Moine et al., 1999; Braun et al., 2000;
Honjo et al., 2000; Goldman et al., 2001; Surquin et al., 2005).
In the B6-bm12 MHC class II classical skin graft model, rejec-
tion has been associated with a massive infiltration by eosinophils
(Le Moine et al., 1999; Goldman et al., 2001). IL-5 blockade
delayed the rejection process by preventing eosinophilic infiltra-
tion, but these allografts were ultimately rejected via a mechanism
involving PMNs (Le Moine et al., 1999; Goldman et al., 2001).
In another study from the Martinez’s group, the existence of a
non-classical pathway of liver allograft rejection was shown to
involve IL-5 and graft infiltrating eosinophils secreting a series of
cytotoxic mediators including eosinophil peroxidase, eosinophil-
derived neurotoxin, eosinophil cationic protein, and major basic
protein (MB; Martinez et al., 1993). In addition, a number of
studies from us and others have provided direct evidence demon-
strating that alloreactive TH2 cells activated through the indirect
allorecognition pathway can trigger chronic allograft vasculopathy
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and tissue fibrosis in MHC class I-mismatched transplanted hearts
(Shirwan, 1999; Mhoyan et al., 2003; Koksoy et al., 2004; Illigens
et al., 2009). At the same time, it has been reported that, in models
in which acute rejection had been suppressed, eosinophilic graft
infiltration could induce fibrosis through their production of TGF-
β, a key mediator of extracellular matrix remodeling (Goldman
et al., 2001). It is noteworthy that eosinophils are likely to play a
prominent role in heart and lung transplantation through their
cooperation with activated mast cells associated with IL-9 release
(Dong et al., 1999; Marone et al., 2000; Suzuki et al., 2000; Cohn
et al., 2002; Poulin et al., 2003; Steenwinckel et al., 2007). Inter-
estingly, it has been observed that depletion of CD8+ CT1 cells
and subsequent deprivation of γIFN production or IL-12 antago-
nism can result in a polarization of the T cell response toward TH2
alloimmunity and cause eosinophilic rejection of cardiac allografts
primarily driven by IL-4 and IL-5 cytokines (Noble et al., 1998;
Foucras et al., 2000; Goldman et al., 2001). This further illustrates
the complexity of the alloimmune response and the multiplicity
of the mechanisms potentially involved in the rejection process.
Indeed, as often observed in autoimmune disease models, block-
ing a known deleterious type of alloimmunity can often uncover
a different type of response also leading to allograft rejection.

Mastocytes were originally described by Paul Ehrlich in his
1878 doctoral thesis on the basis of their unique staining char-
acteristics and large granules (Alvarez-Errico et al., 2009; Barnes,
2011). These cells typically found in mucosal and connective tis-
sues (skin, lungs, and intestines) are characterized by their high
expression of IgE high affinity Fc receptor (FcR) and IgG1 (in
mice) FcR. Mast cells are known for their pivotal role in immunity
against parasitic worms and their contribution to allergic reac-
tions (asthma, eczema, allergic rhinitis, and conjunctivitis). This
phenomenon is mediated mainly through degranulation of ser-
ine proteases, histamine, and serotonin and through recruitment
of eosinophils at the site of inflammation via the secretion of
eosinophil chemotactic factors (Alvarez-Errico et al., 2009; Barnes,
2011). Mast cells are also essential to the recruitment of T cells to
the skin and joints in autoimmune disorders including rheuma-
toid arthritis, bullous pemphigoid, and multiple sclerosis (Sayed
and Brown, 2007; Sayed et al., 2008; Schneider et al., 2010). The
role of mastocytes in allotransplantation was actually described in
seminal studies for the Voisin’s laboratory more than 40 years ago.
It was observed that non-complement fixing anaphylactic IgG1
and IgE antibodies directed to donor-MHC molecules can cause
rejection of skin allografts through a process called alloantibody-
induced anaphylactic degranulation (DAAD; Daeron et al., 1972,
1975, 1980; Le Bouteiller et al., 1976; Daeron and Voisin, 1978,
1979; Benichou and Voisin, 1987). Hyperacute rejection of skin
allografts was induced through bipolar bridging of mastocytes
(through their FcR) and donor-MHC molecules on grafted cells,
a process leading to a massive anaphylactic reaction leading to
allograft rejection (Daeron et al., 1972, 1975, 1980; Le Bouteiller
et al., 1976; Daeron and Voisin, 1978, 1979). This type of “allergic
transplant rejection” discovered during the 1960s has been largely
forgotten through the years and would deserve to be revisited
using newly developed immunological models. More recently, it
has been shown that degranulating mastocytes can contribute to
allograft rejection by causing the loss of Tregs and thereby prevent

tolerance induction in a skin allograft model (de Vries et al., 2009a;
Murphy et al., 2011). While Tregs can induce the maturation and
growth of mastocytes through IL-9 production, this process seems
rather to contribute to tolerance induction (Lu et al., 2006; Murphy
et al., 2011). In addition, sequestration of pro-inflammatory IL-6
cytokines by mastocytes through MCP6 receptors has also been
shown to promote establishment of tolerance to lung and car-
diac allografts via costimulation blockade (de Vries et al., 2009a,b,
2010; de Vries and Noelle, 2010; Murphy et al., 2011). Therefore,
the role of mastocytes in alloimmunity is more complex than ini-
tially anticipated and further studies will be required to determine
how these cells can prevent or promote tolerance induction in skin
and presumably lung transplantation.

Different macrophages derived from monocyte differentiation
are present in various tissues and organs including Kupffer cells
in the liver, microglial cells in the CNS, alveolar macrophages in
the lungs, and intraglomerular mesangial cells in the kidney (Lu
and Unanue, 1982; Unanue, 1984; Yan and Hansson, 2007; Varol
et al., 2009; Geissmann et al., 2010; Yona and Jung, 2010). These
cells are characterized by the surface expression of CD14, CD11b,
F4/80 (mice)/EMR1 (humans) as well as MAC1/3 and CD68.
Macrophages and monocytes rapidly infiltrate inflammation sites
and are typically found in large numbers within allografts (Geiss-
mann et al., 2010). Upon activation, they release large amounts
of pro-inflammatory cytokines such as TNFα, IL-12 IL-1, and IL-
6, which promote both innate and adaptive immune responses
(Geissmann et al., 2010). Macrophages play a key role in the induc-
tion of antibody dependent cellular cytotoxic (ADCC) reactions
leading to the phagocytosis of opsonized allogeneic target cells
(Unanue and Allen, 1986; Rocha et al., 2003; Li, 2010). During
acute inflammation, while PMNs are typically the first phagocytes
infiltrating allografts, macrophages are usually involved in sec-
ondary stages of inflammation during which they remove aged
PMNs via a mechanism involving PECAM-1 (CD31) as well as
necrotic cells and cellular debris (Davies et al., 1993; Wu et al.,
2007b; Roh et al., 2010; Wu and Madri, 2010). Macrophages have
also been shown to be essential to the maintenance of chronic
inflammatory processes (Yan and Hansson, 2007; Geissmann et al.,
2010). Likewise, some evidence has been provided suggesting that
macrophages contribute to transplant vasculopathy and fibrosis
(Davies et al., 1993; Kitchens et al., 2007; Yan and Hansson, 2007;
Bani-Hani et al., 2009; Dinarello, 2011b; Kamari et al., 2011). In
addition to their role in innate immunity, macrophages process,
and present alloantigens to CD4+ T cells in a MHC class II context
thus initiating T cell-mediated responses and rejection (Beller and
Unanue, 1980; Lu et al., 1981; Unanue and Allen, 1986; Unanue,
2002; Calderon et al., 2006). Some observations indicate that, in
stable transplants, macrophages can convert otherwise harmless
lymphocytes into aggressive ones and cause rejection, thereby
controlling the cytopathic features of cellular infiltrates in solid
organ transplants (Li, 2010). Likewise, some studies have shown
the beneficial effects of blockage of the macrophage-migration
inhibitory factor (MIF) on the pathogenesis of allografts including
the reduction of obstructive bronchiolitis after lung transplanta-
tion (Fukuyama et al., 2005; Javeed and Zhao, 2008). A study from
Heeger’s group has shown that in vivo blockade of MIF could
prevent the rejection of MHC class II KO skin allografts in mice
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mediated through the indirect allorecognition pathway (Hou et al.,
2001; Demir et al., 2003). In this model, neutralization of MIF
resulted in reduced DTH response while it did not affect γIFN pro-
duction by activated T cells (Hou et al., 2001; Demir et al., 2003). It
is, however, noteworthy that different types of macrophages can be
found in kidney allografts, some of which being involved in attenu-
ation of inflammation, activation of Tregs, and tolerance induction
(Lu et al., 2006; Brem-Exner et al., 2008; Hutchinson et al., 2011).
Recently,macrophages have been shown to be involved in self-non-
self discrimination, i.e., self-awareness via interaction between the
innate inhibitory receptor SIRPα expressed on their surface and
CD47. This type of recognition, which is reminiscent of the miss-
ing self-model described with NK cells, has been shown to play a
role in xenograft rejection by macrophages (Ide et al., 2007; Wang
et al., 2007; van den Berg and van der Schoot, 2008). However,
it is still unclear whether some degree of CD47 polymorphism
within a given species exists and whether it could be involved in
allorecognition.

CONCLUDING REMARKS
It is now firmly established that innate immune responses trig-
gered after transplantation as a consequence of tissue damage,
infections, and reperfusion injury are an essential element of the
inflammatory process leading to early rejection of allografts. In
addition, there is accumulating evidence showing the contribution
of innate immunity to chronic rejection of allogeneic transplants.
On the other hand, this review supports the view that activation of
virtually any of the cells of the innate immune system can prevent
transplant tolerance induction. This process is essentially medi-
ated via signaling of various receptors including TLRs (via DAMPS
and PAMPS) and the secretion of several key pro-inflammatory
cytokines (primarily IL-1, IL-6, TNFα, and type I interferons)
and chemokines. Activated cells of the innate immune system can
prevent tolerogenesis directly via cytokine secretion, activation of
the complement cascade, and killing of donor cells or indirectly
by promoting and amplifying deleterious inflammatory adaptive
immune responses while preventing the activation of protective

regulatory mechanisms. In addition, innate immune responses
can alter the immune privileged nature of the tissue transplanted
or the site of graft placement as evidenced by studies in corneal
transplantation. While, it is clear that innate immunity represents a
major barrier to tolerogenesis in allotransplantation, this phenom-
enon is presumably even more relevant to xenotransplantation due
to the involvement of natural antibodies, CD47/SIRPα-mediated
interactions, and presumably many other still unknown factors.
In addition, it is likely that activation of innate type of immu-
nity can abrogate formerly established tolerance to an allograft as
suggested by some studies involving microbial infections (Miller
et al., 2008; Ahmed et al., 2011a,b). Taken together, these studies
imply that the design of future successful tolerance protocols in
transplantation will require the administration of agents capable
of suppressing innate immunity. However, a number of cells of the
innate immune system such as NK cells and DCs have been shown
to be required for transplant tolerance induction. This apparent
contradiction may be explained by the fact that different cell sub-
sets and mediators of the innate immune system are involved in
tolerance vs. rejection. Alternatively certain cells or mediators may
play opposite roles depending upon the context in which they are
activated. For instance, γIFN and IL-2 have been shown to be
essential cytokines in both rejection and tolerance of allografts. It
is likely that their dual role depends upon their concentration at
a given time point and the cells they are activating in a particular
physiological context. These observations illustrate the complex-
ity of the cellular and molecular mechanisms by which innate
immunity can influence alloimmunity toward rejection or tol-
erance. Further dissection of the innate immune response will
be required to grasp some of this complexity, at least enough
to be able to manipulate this type of immune response to our
advantage.
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This issue of Frontiers in Immunologic Tolerance explores barriers to tolerance from a vari-
ety of views of cells, molecules, and processes of the immune system. Our laboratory
has spent over a decade focused on the migration of the cells of the immune system, and
dissecting the signals that determine how and where effector and suppressive regulatory
T cells traffic from one site to another in order to reject or protect allografts. These studies
have led us to a greater appreciation of the anatomic structure of the immune system,
and the realization that the path taken by lymphocytes during the course of the immune
response to implanted organs determines the final outcome. In particular, the structures,
microanatomic domains, and the cells and molecules that lymphocytes encounter during
their transit through blood, tissues, lymphatics, and secondary lymphoid organs are pow-
erful determinants for whether tolerance is achieved. Thus, the understanding of complex
cellular and molecular processes of tolerance will not come from “96-well plate immunol-
ogy,” but from an integrated understanding of the temporal and spatial changes that occur
during the response to the allograft.The study of the precise positioning and movement of
cells in lymphoid organs has been difficult since it is hard to visualize cells within their three-
dimensional setting; instead techniques have tended to be dominated by two-dimensional
renderings, although advanced confocal and two-photon systems are changing this view. It
is difficult to precisely modify key molecules and events in lymphoid organs, so that exist-
ing knockouts, transgenics, inhibitors, and activators have global and pleiotropic effects,
rather than precise anatomically restricted influences. Lastly, there are no well-defined
postal codes or tracking systems for leukocytes, so that while we can usually track cells
from point A to point B, it is exponentially more difficult or even impossible to track them to
point C and beyond. We believe this represents one of the fundamental barriers to under-
standing the immune system and devising therapeutic approaches that take into account
anatomy and structure as major controlling principles of tolerance.

Keywords: tolerance, lymph node, structure

INTRODUCTION
This issue of Frontiers in Immunologic Tolerance explores barri-
ers to tolerance from a variety of views of cells, molecules, and

Abbreviations: Aire, autoimmune regulator; APC, antigen-presenting cell; DC, den-
dritic cell; ER-TR7, Erasmus University Rotterdam- thymic reticulum antibody 7;
FDC, follicular dendritic cell; FRC, fibroblastic reticular cell; FTreg, follicular regu-
latory T cells; GITR, glucocorticoid-induced tumor necrosis factor receptor; HEV,
high endothelial venules; HSPC, hematopoietic stem/progenitor cells; HVEM, her-
pes simplex virus (HSV) glycoprotein D for HSV entry mediator; imDC, immature
myeloid DC; LEC, lymphatic endothelial cells; LN, lymph node; LT, lymphotoxin;
LTβR, Lymphotoxin β receptor; LTi, lymphoid tissue inducer; LTo, lymphoid tis-
sue organizer; LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; nTreg,
natural Treg; PALS, periarteiolar lymphoid sheath; pDC, plasmacytoid DC; PD-
L1, programmed death ligand 1; PNAd, peripheral lymph node addressin; PP,
Peyer’s patches; PTA, peripheral tissue-restricted antigen; SCS, subcapsular sinus;
SIV, Simian immunodeficiency virus; SLO, secondary lymphoid organs; TCR, T cell
receptor; TFH, follicular helper T cells; TGFβR, TGFβ receptor; TLO, tertiary lym-
phoid organs; TNF, tumor necrosis factor; Treg, regulatory T cells; TSLP, thymic
stromal lymphopoietin; VEGF, vascular endothelial growth factor.

processes of the immune system. Our laboratory has spent over
a decade focused on the migration of the cells of the immune
system, and dissecting the signals that determine how and where
effector and suppressive regulatory T cells traffic from one site
to another in order to reject or protect allografts. These studies
have led us to a greater appreciation of the anatomic structure
of the immune system, and the realization that the path taken
by lymphocytes during the course of the immune response to
implanted organs determines the final outcome. In particular, the
structures, microanatomic domains, and the cells and molecules
that lymphocytes encounter during their transit through blood,
tissues, lymphatics, and secondary lymphoid organs (SLOs) are
powerful determinants for whether tolerance is achieved. Thus,
the understanding of complex cellular and molecular processes of
tolerance will not come from “96-well plate immunology,” but
from an integrated understanding of the temporal and spatial
changes that occur during the response to the allograft. The study
of the precise positioning and movement of cells in lymphoid
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organs has been difficult since it is hard to visualize cells within
their three-dimensional setting; instead techniques have tended to
be dominated by two-dimensional renderings, although advanced
confocal and two-photon systems are changing this view. It is dif-
ficult to precisely modify key molecules and events in lymphoid
organs, so that existing knockouts, transgenics, inhibitors, and
activators have global and pleiotropic effects, rather than precise
anatomically restricted influences. Lastly, there are no well-defined
postal codes or tracking systems for leukocytes, so that while we
can usually track cells from point A to point B, it is exponentially
more difficult or even impossible to track them to point C and
beyond. We believe this represents one of the fundamental barri-
ers to understanding the immune system and devising therapeutic
approaches that take into account anatomy and structure as major
controlling principles of tolerance.

SECONDARY LYMPHOID ORGANS
STRUCTURE
It is first important to understand the structure, development, and
regulatory mechanisms of lymphoid organs to provide the basis
for understanding on how these control immunity and tolerance.

The lymph node (LN) is an encapsulated, highly organized SLO
(Figures 1C,D). The separate regions are the cortex, the para-
cortex, and the medulla. The cortex is the most outer layer and
contains B cells, macrophages, and follicular dendritic cells (FDC)
arranged in primary follicles. The paracortex is the next layer,
which contains T cells and dendritic cells (DC). Fibroblastic retic-
ular cells (FRC) support T cell and DC interactions in this area. The
most inner layer, the medulla, consists of lymphatic tissues called
medullary cords, which are separated by the lymph filled spaces
of the medullary sinuses. The LN vasculature consists of high
endothelial venules (HEV), the characteristic structure through
which T cells and B cells enter into LN from the blood, and
lymphatic vessels lined by lymphatic endothelial cells (LEC).

The spleen is surrounded by a capsule that extends many pro-
jections into the interior to form a compartmentalized structure
(Figures 1A,B). There are two compartments, the red pulp and
the white pulp, and a diffuse marginal zone that separates them.
The red pulp is a network of sinusoids populated by macrophages
and red blood cells. The splenic white pulp forms a periarterio-
lar lymphoid sheath (PALS) populated mainly by T cells. B cell
follicles, supported by FDC as in the LN, are next to the PALS.

FIGURE 1 | Structure of SLO. Fluorescent immunohistochemistry (left)

and cartoons (right) illustrate the structure and cellular content of

spleen (A,B) and LN (C,D). (A) The outer capsule of the spleen surrounds
the red pulp, with the sinuses and white pulp embedded within. ER-TR7
fibers form a network supporting the red pulp, and FRC line the borders
between the red and white pulp. A central arteriole empties into the white
pulp. (B) In the white pulp, T cells populate the PALS leading into the B cell

follicles. DC line the marginal sinus, enclosed by the marginal zone. (C) In
the LN, the efferent lymphatics empty into the medullary sinus and travel
through the medullary cords. Lymphocytes enter through the HEV, which
seed the LN. (D) B cells, FDC, and macrophages lay in the cortex. The
paracortex contains T cells and DC. Antigen presentation and T cell priming
occur at the cortical ridge areas between B and T cell zones supported by
FRC.
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The marginal sinus and its associated layer of FRC and MOMA-1
staining metallophilic macrophages define the outer boundary of
the white pulp.

LTi AND LTo CELLS – DEFINITION AND FUNCTION
Lymph nodes develop during embryogenesis or in the first few
weeks after birth through recruitment and interaction of lym-
phoid tissue inducer (LTi) cells and lymphoid tissue organizer
(LTo) cells. The central role of the LTi cells in LN development is
the expression and presentation of lymphotoxin alpha and beta
(LTα1β2) to the LTβ receptor (LTβR) on LTo, and this interaction
leads to organized lymphoid structures. The importance of this
signal is demonstrated in mice deficient in LTβR or LTα, which
lack LN and Peyer’s patches (PP; De Togni et al., 1994; Futterer
et al., 1998). Although the early differentiation pathway of LTi
cells from multipotent hematopoietic progenitor cells remains to
be characterized, studies suggest that the early specification to the
LTi lineage takes place in lineage marker-negative (Lin−) popu-
lations, and α4β7 integrin, IL-7Rα+, and CD4+CD3− are useful
markers to define LTi (Mebius et al., 1996; Yoshida et al., 1999;
Honda et al., 2001). A recent study shows that transcription fac-
tor Runx/Cbfb2 complexes are required for LTi cell differentiation
(Tachibana et al., 2011). LTo cells, also called mesenchymal orga-
nizer cells or stromal organizer cell, express LTβR. LTo can be
derived from the antimesenteric side of the intestine during devel-
opment or from a hematopoietic cell lineage (Adachi et al., 1998;
Nishikawa et al., 2000). The LTi–LTo interaction activates a sig-
naling cascade resulting in the expression of adhesion molecules
such asVCAM-1, intercellular cell adhesion molecule-1 (ICAM-1),
and mucosal addressin cell adhesion molecule-1 and homeostatic
chemokines such as CXCL13, CCL19, and CCL21 (van de Pavert
and Mebius, 2010). CXCL13, the B zone chemokine, recruits cir-
culating B cells to what becomes the B cell area; and the T zone
chemokines, CCL19 and CCL21, attract T and DC to shape the
T cell area (Cupedo and Mebius, 2005; Scandella et al., 2008).
The human equivalent of murine LTi cells has been identified but
has not been as well characterized as in mice. LTi cells in adult
human are identified as IL-22 expressing NK type cells (Cupedo
et al., 2009). The major phenotypic difference between mouse and
human LTi cells is that mouse LTi cells are either CD4+ or CD4−,
while human LTi cells are CD4− or CD4low (Kim et al., 2009).

In addition to organizing lymphoid structure during develop-
ment, LTi cells are present in adult lymphoid tissues. Even after the
maturation of SLO, a continuous interplay between lymphocytes
and stromal cells is likely to be required for the maintenance of tis-
sue architecture and the characteristics of adult stromal cells. Adult
LTi cells express OX40L and CD30L, which are critical for memory
CD4 T cell generation (Kim et al., 2005). OX40 and CD30 defi-
cient mice have impaired CD4 T cell-dependent memory antibody
responses in the spleen and gut (Lane et al., 2008; Tsuji et al., 2008).
LTo give rise to various stromal cell subsets such as FDC and FRC
that are present in lymphoid organs. However, it remains unknown
how many different mesenchymal stromal cell types exist in SLO.
The relationship between embryonic LTo cells and different types
of stromal cells in adult SLO, and the postnatal fate of LTo cells are
also unclear. It is possible that LTo-like cells persist in the adult and
play a role in the maintenance of SLO. Katakai et al. (2008) found

a layer of unique reticular cells underneath the subcapsular sinus
(SCS) lining of adult LNs. These specialized mesenchymal cells,
marginal reticular cells (MRS), share many characteristics with LTo
cells and are observed in mucosal SLO such as PP, nasal-associated
lymphoid tissues, and isolated lymphoid follicles of adult mice
(Katakai et al., 2008).

Splenic LTi-like cells contribute the development of SLO and
also to host defense, by producing IL-17 and IL-22 in response
to pathogen or IL-23 stimulation (Takatori et al., 2009). Phe-
notypically, splenic LTi-like cells in adult mice are similar to
LN. They are CD4+CD3−NK1.1−CD11b−Gr-1−CD11c−B220−,
express RORγt, aryl hydrocarbon receptor, IL-23R and CCR6, and
are located mainly in the white pulp, particularly at the junction
of T- and B-zones in the follicle. Formation of splenic white pulp
does not require LTi cells, but the maturation of the tissue structure
depends on LTα1β2 produced by lymphocytes and LTβR signal-
ing (Fu and Chaplin, 1999), so that LTα, LTβ, or LTβR deficient
mice display disrupted splenic architecture (De Togni et al., 1994).
Thus, despite some similarities, the developmental program and
molecular requirements of each SLO are clearly different.

LYMPHOTOXIN SYSTEM
LT is a tumor necrosis factor (TNF)-related cytokine required
for the development and organization of SLO (Cyster, 2003). Its
ligands and receptors are summarized in Figure 2. There are
four closely related ligands: LTα; LTβ; TNF; and “homologous
to LT, inducible expression, competes with herpes simplex virus
(HSV) glycoprotein D for HSV entry mediator (HVEM), a recep-
tor expressed on T lymphocytes” (LIGHT or TNFSF14). There are
four cognate receptors: TNFR1; TNFR2; LTβ; and HVEM. LTα

and LTβ form three different ligands, a secreted homotrimer LTα3
and two membrane-bound heterotrimers LTα1β2 (predominant
form) and LTα2β1. The ligand–receptor binding patterns over-
lap within the family. LTα3 binds TNFR1 and TNFR2; LTα1β2

FIGURE 2 |The lymphotoxin receptors and their ligands. The
interactions of TNF cytokines with their cognate receptors are shown by
arrows. Both LTα1/β2 and LIGHT bind to LTβR. HVEM binds to membrane
or soluble LIGHT, soluble LTα3. Soluble LTα3 binds to TNFRI and TNFR II.
Dashed line refers to weak interactions.
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signals through LTβR; LTα2β1 binds TNFR1 and TNFR2; and
LIGHT interacts with LTβR and HVEM. LTα3 may also bind
HVEM (Schneider et al., 2004). As mentioned above, LT express-
ing LTi cells interact with the corresponding LTβR on the LTo cells
during development. LTβR signaling is also required for maintain-
ing the structure and regulating immune responses in adult mice
(McCarthy et al., 2006).

The development of the spleen is independent of LT, however,
the microarchitecture of the splenic white pulp requires LTβR sig-
naling for its development and maintenance in the adult mice.
Treatment with LTβRIg, which blocks LT signaling, dissolves dis-
crete B cell follicles, alters the marginal zone, prevents germinal
center formation in the spleen, and impairs antibody production
in response to immunization (Mackay et al., 1997).

SECONDARY LYMPHOID ORGANS AND TOLERANCE
Stromal cell function and tolerance
The appropriate structure of the SLO is integral in immune fate
decisions, as following SLO entry naïve lymphocytes must decide
to remain naïve, or become activated, anergic, or deleted. The
presence (or absence) of antigen, co-stimulation, cell interactions,
and/or chemokines/cytokines are all instructive in these decisions.
Stromal cells construct intricate scaffolding within the SLO and
provide architectural support. In addition to defining structure,
these cells also contribute to lymphocyte trafficking, antigen pre-
sentation and cellular interactions (Mueller and Germain, 2009;
Luther et al., 2011). FRC produce and secrete a fibrous antigen
detected by the Erasmus University Rotterdam-thymic reticulum
antibody 7 (ER-TR7; Steele et al., 2009) that forms a meshwork
throughout the SLO (Van Vliet et al., 1986; Mueller and Germain,
2009). As elegantly demonstrated by Katakai et al. (2004b), the
assembly of the ER-TR7 protein into this meshwork frame involves
both FRC and lymphocyte collaboration and changes in response
to antigen challenge, suggesting a structural plasticity that molds to
the immune challenge at hand. To generate a fully formed mesh-
work, signaling through TNFR and LTβR via the inflammatory
cytokines TNFα, LTα, and LTβ is required.

In the LN, lymphocytes leave the blood and enter via the
HEV before flowing to the cortical ridge and cortical sinuses
(Grigorova et al., 2010). As the HEV are the entry points for lym-
phocytes, the signals they present may be important factors in the
genesis and shape of the immune response. Following inflamma-
tory challenge, HEV express peripheral node addressin (PNAd),
CCL21, ICAM-1, and CXCL9, attracting CD62L+, CCR7+, LFA-
1+, and/or CXCR3+ T cells (Springer, 1994; Guarda et al., 2007).
To attract B cells, HEV express CXCL13 resulting in cell arrest and
LN entry (Kanemitsu et al., 2005). Even at this early phase of lym-
phocyte:LN interaction, lymphocytes encounter fate determining
signals at the HEV. Activated T cells and antigen-presenting DC
home to HEV following infection (Bajenoff et al., 2003), and we
have shown both antigen and Treg seeding along HEV in tolerant
mice following transplantation (Ochando et al., 2006). These find-
ings suggest that these responding cells and/or antigen-presenting
cells (APC) shape the migratory path of naïve lymphocytes into
or through the LN and the subsequent immune response.

Following LN entry via HEV, or splenic entry via central arte-
rioles in the marginal zone (Steiniger et al., 2001), lymphocytes

encounter the FRC network, which dictates their path through the
SLO (Mueller and Germain, 2009). The FRC are layered on top
of and entwining the ER-TR7 scaffolding, forming a conduit sys-
tem that transports molecules sampled from the lymph which
has entered into the capsule and through the cortex (Katakai
et al., 2004b). Lymphocytes (Gretz et al., 1997), soluble factors
(Gretz et al., 1997), low molecular mass molecules (Gretz et al.,
2000), and antigen (Pape et al., 2007) pass through these con-
duits, traveling through the reticular network from the SCS to
the HEV. Conduit-transported antigen travels to varying loca-
tions within the LN. If antigen is transported to follicles, B cells
take it up and become activated (Pape et al., 2007). If the anti-
gen is acquired from the lymph, it can be presented by lymphatic
vessel endothelial hyaluronan receptor 1 (LYVE-1)+, conduit-
associated, DC (Gretz et al., 1997). These resident DC are asso-
ciated with reticular fibers within the LN (Sixt et al., 2005), and
can take up antigen within minutes following exposure (Itano
and Jenkins, 2003). Interestingly, immature DC (such as resi-
dent DC) adhere much more readily than mature DC (such as
recently migrated inflammatory DC) to the extracellular matrix
(Sixt et al., 2005), and may be of exceptional significance in
terms of tolerance, as immature DC would fail to provide the
requisite co-stimulation signals needed for T cell activation and
may be tolerogenic (Itano and Jenkins, 2003). Hence, if poten-
tially graft-reactive T cells encounter these immature as opposed
to mature DC, the T cells may become anergic rather than
primed.

Fibroblastic reticular cells not only form the physical struc-
ture of conduits to allow the flow of antigen and cells in the LN
(Link et al., 2011) and spleen (Nolte et al., 2003), they also affect
chemotaxis of lymphocytes and DC by producing chemokines and
expressing adhesion markers. Stromal cells lining the HEV express
CCL19 (Forster et al., 2008) and CCL21 (Luther et al., 2000; Forster
et al., 2008), which are indispensable for attracting T cells and DC
via surface CCR7 engagement, both to the LN and then to T cell
area (Forster et al., 2008). Further, stromal cells express the adhe-
sion molecules ICAM-1 (Boscacci et al., 2010), ICAM-2 (Boscacci
et al., 2010), VCAM-1 (Katakai et al., 2004a; Boscacci et al., 2010),
and sialic acid (Kraal et al., 1994); adhesion molecules that direct
lymphocytes expressing LFA-1 or α4β1 (Lo et al., 2003) to enter
the HEV in the LN (Boscacci et al., 2010) or white pulp in the
spleen (Kraal et al., 1994; Lo et al., 2003), and home to distinct
microdomains.

The chemokines CXCL12 (Wright et al., 2002; Katakai et al.,
2004a) and CX3CL1 (Katakai et al., 2004a) further direct lympho-
cyte homing to and within SLO (Boscacci et al., 2010). CXCL12,
displayed on HEV (Okada et al., 2002), interacts with CXCR4 on
central memory CD8+ T cells (Scimone et al., 2004) and B cells
(Okada et al., 2002), attracting these cells to the LN independent
of CCR7 expression (Scimone et al., 2004). CXCL12 expression
may be of special importance in terms of transplant tolerance as
it results in plasmacytoid DC (pDC) LN recruitment (Vanbervliet
et al., 2003), and pDC presentation of donor antigen is integral to
inducing tolerance to vascularized grafts (Ochando et al., 2006).
Further, stromal cells guide activated follicular B cells to T cell
zones and sites of T cell help following their upregulation of CCR7
(Reif et al., 2002).
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Fibroblastic reticular cells may also deliver inhibitory or nega-
tive signals to lymphocytes, preventing their homing to and within
SLO. FRC produce CCL2 (Katakai et al., 2004b), resulting in
decreased lymphocyte homing and effector function by preventing
activation of LFA-1, inhibiting ICAM-1 attachment, and subse-
quent adhesion steps and travel to SLO (Flaishon et al., 2008). FRC
also express class I MHC and the inhibitory molecule programmed
cell death ligand 1 (PD-L1), and are thus capable of delivering
signals to lymphocytes moving across their surfaces, influencing
tolerance versus immune activation by tuning the responsiveness
or activation state of the lymphocytes (Mueller and Ernst, 2007).
Thus, FRC not only help attract lymphocytes to the LN and to
specific areas within the LN, they also help dictate the interactions
of the cells inside the LN. Interactions in the LN can also dictate
where the activated lymphocytes travel following LN activation. By
expressing retinoic acid in the LN, stromal cells (Hammerschmidt
et al., 2008), and resident DC (Iwata et al., 2004) induce α4β7 and
CCR9 upregulation of activated T cells, resulting in their travel to
the gut.

Fibroblastic reticular cells provide both cues and scaffolding,
dictating the movements, and interactions of the diverse cell pop-
ulations residing and migrating through the SLO. These observa-
tions suggest a model in which a transplant recipient encounters
donor antigen, and as the recipient responds to these antigens
lymphoid organ structure is remodeled. SLO structure affects
both primary and subsequent immune responses to alloantigens,
altering where antigen is presented, which cell types encounter
antigen, the activation signals detected by these cell types, and
the interactions of the various cell populations. Further levels of
complexity include that SLO structure is influenced by previous
inflammatory and antigen challenges, so the structure within the
SLO of the transplant recipient may be as unique as a fingerprint.
Hence, detection of these distinctive structural and environmen-
tal pressures may provide novel and unique targets for designing
therapeutic protocols.

Spleen
The spleen’s role in graft rejection is different between models such
as vascularized or non-vascularized organ transplantation models.
In some vascularized models, it contributes to graft rejection; how-
ever, in non-vascularized transplantation models, LN but not the
spleen are essential for the rejection of skin allografts. Rather, the
spleen appears to enhance graft prolongation (Souther et al., 1974;
Streilein and Wiesner, 1977; Coons and Goldberg, 1978; Lakkis
et al., 2000). The rejection of skin allografts depends on the pres-
ence of LN, whereas the rejection of vascularized heart allografts
occurs in the presence of either the spleen or LN (Lakkis et al.,
2000). On the contrary, Chosa et al. (2007) showed that the spleen
plays an important role in maintaining tolerance after removal
of the vascularized heart graft. The APC migration route might
explain the difference between models. In vascularized transplan-
tation models, passenger leukocytes, including DC, are thought to
migrate from the vascularized graft into the recipient spleen, where
they activate T cells and cause rejection (Larsen et al., 1990a,b;
Saiki et al., 2001). In the case of tolerance maintenance, naïve DC
migrate to a tolerant graft and become regulatory or immature
DC, these DC may then migrate to the spleen where they generate

Treg (Chosa et al., 2007). CD4+ T cells from spleen of unrespon-
sive cardiac allograft transplant recipients showed increased IL-10
and decreased IL-4 and IFNγ (DePaz et al., 2003).

In non-vascularized grafts, DC migrate from the graft to the
regional draining LN. Activated DC are trapped in the LN where
they generate effector T cells from naïve T cells. Regulatory or
immature DC may pass through the LN, reach the spleen, and
generate Treg. Several studies indicate that the expression pattern
of chemokines and cytokine receptors between LN and spleen is
different, explaining the different roles in transplant models (Tang
and Cyster, 1999; Alferink et al., 2003).

Suppression and regulatory mechanisms of the spleen are
shown in several studies. A subset of splenic red pulp F4/80hiMac-
1low macrophages, whose differentiation is regulated by CSF-1,
regulates CD4+ T cell responses using TGFβ and IL-10 and induc-
ing differentiation of Foxp3+ Treg (Kurotaki et al., 2011). In a
vascularized transplant model, Li et al. (2010) showed that CD8+
Treg and pDC in the allograft and spleen induce tolerance. In
mice, a rare cell type located in splenic red pulp with phenotypic
attributes of DC (CD11c, CD8, CD80/86, MHCII) are uniquely
competent to mediate T cell suppression via indoleamine oxi-
dase after in vivo treatment with TLR9 ligands (Mellor et al.,
2005; Johnson et al., 2010). NK cells have been shown to con-
tribute to both graft rejection and tolerance both in cardiac and
skin transplant models (Heidecke et al., 1985; Rabinovich et al.,
2000; Beilke et al., 2005; Kroemer et al., 2008; Zecher et al., 2010).
Thus, activated, regulatory, or immature DC and NK cells trapped
in the spleen interact with other innate and adaptive immune
cells, generate effector T cells and Treg, which contribute either to
rejection or acceptance depending on the model (Murphy et al.,
2011). The possibility that the spleen has the two functions of graft
rejection and graft prolongation has been demonstrated in spleen
transplantation models (Dor et al., 2003).

Lymph node
In addition to dictating movement of lymphocytes within the LN
by supplying both structure and directional cues, stromal cells
may also dictate lymphocyte survival. Stromal cells affect T cell
viability, and correct positioning within the LN is integral to T cell
survival (Table 1). Highlighting this importance is the effect of
HIV pathogenesis on CD4+ T cell survival. Following HIV infec-
tion, the LN T cell zones become areas of significant pathology as
viral replication occurs almost exclusively in these areas (Schacker
et al., 2001). Innate immune cells attack these areas in attempts
at viral eradication, resulting in scarring, and collagen deposition
within LN niches (Estes et al., 2008), along with structural disso-
lution within the LN (Biberfeld et al., 1985). This scaring inhibits
T cell access to FRC-produced IL-7, resulting in the depletion of T
cells via apoptosis (Zeng et al., 2011). As T cells are depleted, the
source of LTβ production is decreased, leading to further disrup-
tion of the FRC network (Zeng et al., 2011). The interdependence
between FRC and T cells for the maintenance of LN structure
demonstrates the balance among activation, ignorance, or toler-
ance that is dependent upon the microdomains within the LN
structure.

Stromal cells also participate in peripheral tolerance by express-
ing autoimmune regulator gene (Aire). Aire expression is most
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Table 1 | Stromal cells in SLO.

Name Location Phenotype Function

Follicular dendritic cell

(FDC)

Cortex, B cell primary

follicle (LN and spleen)

CD45−CD35+

FDC-M1+
Regulate B cell homeostasis, migration, and survival (Gunn et al., 1998a;

Hase et al., 2004; Munoz-Fernandez et al., 2006)

Express complement and Fc receptors and are able to trap immune

complexes to present B cells (Aguzzi and Krautler, 2010)

Activate B cells by presenting exogenous antigen (El Shikh et al., 2010)

Express CXCL13, attracting naïve B cells expressing CXCR5 (Aguzzi and

Krautler, 2010)

Fibroblastic reticular

cell (FRC)

Paracortex, T cell area

(LN and spleen)

CD45− Support B cell, T cell, and DC interactions (Katakai et al., 2004a; Bajenoff

et al., 2006)gp38(podoplanin)+

CD31−

ER-TR7+

VCAM-1high

CD44high

Directly induce tolerance of responding naïve CD8 T cells (Lee et al., 2007)
Express peripheral tissue antigens (PTAs)

Present antigens to stimulate naïve T cells (Fletcher et al., 2010b)

Secrete collagen and other extracellular matrix (Fletcher et al., 2010a)

Create a conduit system of fine microchannels that conduct small lymph-

borne antigens and inflammatory mediators deep into the LN paracortex

B cells use the FRC network to reach the follicles

Express CCL19, CCL21, and SDF1 (CXCL12; Luther et al., 2000)

Express IL-7 which promotes survival of naïve T cells (Link et al., 2007)

Lymphatic endothelial

cell (LEC)

LN CD45− Directly induce tolerance of responding naïve CD8T cell (Cohen et al., 2010)

Regulate T cell entry to and exit from LNsgp38+CD31+

VCAM-1low

CD44low

Blood endothelial cell

(BEC)

LN and spleen CD45−gp38− Express PTAs (Cohen et al., 2010; Fletcher et al., 2010b)

Regulate T cell entry to and exit from LNsCD31+

VCAM-1low

CD44low

Double negative (DN) CD45−gp38−CD31− Express PTAs (Cohen et al., 2010; Fletcher et al., 2010b)

commonly associated with thymic expression of tissue-specific
antigens; antigens that represent autologous proteins not typically
present within the thymus. By presenting these antigens dur-
ing thymic selection, potentially autoimmune T cells are deleted
(Anderson et al., 2002). More recently, a role for Aire in periph-
eral tolerance has been demonstrated (Metzger and Anderson,
2011). Under steady-state conditions, tissue resident DC in the
periphery pick up peripheral tissue-restricted antigen (PTA), and
migrate to the LN (Waithman et al., 2007). There, Aire-expressing
gp38+CD31+ lymphatic endothelial (Cohen et al., 2010) and
gp38+CD31− stromal cells (Gardner et al., 2008) express these
antigens. These stromal cells express a variety of antigen process-
ing and presentation genes, including MHC II, having phenotypic
similarities to DC (Gardner et al., 2008). Hence, it is possible that
allograft antigens, entering the LN either via lymphatic conduits
or tissue DC, may be picked up by endothelial and/or stromal cells
and presented to potentially graft-reactive lymphocytes, resulting
in tolerance instead of activation. Indeed, the Aire-expressing stro-
mal cells are preferentially located along boundaries of T and B cell
interactions within the LN (Gardner et al., 2008), and are sufficient
to drive both proliferation and deletion of self-reactive CD8+ T
cells (Lee et al., 2007). Significantly, these stromal cells also express
PD-L1, suggestive of a potential mechanism for peripheral cell
deletion (Gardner et al., 2008). This CD8+ T cell deletion strategy
is mirrored in chronic viral infection; LCMV upregulates PD-L1

in FRC, deleting virus-specific potential effector cells and allowing
for viral persistence (Mueller et al., 2007).

Different subsets of stromal cells express Aire and PTA to
varying degrees (Cohen et al., 2010). FRC express PTA under
steady-state conditions, and down-modulate their antigen expres-
sion following an inflammatory stimulus (Fletcher et al., 2010a).
In contrast, other LN stromal cell subsets increase their PTA
expression in response to bystander inflammation (Fletcher et al.,
2010a). Thus, specific subsets of stromal cells may be responsible
for specific antigen tolerance. These findings may be exploited in
transplant tolerance, as presentation of donor antigen in a non-
inflammatory environment may engage several different tolerance
mechanisms. Donor antigen could potentially be targeted to stro-
mal cells for presentation, or therapeutic interventions may be able
to exploit naturally occurring peripheral tolerance mechanisms.

BLOOD VASCULAR ENDOTHELIUM
Dendritic cell and lymphocytes enter the LN through HEV and
afferent lymphatics (von Andrian and Mempel, 2003). During this
process, lymphatics and HEV not only play a role as a route for
cell trafficking but also interact with the migrating immune cells
to influence their immunologic properties and thereby immune
responses. HEV are specialized postcapillary venules found in LN,
where the lymphocytes circulating in the blood enter the LN by
diapedesis (Girard and Springer, 1995). In order to facilitate the
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migration of lymphocytes, endothelial cells in HEV secrete CCL21,
the CCR7 ligand, and express adhesion molecules such as PNAd
(ligand for CD62L) and ICAM-1 (ligand for LFA-1; Campbell
et al., 1998; Gunn et al., 1998b; Forster et al., 2008). An addi-
tional chemokine CX3CL1, expressed on inflamed endothelial
cells, interacts with its receptor CX3CR1 on activated cytotoxic
lymphocytes, functioning as a cell adhesion molecule (Umehara
et al., 2004). Another CCR7 ligand, CCL19, is produced by FRC
in the T cell area and can be transported to the luminal surface of
HEV to mediate T cell recruitment (Baekkevold et al., 2001; Link
et al., 2007). CCR7 signaling is reported to induce cell cycle arrest
in T cell receptor (TCR)-stimulated T cells and inhibit T cell pro-
liferation (Ziegler et al., 2007). CCR7 signaling acts differently on
DC. CCL19 and CCL21 induce DC to become mature; produce
proinflammatory cytokines such as IL-1β, IL-12, and TNFα; and
drive Th1 responses (Marsland et al., 2005). Thus, by engaging
CCR7 and directing the migration of T cells and DC from blood
into the LN, HEV induce significant changes in the maturation,
differentiation, and responses of the migrating leukocytes.

Whether HEV enhance immune regulatory capacity of Treg is
not certain. In an islet allograft model, adoptively transferred Treg
that enter LN through HEV do not acquire an activated phenotype
to suppress the alloimmune response (Zhang et al., 2009). On the
other hand, activated endothelial cells from other sources such as
thoracic aorta and lung induce and activate Treg using the PD-
1/PD-L1 interaction and IL-10 (Krupnick et al., 2005; Bedke et al.,
2010). Under inflammatory conditions, human endothelial cells
amplify Treg in a contact-ICAM-1-dependent mechanism (Taflin
et al., 2011). Under tolerogenic conditions, alloantigen-presenting
pDC also migrate through HEV when homing to LN, to mediate
Treg development and tolerance to vascularized cardiac allografts
(Ochando et al., 2006).

LYMPHATIC ENDOTHELIUM
Lymphatics are lined with LEC expressing LYVE-1. Lymphatics
are found throughout the LN and have different functions and
phenotypes in different regions. DC and T cells in peripheral tis-
sues enter LN through afferent lymphatics, which typically end
in the SCS, a hollow space below the fibrous capsule of the LN
(Randolph et al., 2005). Thereafter, DC and T cells use different
routes for entry into the LN parenchyma. By injecting cells directly
into afferent lymph vessels, Braun et al. (2011) showed that DC
transmigrate through the floor of the SCS on the afferent side in
CCR7-dependent fashion to enter the LN parenchyma. On the
other hand, T cells enter the LN parenchyma mainly from periph-
eral medullary sinuses and this is not CCR7-dependent. However,
CCR7 signals are absolutely required for the directional migration
of both DC and T cells into the T cell zone. Interestingly, when DC
are injected before T cells, T cells are able to transmigrate through
the SCS floor. This suggests that DC transmigrating through the
SCS induce changes in SCS morphology. In the steady state, Treg
also enter the LN via afferent lymphatics, which is increased in
inflammatory conditions (Tomura et al., 2010).

When leaving the LN, lymphocytes in the parenchyma enter
medullary networks of lymphatic sinuses and from there the effer-
ent lymphatics (von Andrian and Mempel, 2003). Lymphatics
associated with the egress of lymphocytes are also found adjacent

to HEV and B cell follicles in cortex (Sinha et al., 2009; Grigorova
et al., 2010). These cortical sinuses extend to medullary sinuses.
Emigration of lymphocytes into the efferent lymphatics for egress
from the LN requires sphingosine-1-phosphate (S1P) interaction
with the S1P receptor 1 (S1P1) on lymphocytes, and LEC are the
main producers of S1P required for LN egress (Matloubian et al.,
2004; Pham et al., 2010). In some immune responses and inflam-
matory conditions, lymphocytes down-regulate S1P1 expression,
which blocks the egress of lymphocytes from the LN (Matloubian
et al., 2004). Down-regulation of S1P1 by internalization is one
of the major mechanisms of immune modulation by the drug
FTY720 (Brinkmann et al., 2004).

Lymphatic vessels play an important role in immune tolerance.
In an islet allograft model, Treg that are adoptively transferred
and migrate from the graft to LN via afferent lymphatics pre-
vent graft rejection. However, Treg which enter LN via HEV do
not (Zhang et al., 2009). During a cutaneous immune response,
Treg that move from skin to LN via afferent lymphatics are
more potent in immune suppressive capacity than LN-resident
Treg (Tomura et al., 2010). These findings suggest that migra-
tion through lymphatics may enhance the immunosuppressive
capacity of Treg. Alternatively, it is possible that Treg are primed
and activated in the peripheral tissues before migrating to LN.
The chemokines CCL19 and CCL21, which are secreted by LEC,
inhibit T cell proliferation (Ziegler et al., 2007). LN-resident LEC
mediate peripheral tolerance by expressing and presenting multi-
ple peripheral tissue antigens to CD8+ T cells and inducing their
deletion (Cohen et al., 2010). Inflamed, TNFα-stimulated LEC
reduce the expression of the co-stimulatory molecule CD86 by
DC, and suppress the ability of DC to induce T cell proliferation
via a Mac-1 (CD11b/CD18)/ICAM-1 (CD54)-dependent mecha-
nism (Podgrabinska et al., 2009). Thus, LEC can engage multiple
mechanisms to negatively regulate immune and inflammatory
responses.

Vascular endothelial growth factors (VEGF),especiallyVEGF-A
and VEGF-C, are involved in LEC proliferation and lymphangio-
genesis (Shibuya and Claesson-Welsh, 2006; Tammela and Alitalo,
2010). Among VEGF receptors (VEGFR), VEGFR-2 is expressed
both on blood vascular endothelium and lymphatic endothelium,
but VEGFR-3 is specific for lymphatic endothelium. VEGF-A pro-
motes lymphatic vessel formation via signaling through VEGFR-2
and the effect of VEGF-C is mediated by VEGFR-3. Chronic
inflammatory conditions are associated with lymphangiogenesis
in the draining LN, which enhances the migration of DC to LN and
DC–T cell interactions. VEGF-C is induced in response to proin-
flammatory cytokines such as TNFα and IL-1β in several cells,
including macrophages and granulocytes (Tammela and Alitalo,
2010). In inflammatory conditions, entry of these immune cells
into the LN is markedly increased, which may be associated with
inflammatory lymphangiogenesis in LN. B cells in inflamed LN
produce VEGF-A and promote lymphangiogenesis (Angeli et al.,
2006). Chronically inflamed tissue also induces lymphangiogene-
sis in draining LN by producing VEGF-A, and this is independent
of B cells (Halin et al., 2007). On the other hand, T cells negatively
regulate LN lymphatic vessel formation through IFNγ (Kataru
et al., 2011). TGFβ also inhibits the proliferation and migration
of cultured human LEC as well as lymphangiogenesis (Oka et al.,
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2008). Together, these reports suggest a highly complex network
of tissue and LN interactions that regulate lymphangiogenesis.

In an islet allograft model, anti-VEGFR-3 mAb inhibits lym-
phangiogenesis and prolongs allograft survival, suggesting that
inhibition of lymphangiogenesis may prevent immunity and
inflammation (Yin et al., 2011). However, in an arthritis model
of TNF-transgenic mice and a chronic cutaneous inflamma-
tion model, anti-VEGFR-3 mAb increases inflammation in joints
and skin despite suppressing lymphangiogenesis (Guo et al.,
2009; Huggenberger et al., 2010). In contrast to anti-VEGFR-3
mAb, anti-VEGFR-2 mAb suppresses both lymphangiogenesis and
inflammation in these two models. It is suggested that VEGFR-
2 and VEGFR-3 signaling pathways have different mechanisms
for reducing lymphangiogenesis, and that increased inflamma-
tion after specific blockade of VEGFR-3 is a result of improper
lymphatic drainage with failure to resolve inflammatory infiltrates.

Lymph node lymphatics and HEV seem to be in synchrony.
B cell-derived VEGF-A promotes HEV expansion as well as lym-
phangiogenesis in LN (Shrestha et al., 2010). Both LN lymphatics
and HEV express LTβR, and lymphangiogenesis is accompanied
by upregulation of PNAd and LTβR by HEV, and is inhibited by
LTβRIg treatment (Liao and Ruddle, 2006). These findings suggest
that the two vascular systems engage in cross-talk through B cells
and LTβR (Table 1).

T CELLS
When T cells enter LN through HEV or lymphatics, they are
under the influence of chemokines secreted by LEC or vascular
endothelial cells such as CCL19 and CCL21, which can inhibit the
proliferation of T cells (Ziegler et al., 2007). Contact with endothe-
lial cells also can affect the immunologic properties of migrating
T cells. On the other hand, T cells can influence lymphatics and
negatively regulate LN lymphatic vessel formation through IFNγ

(Kataru et al., 2011).

T cell homing to LN plays a critical role in tolerance to alloanti-
gen because Treg develop and are required within the LN during
tolerance induction. If T cell homing to LN is inhibited by anti-
L-selectin (CD62L) mAb, cardiac allograft survival is prevented
despite a tolerogenic regimen of anti-CD40L mAb plus donor-
specific transfusion (Ochando et al., 2005). Only the CD62L+
subpopulation of Treg, which have the LN-homing adhesion mol-
ecule, are reported to protect from lethal GVHD in allogeneic bone
marrow transplantation model and delay adoptive transfer of dia-
betes (Szanya et al., 2002; Ermann et al., 2005). Follicular Treg are
present in LN, limit T follicular helper cell and germinal center
B cell numbers, and suppress germinal center reactions (Chung
et al., 2011; Linterman et al., 2011). In LN, Treg directly interact
with antigen-bearing DC by forming long-lasting conjugates to
inhibit T cell priming and activation by DC (Tang et al., 2006). In
the peripheral tissue, Treg inhibit DC migration to LN in a TGFβ

and IL-10 dependent fashion, which prevents priming of effector
T cells by DC in the LN (Zhang et al., 2009). These findings suggest
that LN are a major place where Treg exert their immune mod-
ulatory actions in various ways. Treg limit the access of immune
cells to LN and inhibit DC–T cell interactions in the LN for the
regulation of immune reactivity (Table 2).

PRIMARY LYMPHOID ORGANS
THYMUS
The thymus is a lymphoid organ that is critical for tolerance. It is
not only the site for eliminating self-reactive T cells through nega-
tive selection, but also for controlling self-reactive T cells through
CD4+Foxp3+ regulatory T cell (Treg) development. Delayed gen-
eration of Treg by thymectomy at day 3, but not day 7, results
in autoimmune disease development (Fontenot et al., 2005). Treg
development is observed only when the antigen is expressed in
the thymus (Jordan et al., 2001). Foxp3 is induced during very
early thymic developmental events before TCR rearrangement

Table 2 |Treg in lymphoid organs.

Primary lymphoid organ Thymus Treg development Involved cells:

Medullary epithelial cells expressing Aire, TSLP

Cortical DCs expressing TSLP

Recirculated immature DC

Involved molecules:

CD28, IL-2, TSLP, CD154, GITR, Stat5, TGFβ

Bone marrow Treg recruitment CXCR4/CXCL12 interaction

Treg role Providing immune-privileged sites for HSPC

Mobilized to peripheral tissue (i.e., tumor) via CCR4/CCL2 interaction

Secondary lymphoid organ Spleen Treg generation Involved cells:

Regulatory or immature DC from peripheral tissues

F4/80hiMac-1low macrophages in red pulp

LN Treg generation Involved cells:

DC migrated via afferent lymphatics

pDC migrated via HEV

Treg role Treg migrated from peripheral tissues more potent than LN-resident Tregs

Inhibition of T cell priming and activation by Treg–DC interaction

Inhibition of TFH cells/B cells/germinal center reaction by FTreg

Treg in peripheral tissues inhibit DCmigration to LN

Tertiary lymphoid organ Treg detected; role not certain
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(Pennington et al., 2006), suggesting a major role in determin-
ing T cell fate prior to or coincident with TCR engagement.
These reports all demonstrate the critical role of the thymus for
maintaining a protective suppressor cell population.

A number of observations show that Treg develop in the
medulla: expression of Aire within medullary thymic epithelial
cells (Aschenbrenner et al., 2007); the overwhelming majority of
Foxp3+ cells are found within the medulla (Fontenot et al., 2005);
and thymic stromal-derived lymphopoietin (TSLP) produced in
the medullary region of the human thymus is critical for Treg
development (Jiang et al., 2006). However, thymic DC also make
TSLP and these cells may be found in the cortex (Watanabe et al.,
2005); mice expressing MHC II only in the cortex are able to pro-
duce natural Treg (nTreg; Bensinger et al., 2001); and when thymic
migration from the cortex to the medulla was blocked by admin-
istering pertussis toxin (Liston et al., 2008), or through CCR7
deficiency (Kurobe et al., 2006), CD4+Foxp3+ Treg accumulate
within the cortex. Thus, both the thymic medulla and cortex par-
ticipate in nTreg development. In a study using TCR transgenic
models naturally devoid of Foxp3+ cells, it was observed that
de novo generation of Treg occurred intrathymically under non-
inflammatory conditions of antigen encounter and was essential
for robust tolerance induction (Zelenay et al., 2010).

Foxp3 expression does not commence until day 3 in neonates,
suggesting that only organized thymic architecture provides
proper co-stimulatory signals in the early thymus. CD28, IL-2R,
TSLP receptor, CD154, glucocorticoid-induced TNF receptor, and
Stat5 signals are all implicated in the development and lineage
commitment of thymus-derived nTreg (Bettini and Vignali, 2010).
Although mice deficient in TGFβ or TGFβ receptor II (TGFβRII)
have normal numbers of Treg in adult thymus, the numbers of
CD4+CD25+Foxp3+ thymocytes are greatly reduced in young
mice (Liu et al., 2008). Further, CD4+CD25+Foxp3+ thymocytes
are completely lost in mice lacking both TGFβRI and IL-2, indicat-
ing TGFβR signaling is involved in development and maintenance
of nTreg.

Various experimental models demonstrate that the thymus is
required for Treg development and consequent tolerance induc-
tion to alloantigens. In a rat model using immature myeloid
DC (imDC) primed with immune-dominant allopeptide in vitro,
DC re-circulate through the recipient thymus and result in
acquired graft-as-self-tolerance (Gopinathan et al., 2001; Oluwole
et al., 2001). CD4+CD25+Foxp3+ anti-donor Treg development
is dependent on the presence of the thymus for at least 2–3 weeks
after imDC injection, and early thymectomy abolishes tolerance
(Oluwole et al., 2003). Trafficking of donor alloantigen to the thy-
mus or inoculating the thymus directly with allopeptides induces
tolerance in large animal models, and thymectomy in recipients
prevents tolerance induction (Griesemer et al., 2010). Transplant-
ing porcine thymus tissue to mice leads to the development of
donor-specific tolerance in vitro (Lee et al., 1994), and indefinite
donor-matched porcine skin graft survival (Zhao et al., 1996).
Transplanting vascularized porcine thymus tissue to baboons is
associated with donor-specific T cell unresponsiveness (Barth
et al., 2003), and the presence of thymic chimerism and donor
bone marrow engraftment correlate precisely with tolerance to
subsequent solid organ transplants (Horner et al., 2006). Overall,

these reports demonstrate that both T cell development in allo-
geneic or xenogeneic thymus can induce tolerance, and that DC
can traffic to the thymus to present or cross-present alloantigens
for tolerance induction (Table 2).

BONE MARROW
Bone marrow is an essential part of the immature and
mature lymphocyte recirculation network, and it harbors mature
CD4+CD25+ Treg and serves as a Treg reservoir. Studies show
that CXCR4/CXCL12 signals play an important role in regulating
Treg trafficking from bone marrow and in maintaining homeo-
static levels of Treg in the periphery. G-CSF treatment decreases
bone marrow CXCL12 expression, and results in Treg mobiliza-
tion from bone marrow into the periphery, and is consistent
with the low prevalence of acute GVHD and the improvement
in autoimmune diseases following G-CSF treatment (Zou et al.,
2004). In a ret transgenic mouse spontaneous melanoma model,
significantly higher numbers of Treg are found in skin tumors
and metastatic LN at early stages of melanoma progression, com-
pared with more advanced stages, and inversely correlate with
Treg numbers in the bone marrow, suggesting trafficking from
bone marrow to melanoma lesions. Elevated CCR4 expression is
observed on Treg, while higher production of its ligand CCL2 is
observed in tumor lesions, indicating CCR4/CCL2 signals play a
role in Treg mobilization (Kimpfler et al., 2009). Recent studies
show that the hematopoietic stem/progenitor cell (HSPC) niche
is immune-privileged in the bone marrow. Persistence and sur-
vival of both allogeneic and syngeneic HSPCs are observed after
30 days in non-irradiated recipient mice without immunosup-
pression. High-resolution in vivo imaging shows that HSPC are
colocalized with Treg and accumulate on the endosteal surface in
the calvarial and trabecular bone marrow, Treg actively partici-
pate in protection of allo-HSPC, and depleting FoxP3 regulatory
Treg cells results in allogeneic HSPC destruction (Fujisaki et al.,
2011).

The bone marrow is the primary site for B cell maturation.
Naive B cells then migrate to SLO, become plasmablasts upon
antigenic stimulation in antigen-activated T cell areas, secrete
low-affinity antibody and eventually undergo apoptosis. Some
activated B cells enter into the long-lived memory compartment
as either memory B cells or long-lived plasma cells (PC). Long-
lived PC remain in either the LN or spleen, but most home to
and reside in the bone marrow. Long-lived PC in the marrow are
a major source of persistent donor-specific alloantibody (Stegall
et al., 2010). Long-lived PC are sensitive to proteasome inhibition
including bortezomib, but are not affected by rituximab, IVIG, or
thymoglobulin (Perry et al., 2009). Although PC also may exist
in SLO, the contribution of PC from areas other than the bone
marrow to alloantibody production is not clear. These documen-
tations all point to the bone marrow as a major site of immune
regulation for responses to alloantigens, and that real therapeutic
strategies must account for both Treg and PC in the bone marrow
(Table 3).

TERTIARY LYMPHOID ORGANS
Ectopic or tertiary lymphoid organs (TLO) are often induced
at sites of chronic infection or inflammation in peripheral
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Table 3 | Dendritic cell function in lymphoid organs.

Name Subset Phenotype Location Function

Activated or mature In the steady state or

tolerance

Lymphoid

organ-

resident

CD8+ CD11c+CD11b−

CD8+CD4− (also

CD103+CD207+

subset)

Spleen, LN and

thymus

Promote cytotoxic T cell responses CD8+ T cell tolerance
Induce Treg

T cell suppression by IOD

CD4+ T cell hyporesponsiveness (Mel-

lor et al., 2005; Dudziak et al., 2007;

Yamazaki et al., 2008; Dominguez and

Ardavin, 2010; Johnson et al., 2010;

Shortman and Heath, 2010)

CD4+ CD11c+CD11b+

CD8−CD4+
Spleen and LN Promote CD4+ T cell responses CD4+ T cell tolerance

Expansion ofTreg populations (Dudziak

et al., 2007; Dominguez and Ardavin,

2010; Shortman and Heath, 2010)

CD8−CD4− CD11c+CD8−CD4−

(CD11b+ and CD11b−

subsets)

Spleen and LN

Migratory CCR7+ LC(CD11c+

CD207+CD103−)

LN Transport the pathogen to the draining

LN and promote T cell responses

Carry PTA from periphery into LN

CD8+ T cell tolerance

Induce Treg (Varol et al., 2009; Liu and

Nussenzweig, 2010)

CD103+(CD11c+

CD11b−CD103+)

Up-regulate homing receptors of

activated T cells

CD103+CD11b+

(CD11c+CD11b+

CD103+)

CD11b+?

(CD11c+CD11b+

CD103−)

Not clear Not clear Not clear

Plasmacytoid CD11cmid

CD11b−CD8±

CD4+Gr-1+ (produce

type I IFNs)

Thymus, bone

marrow, and

secondary

lymphoid tissue

Anti-viral immunity Induce Tregs

Alloimmune tolerance (Ochando et al.,

2006; Gilliet et al., 2008; Manches

et al., 2008; Swiecki and Colonna, 2010)

Inflammatory

(TIP and

monocyte)

CD11c+CD11b+

Ly6C+ (produce TNF

and express iNOS)

Inflammatory

lesions

Induction of adaptive immunity Tezuka et al. (2007), Kool et al. (2008),

Dominguez and Ardavin (2010)

“?” indicates that these cells may express CD11b.

non-lymphoid organs. These tissues are architecturally similar to
SLO, with separate B and T cell areas, specialized populations of
DC, well-differentiated stromal cells, and HEV (Carragher et al.,
2008). It seems likely that similar signaling mechanisms that are
responsible for SLO ontogeny are involved in TLO formation
(Motallebzadeh et al., 2008). Like SLO, TLO are formed in a highly
regulated manner via production of homeostatic chemokines
(CXCL13 and CCL19/CCL21), and in response to signaling from
the heterotrimer lymphotoxin (LT) α1β2 acting on the LTβR on
stromal organizer cells (Drayton et al., 2006; van de Pavert and
Mebius, 2010). The expression of LTα, LTβ, and LIGHT all con-
tribute to the formation of TLO via signaling through TNFR1 and
LTβR (Lee et al., 2006). Although the organogenesis of LN clearly
requires LTi cells, whether LTi cells are required for formation
of TLO follicles is less clear (Carragher et al., 2008). Even with
deletion of the inhibitor of differentiation two gene, essential for
generation of CD3−CD4+ LTi cells and development of SLO, TLO
still form in the thyroid (Marinkovic et al., 2006).

Tertiary lymphoid organs have been described in a variety
of autoimmune diseases including gastritis, thyroiditis, and sys-
temic lupus erythematosus (Carragher et al., 2008). The formation
of TLO correlates with the development of diabetes, whereas
blocking their formation prevents the development of diabetes
(Wu et al., 2001; Lee et al., 2006; Penaranda et al., 2010). The
chronic phase of the immune response to an allograft is in many
ways similar to the responses that typify relapsing autoimmu-
nity. Autoimmune responses are characterized by immune envi-
ronments in which target antigens persist, and the inability to
eradicate alloantigens may provide a similar stimulus for for-
mation of TLO within the graft. After organ transplantation,
there are continuous low levels of dynamic interactions between
donor alloantigens and the recipient immune system, a situa-
tion similar to chronic inflammation. The positioning of lym-
phoid tissue within an inflamed allograft may thus result in more
aggressive effector lymphocyte responses that focuses on locally
presented alloantigens (Motallebzadeh et al., 2008). For example,
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TLO or PNAd+ HEV without organized lymphoid accumulation
are observed in murine heart transplants and in association with
chronic allograft rejection, but to a much lesser extent with acute
rejection (Baddoura et al., 2005). Germinal center-like structures
are present in chronically rejected human allografts (Motalle-
bzadeh et al., 2008). Some reports have shown that chronically
rejected allografts are simultaneously the target and the site of
production of alloantibodies (Smith et al., 2002; Kerjaschki et al.,
2004; Thaunat et al., 2005; Thaunat and Nicoletti, 2008). TLO
occur in rat donor allografts latently infected with cytomegalovirus
(CMV), and in part mediate ganciclovir-insensitive rejection by
providing a scaffold for immune activation (Orloff et al., 2011).
Similarly, pre-transplant human CMV infection is associated
with the acceleration of renal transplant vascular sclerosis and
chronic allograft rejection (Fitzgerald et al., 2004). TLO within
skin allografts are able to support effective alloresponses, lead-
ing to rejection, and development of a memory response (Nasr
et al., 2007). Thus, it appears that the generation of TLO is asso-
ciated with the chronic phase of destructive auto- or alloimmune
responses.

The ectopic accumulation of lymphoid cells has been consid-
ered to signify destructive inflammation that is accompanied by
tissue damage (Drayton et al., 2006). However, there are also exam-
ples in which TLO appear to contribute to local protective immune
responses. A high proportion of Treg are detected within the TLO
in gastric mucosa of mice with autoimmune gastritis and ath-
erosclerotic aortic media of apoE−/− mice (Katakai et al., 2006;
Grabner et al., 2009). T2-6AB transgenic mice, in which T cells
express a T cell receptor (TCR) specific for the H+/K+-ATPase
α subunit, spontaneously develop TLO, although autoimmune
responses are clearly limited. There is locally restricted T cell
activation and Th2 skewing of the self-reactive T cells, as well
as the accumulation of Treg in the target organ (Katakai et al.,
2006). Many tumors manipulate the immune environment to

escape immune surveillance. By secretion of CCL21, melanoma
tumor cells attract LTi cells, which are needed for the formation of
TLO-like structures within the tumor. Knockdown of endogenous
CCL21 expression in tumor cells induces antigen-specific immu-
nity and inhibits tumor growth. Hence, in melanoma tumors, the
TLO provide a tolerogenic environment by recruitment of regula-
tory leukocyte populations (Shields et al., 2010). Thus, depending
on the type of immune responses, generation of TLO at sites of
inflammation can lead to detrimental or pathological immune
responses, or may help resolve local inflammation or infection
(Motallebzadeh et al., 2008).

CONCLUSION AND PERSPECTIVES
While great progress has been made in understanding molecules,
signaling pathways, and cells important for alloimmunity, and
how to manipulate, interfere with, and suppress immune cell
activation, migration, and effectors functions to benefit trans-
plantation, evidence has emerged that various lymphoid organs,
their anatomic structures, and particular microenvironments that
lymphocytes encounter or reside in during the course of the allore-
sponse are also critical in determining the final outcome of graft
acceptance and transplant tolerance. The appropriate tissue archi-
tecture may decide whether immune cells remain naïve, or become
activated, anergic, or deleted by affecting antigen presentation,
adhesion molecule expression, co-stimulatory signal activation,
cytokine and chemokine production, thus affect regulatory and
effector cell differentiation, trafficking and effector activities. In
order to further overcome barriers to transplant tolerance, precise
models and investigations on the arrangement of cells and mole-
cules in lymphoid structures and anatomic pathways are required.
For example, how LTi/LTo interactions, LT signal cascades, stro-
mal cells, and specific microdomains affect immune responses
and transplant tolerance induction and maintenance will all be
productive areas for investigation.

REFERENCES
Adachi, S.,Yoshida, H., Honda, K., Maki,

K., Saijo, K., Ikuta, K., Saito, T., and
Nishikawa, S. I. (1998). Essential role
of IL-7 receptor alpha in the for-
mation of Peyer’s patch anlage. Int.
Immunol. 10, 1–6.

Aguzzi, A., and Krautler, N. J. (2010).
Characterizing follicular dendritic
cells: a progress report. Eur. J.
Immunol. 40, 2134–2138.

Alferink, J., Lieberam, I., Reindl, W.,
Behrens,A.,Weiss, S., Huser, N., Ger-
auer, K., Ross, R., Reske-Kunz, A. B.,
Ahmad-Nejad, P., Wagner, H., and
Forster, I. (2003). Compartmental-
ized production of CCL17 in vivo:
strong inducibility in peripheral
dendritic cells contrasts selective
absence from the spleen. J. Exp. Med.
197, 585–599.

Anderson, M. S., Venanzi, E. S., Klein,
L., Chen, Z., Berzins, S. P., Tur-
ley, S. J., Von Boehmer, H., Bron-
son, R., Dierich, A., Benoist, C., and
Mathis, D. (2002). Projection of an

immunological self shadow within
the thymus by the aire protein. Sci-
ence 298, 1395–1401.

Angeli, V., Ginhoux, F., Llodra, J.,
Quemeneur, L., Frenette, P. S.,
Skobe, M., Jessberger, R., Merad,
M., and Randolph, G. J. (2006).
B cell-driven lymphangiogenesis in
inflamed lymph nodes enhances
dendritic cell mobilization. Immu-
nity 24, 203–215.

Aschenbrenner, K., D’cruz, L. M., Voll-
mann, E. H., Hinterberger, M.,
Emmerich, J., Swee, L. K., Rolink,
A., and Klein, L. (2007). Selection
of Foxp3+ regulatory T cells specific
for self antigen expressed and pre-
sented by Aire+ medullary thymic
epithelial cells. Nat. Immunol. 8,
351–358.

Baddoura, F. K., Nasr, I. W., Wrobel, B.,
Li, Q., Ruddle, N. H., and Lakkis, F.
G. (2005). Lymphoid neogenesis in
murine cardiac allografts undergo-
ing chronic rejection. Am. J. Trans-
plant. 5, 510–516.

Baekkevold, E. S., Yamanaka, T., Palfra-
man, R. T., Carlsen, H. S., Reinholt, F.
P., Von Andrian, U. H., Brandtzaeg,
P., and Haraldsen, G. (2001). The
CCR7 ligand elc (CCL19) is transcy-
tosed in high endothelial venules and
mediates T cell recruitment. J. Exp.
Med. 193, 1105–1112.

Bajenoff, M., Egen, J. G., Koo, L. Y.,
Laugier, J. P., Brau, F., Glaichenhaus,
N., and Germain, R. N. (2006). Stro-
mal cell networks regulate lympho-
cyte entry, migration, and territori-
ality in lymph nodes. Immunity 25,
989–1001.

Bajenoff, M., Granjeaud, S., and
Guerder, S. (2003). The strat-
egy of T cell antigen-presenting
cell encounter in antigen-draining
lymph nodes revealed by imaging of
initial T cell activation. J. Exp. Med.
198, 715–724.

Barth, R. N., Yamamoto, S., Lamat-
tina, J. C., Kumagai, N., Kita-
mura, H., Vagefi, P. A., Awwad,
M., Colvin, R. B., Cooper, D. K.,

Sykes, M., Sachs, D. H., and Yamada,
K. (2003). Xenogeneic thymokidney
and thymic tissue transplantation in
a pig-to-baboon model: I. Evidence
for pig-specific T-cell unresponsive-
ness. Transplantation 75, 1615–1624.

Bedke, T., Pretsch, L., Karakhanova,
S., Enk, A. H., and Mahnke, K.
(2010). Endothelial cells augment
the suppressive function of CD4+
CD25+ Foxp3+ regulatory T cells:
involvement of programmed death-
1 and IL-10. J. Immunol. 184,
5562–5570.

Beilke, J. N., Kuhl, N. R., Van Kaer,
L., and Gill, R. G. (2005). NK cells
promote islet allograft tolerance via
a perforin-dependent mechanism.
Nat. Med. 11, 1059–1065.

Bensinger, S. J., Bandeira, A., Jordan,
M. S., Caton, A. J., and Laufer, T.
M. (2001). Major histocompatibil-
ity complex class II-positive cortical
epithelium mediates the selection of
CD4(+)25(+) immunoregulatory T
cells. J. Exp. Med. 194, 427–438.

www.frontiersin.org December 2011 | Volume 2 | Article 64 | 214

http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


Burrell et al. Lymphoid organ architecture and tolerance

Bettini, M. L., and Vignali, D. A. (2010).
Development of thymically derived
natural regulatory T cells. Ann. N. Y.
Acad. Sci. 1183, 1–12.

Biberfeld, P., Porwit-Ksiazek, A., Bot-
tiger, B., Morfeldt-Mansson, L.,
and Biberfeld, G. (1985). Immuno-
histopathology of lymph nodes
in HTLV-III infected homosexuals
with persistent adenopathy or AIDS.
Cancer Res. 45, 4665s–4670s.

Boscacci, R. T., Pfeiffer, F., Gollmer, K.,
Sevilla, A. I., Martin, A. M., Sori-
ano, S. F., Natale, D., Henrickson, S.,
Von Andrian, U. H., Fukui, Y., Mel-
lado, M., Deutsch, U., Engelhardt, B.,
and Stein, J. V. (2010). Comprehen-
sive analysis of lymph node stroma-
expressed Ig superfamily members
reveals redundant and nonredun-
dant roles for ICAM-1, ICAM-2, and
VCAM-1 in lymphocyte homing.
Blood 116, 915–925.

Braun, A., Worbs, T., Moschovakis, G.
L., Halle, S., Hoffmann, K., Bolter,
J., Munk, A., and Forster, R. (2011).
Afferent lymph-derived T cells and
DCs use different chemokine recep-
tor CCR7-dependent routes for
entry into the lymph node and intra-
nodal migration. Nat. Immunol. 9,
879–887.

Brinkmann, V., Cyster, J. G., and Hla,
T. (2004). FTY720: sphingosine 1-
phosphate receptor-1 in the control
of lymphocyte egress and endothe-
lial barrier function. Am. J. Trans-
plant. 4, 1019–1025.

Campbell, J. J., Bowman, E. P., Murphy,
K., Youngman, K. R., Siani, M. A.,
Thompson, D. A., Wu, L., Zlotnik,
A., and Butcher, E. C. (1998). 6-C-
kine (SLC), a lymphocyte adhesion-
triggering chemokine expressed by
high endothelium, is an agonist for
the MIP-3beta receptor CCR7. J. Cell
Biol. 141, 1053–1059.

Carragher, D. M., Rangel-Moreno, J.,
and Randall, T. D. (2008). Ectopic
lymphoid tissues and local immu-
nity. Semin. Immunol. 20, 26–42.

Chosa, E., Hara, M., Watanabe, A., Mat-
suzaki, Y., Nakamura, K., Hamano,
K., Wood, K. J., and Onitsuka,
T. (2007). Spleen plays an impor-
tant role in maintaining toler-
ance after removal of the vascular-
ized heart graft. Transplantation 83,
1226–1233.

Chung, Y., Tanaka, S., Chu, F., Nurieva,
R. I., Martinez, G. J., Rawal, S., Wang,
Y. H., Lim, H., Reynolds, J. M., Zhou,
X. H., Fan, H. M., Liu, Z. M., Nee-
lapu, S. S., and Dong, C. (2011).
Follicular regulatory T cells express-
ing Foxp3 and Bcl-6 suppress germi-
nal center reactions. Nat. Med. 17,
983–988.

Cohen, J. N., Guidi, C. J., Tewalt, E.
F., Qiao, H., Rouhani, S. J., Ruddell,

A., Farr, A. G., Tung, K. S., and
Engelhard, V. H. (2010). Lymph
node-resident lymphatic endothelial
cells mediate peripheral tolerance
via Aire-independent direct anti-
gen presentation. J. Exp. Med. 207,
681–688.

Coons, T. A., and Goldberg, E. H.
(1978). Rejection of male skin grafts
by splenectomized female mice. Sci-
ence 200, 320–321.

Cupedo, T., Crellin, N. K., Papazian, N.,
Rombouts, E. J.,Weijer, K., Grogan, J.
L., Fibbe, W. E., Cornelissen, J. J., and
Spits, H. (2009). Human fetal lym-
phoid tissue-inducer cells are inter-
leukin 17-producing precursors to
RORC+ CD127+ natural killer-like
cells. Nat. Immunol. 10, 66–74.

Cupedo, T., and Mebius, R. E. (2005).
Cellular interactions in lymph node
development. J. Immunol. 174,
21–25.

Cyster, J. G. (2003). Lymphoid organ
development and cell migration.
Immunol. Rev. 195, 5–14.

De Togni, P., Goellner, J., Ruddle, N. H.,
Streeter, P. R., Fick, A., Mariathasan,
S., Smith, S. C., Carlson, R., Shor-
nick, L. P., Strauss-Schoenberger,
J., Russell, J. H., Karr, R., Chap-
lin, and David, D. (1994). Abnor-
mal development of peripheral lym-
phoid organs in mice deficient in
lymphotoxin. Science 264, 703–707.

DePaz, H. A., Oluwole, O. O.,Adeyeri,A.
O., Witkowski, P., Jin, M. X., Hardy,
M. A., and Oluwole, S. F. (2003).
Immature rat myeloid dendritic cells
generated in low-dose granulocyte
macrophage-colony stimulating fac-
tor prolong donor-specific rat car-
diac allograft survival. Transplanta-
tion 75, 521–528.

Dominguez, P. M., and Ardavin, C.
(2010). Differentiation and func-
tion of mouse monocyte-derived
dendritic cells in steady state and
inflammation. Immunol. Rev. 234,
90–104.

Dor, F. J., Gollackner, B., and Cooper,
D. K. (2003). Can spleen transplan-
tation induce tolerance? A review
of the literature. Transpl. Int. 16,
451–460.

Drayton, D. L., Liao, S., Mounzer, R. H.,
and Ruddle, N. H. (2006). Lymphoid
organ development: from ontogeny
to neogenesis. Nat. Immunol. 7,
344–353.

Dudziak, D., Kamphorst, A. O., Hei-
dkamp, G. F., Buchholz, V. R.,
Trumpfheller, C., Yamazaki, S.,
Cheong, C., Liu, K., Lee, H. W., Park,
C. G., Steinman, R. M., and Nussen-
zweig, M. C. (2007). Differential
antigen processing by dendritic cell
subsets in vivo. Science 315,107–111.

El Shikh, M. E., El Sayed, R. M., Suku-
mar, S., Szakal, A. K., and Tew, J.

G. (2010). Activation of B cells by
antigens on follicular dendritic cells.
Trends Immunol. 31, 205–211.

Ermann, J., Hoffmann, P., Edinger, M.,
Dutt, S., Blankenberg, F. G., Hig-
gins, J. P., Negrin, R. S., Fath-
man, C. G., and Strober, S. (2005).
Only the CD62L+ subpopulation
of CD4+CD25+ regulatory T cells
protects from lethal acute GVHD.
Blood 105, 2220–2226.

Estes, J. D., Haase, A. T., and Schacker,
T. W. (2008). The role of colla-
gen deposition in depleting CD4+ T
cells and limiting reconstitution in
HIV-1 and SIV infections through
damage to the secondary lymphoid
organ niche. Semin. Immunol. 20,
181–186.

Fitzgerald, J. T., Gallay, B., Taranto,
S. E., Mcvicar, J. P., Troppmann,
C., Chen, X., Mcintosh, M. J., and
Perez, R. V. (2004). Pretransplant
recipient cytomegalovirus seropos-
itivity and hemodialysis are associ-
ated with decreased renal allograft
and patient survival. Transplantation
77, 1405–1411.

Flaishon, L., Hart, G., Zelman, E.,
Moussion, C., Grabovsky, V., Lapi-
dot Tal, G., Feigelson, S., Margalit,
R., Harmelin, A., Avin-Wittenberg,
T., Shoseyov, D., Alon, R., Girard,
J. P., and Shachar, I. (2008). Anti-
inflammatory effects of an inflam-
matory chemokine: CCL2 inhibits
lymphocyte homing by modula-
tion of CCL21-triggered integrin-
mediated adhesions. Blood 112,
5016–5025.

Fletcher, A. L., Lukacs-Kornek, V.,
Reynoso, E. D., Pinner, S. E.,
Bellemare-Pelletier, A., Curry, M.
S., Collier, A. R., Boyd, R. L., and
Turley, S. J. (2010a). Lymph node
fibroblastic reticular cells directly
present peripheral tissue antigen
under steady-state and inflamma-
tory conditions. J. Exp. Med. 207,
689–697.

Fletcher, A. L., Malhotra, D., and Tur-
ley, S. J. (2010b). Lymph node
stroma broaden the peripheral toler-
ance paradigm. Trends Immunol. 32,
12–18.

Fontenot, J. D., Dooley, J. L., Farr,
A. G., and Rudensky, A. Y. (2005).
Developmental regulation of Foxp3
expression during ontogeny. J. Exp.
Med. 202, 901–906.

Forster, R., Davalos-Misslitz, A. C., and
Rot, A. (2008). CCR7 and its ligands:
balancing immunity and tolerance.
Nat. Rev. Immunol. 8, 362–371.

Fu, Y. X., and Chaplin, D. D. (1999).
Development and maturation of
secondary lymphoid tissues. Annu.
Rev. Immunol. 17, 399–433.

Fujisaki, J., Wu, J., Carlson, A. L., Sil-
berstein, L., Putheti, P., Larocca,

R., Gao, W., Saito, T. I., Lo
Celso, C., Tsuyuzaki, H., Sato, T.,
Cote, D., Sykes, M., Strom, T. B.,
Scadden, D. T., and Lin, C. P.
(2011). In vivo imaging of Treg
cells providing immune privilege to
the haematopoietic stem-cell niche.
Nature 474, 216–219.

Futterer, A., Mink, K., Luz, A., Kosco-
Vilbois, M. H., and Pfeffer, K. (1998).
The lymphotoxin beta receptor con-
trols organogenesis and affinity mat-
uration in peripheral lymphoid tis-
sues. Immunity 9, 59–70.

Gardner, J. M., Devoss, J. J., Fried-
man, R. S., Wong, D. J., Tan, Y. X.,
Zhou, X., Johannes, K. P., Su, M. A.,
Chang, H. Y., Krummel, M. F., and
Anderson, M. S. (2008). Deletional
tolerance mediated by extrathymic
Aire-expressing cells. Science 321,
843–847.

Gilliet, M., Cao, W., and Liu,Y. J. (2008).
Plasmacytoid dendritic cells: sens-
ing nucleic acids in viral infection
and autoimmune diseases. Nat. Rev.
Immunol. 8, 594–606.

Girard, J. P., and Springer, T. A. (1995).
High endothelial venules (HEVs):
specialized endothelium for lym-
phocyte migration. Immunol. Today
16, 449–457.

Gopinathan, R., Depaz, H. A., Olu-
wole, O. O., Ali, A. O., Garrovillo,
M., Engelstad, K., Hardy, M. A.,
and Oluwole, S. F. (2001). Role
of reentry of in vivo alloMHC
peptide-activated T cells into the
adult thymus in acquired sys-
temic tolerance. Transplantation 72,
1533–1541.

Grabner, R., Lotzer, K., Dopping, S.,
Hildner, M., Radke, D., Beer, M.,
Spanbroek, R., Lippert, B., Reardon,
C. A., Getz, G. S., Fu, Y. X., Hehl-
gans, T., Mebius, R. E., Van Der Wall,
M., Kruspe, D., Englert, C., Lovas, A.,
Hu, D., Randolph, G. J., Weih, F., and
Habenicht, A. J. (2009). Lympho-
toxin beta receptor signaling pro-
motes tertiary lymphoid organogen-
esis in the aorta adventitia of aged
ApoE-/- mice. J. Exp. Med. 206,
233–248.

Gretz, J. E., Anderson, A. O., and Shaw,
S. (1997). Cords, channels, corridors
and conduits: critical architectural
elements facilitating cell interactions
in the lymph node cortex. Immunol.
Rev. 156, 11–24.

Gretz, J. E., Norbury, C. C., Anderson,
A. O., Proudfoot, A. E., and Shaw,
S. (2000). Lymph-borne chemokines
and other low molecular weight
molecules reach high endothelial
venules via specialized conduits
while a functional barrier limits
access to the lymphocyte microen-
vironments in lymph node cortex. J.
Exp. Med. 192, 1425–1440.

Frontiers in Immunology | Immunological Tolerance December 2011 | Volume 2 | Article 64 | 215

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


Burrell et al. Lymphoid organ architecture and tolerance

Griesemer, A. D., Sorenson, E. C., and
Hardy, M. A. (2010). The role of the
thymus in tolerance. Transplantation
90, 465–474.

Grigorova, I. L., Panteleev, M., and
Cyster, J. G. (2010). Lymph node
cortical sinus organization and
relationship to lymphocyte egress
dynamics and antigen exposure.
Proc. Natl. Acad. Sci. U.S.A. 107,
20447–20452.

Guarda, G., Hons, M., Soriano, S. F.,
Huang, A. Y., Polley, R., Martin-
Fontecha, A., Stein, J. V., Germain,
R. N., Lanzavecchia, A., and Sallusto,
F. (2007). L-selectin-negative CCR7-
effector and memory CD8+ T cells
enter reactive lymph nodes and kill
dendritic cells. Nat. Immunol. 8,
743–752.

Gunn, M. D., Ngo, V. N., Ansel, K.
M., Ekland, E. H., Cyster, J. G.,
and Williams, L. T. (1998a). A B-
cell-homing chemokine made in
lymphoid follicles activates Burkitt’s
lymphoma receptor-1. Nature 391,
799–803.

Gunn, M. D., Tangemann, K., Tam,
C., Cyster, J. G., Rosen, S. D.,
and Williams, L. T. (1998b). A
chemokine expressed in lymphoid
high endothelial venules promotes
the adhesion and chemotaxis of
naive T lymphocytes. Proc. Natl.
Acad. Sci. U.S.A. 95, 258–263.

Guo, R., Zhou, Q., Proulx, S. T.,
Wood, R., Ji, R. C., Ritchlin, C.
T., Pytowski, B., Zhu, Z., Wang,
Y. J., Schwarz, E. M., and Xing,
L. (2009). Inhibition of lymphan-
giogenesis and lymphatic drainage
via vascular endothelial growth fac-
tor receptor 3 blockade increases
the severity of inflammation in a
mouse model of chronic inflamma-
tory arthritis. Arthritis Rheum. 60,
2666–2676.

Halin, C., Tobler, N. E., Vigl, B., Brown,
L. F., and Detmar, M. (2007). VEGF-
A produced by chronically inflamed
tissue induces lymphangiogenesis in
draining lymph nodes. Blood 110,
3158–3167.

Hammerschmidt, S. I., Ahrendt, M.,
Bode, U., Wahl, B., Kremmer, E.,
Forster, R., and Pabst, O. (2008).
Stromal mesenteric lymph node cells
are essential for the generation of
gut-homing T cells in vivo. J. Exp.
Med. 205, 2483–2490.

Hase, H., Kanno, Y., Kojima, M.,
Hasegawa, K., Sakurai, D., Kojima,
H., Tsuchiya, N., Tokunaga, K.,
Masawa, N., Azuma, M., Oku-
mura, K., and Kobata, T. (2004).
BAFF/BLyS can potentiate B-cell
selection with the B-cell coreceptor
complex. Blood 103, 2257–2265.

Heidecke, C. D., Araujo, J. L., Kupiec-
Weglinski, J. W., Abbud-Filho, M.,
Araneda, D., Stadler, J., Siewert, J.,
Strom, T. B., and Tilney, N. L. (1985).
Lack of evidence for an active role for
natural killer cells in acute rejection
of organ allografts. Transplantation
40, 441–444.

Honda, K., Nakano, H., Yoshida,
H., Nishikawa, S., Rennert, P.,
Ikuta, K., Tamechika, M., Yam-
aguchi, K., Fukumoto, T., Chiba,
T., and Nishikawa, S. I. (2001).
Molecular basis for hematopoi-
etic/mesenchymal interaction dur-
ing initiation of Peyer’s patch
organogenesis. J. Exp. Med. 193,
621–630.

Horner, B. M., Cina, R. A., Wikiel,
K. J., Lima, B., Ghazi, A., Lo, D.
P., Yamada, K., Sachs, D. H., and
Huang, C. A. (2006). Predictors of
organ allograft tolerance following
hematopoietic cell transplantation.
Am. J. Transplant. 6, 2894–2902.

Huggenberger, R., Ullmann, S., Proulx,
S. T., Pytowski, B., Alitalo, K.,
and Detmar, M. (2010). Stimulation
of lymphangiogenesis via VEGFR-3
inhibits chronic skin inflammation.
J. Exp. Med. 207, 2255–2269.

Itano, A. A., and Jenkins, M. K. (2003).
Antigen presentation to naive CD4
T cells in the lymph node. Nat.
Immunol. 4, 733–739.

Iwata, M., Hirakiyama, A., Eshima, Y.,
Kagechika, H., Kato, C., and Song,
S. Y. (2004). Retinoic acid imprints
gut-homing specificity on T cells.
Immunity 21, 527–538.

Jiang, Q., Su, H., Knudsen, G.,
Helms, W., and Su, L. (2006).
Delayed functional maturation of
natural regulatory T cells in the
medulla of postnatal thymus: role
of TSLP. BMC Immunol. 7, 6.
doi:10.1186/1471-2172-7-6

Johnson, B. A. III, Kahler, D. J., Baban,
B., Chandler, P. R., Kang, B., Shi-
moda, M., Koni, P. A., Pihkala, J.,
Vilagos, B., Busslinger, M., Munn,
D. H., and Mellor, A. L. (2010).
B-lymphoid cells with attributes
of dendritic cells regulate T cells
via indoleamine 2,3-dioxygenase.
Proc. Natl. Acad. Sci. U.S.A. 107,
10644–10648.

Jordan, M. S., Boesteanu, A., Reed, A.
J., Petrone, A. L., Holenbeck, A.
E., Lerman, M. A., Naji, A., and
Caton, A. J. (2001). Thymic selection
of CD4+CD25+ regulatory T cells
induced by an agonist self-peptide.
Nat. Immunol. 2, 301–306.

Kanemitsu, N., Ebisuno, Y., Tanaka,
T., Otani, K., Hayasaka, H., Kaisho,
T., Akira, S., Katagiri, K., Kinashi,
T., Fujita, N., Tsuruo, T., and

Miyasaka, M. (2005). CXCL13 is
an arrest chemokine for B cells in
high endothelial venules. Blood 106,
2613–2618.

Katakai, T., Hara, T., Lee, J. H., Gonda,
H., Sugai, M., and Shimizu, A.
(2004a). A novel reticular stromal
structure in lymph node cortex: an
immuno-platform for interactions
among dendritic cells, T cells and B
cells. Int. Immunol. 16, 1133–1142.

Katakai, T., Hara, T., Sugai, M., Gonda,
H., and Shimizu, A. (2004b). Lymph
node fibroblastic reticular cells con-
struct the stromal reticulum via con-
tact with lymphocytes. J. Exp. Med.
200, 783–795.

Katakai, T., Nomura, T., Gonda,
H., Sugai, M., Agata, Y., Nishio,
A., Masuda, T., Sakaguchi, S.,
and Shimizu, A. (2006). Sponta-
neous large-scale lymphoid neoge-
nesis and balanced autoimmunity
versus tolerance in the stomach
of H+/K+-ATPase-reactive TCR
transgenic mouse. J. Immunol. 177,
7858–7867.

Katakai, T., Suto, H., Sugai, M.,
Gonda, H., Togawa, A., Suematsu, S.,
Ebisuno, Y., Katagiri, K., Kinashi, T.,
and Shimizu, A. (2008). Organizer-
like reticular stromal cell layer
common to adult secondary lym-
phoid organs. J. Immunol. 181,
6189–6200.

Kataru, R. P., Kim, H., Jang, C., Choi,
D. K., Koh, B. I., Kim, M., Golla-
mudi, S., Kim, Y. K., Lee, S. H., and
Koh, G. Y. (2011). T lymphocytes
negatively regulate lymph node lym-
phatic vessel formation. Immunity
34, 96–107.

Kerjaschki, D., Regele, H. M., Moos-
berger, I., Nagy-Bojarski, K.,
Watschinger, B., Soleiman, A.,
Birner, P., Krieger, S., Hovorka, A.,
Silberhumer, G., Laakkonen, P.,
Petrova, T., Langer, B., and Raab, I.
(2004). Lymphatic neoangiogenesis
in human kidney transplants is
associated with immunologically
active lymphocytic infiltrates. J. Am.
Soc. Nephrol. 15, 603–612.

Kim, M. Y., Anderson, G., White, A.,
Jenkinson, E., Arlt, W., Martensson,
I. L., Erlandsson, L., and Lane, P.
J. (2005). OX40 ligand and CD30
ligand are expressed on adult but
not neonatal CD4+CD3- inducer
cells: evidence that IL-7 signals reg-
ulate CD30 ligand but not OX40
ligand expression. J. Immunol. 174,
6686–6691.

Kim, M. Y., Kim, K. S., Mcconnell, F.,
and Lane, P. (2009). Lymphoid tis-
sue inducer cells: architects of CD4
immune responses in mice and men.
Clin. Exp. Immunol. 157, 20–26.

Kimpfler, S., Sevko, A., Ring, S., Falk,
C., Osen, W., Frank, K., Kato,
M., Mahnke, K., Schadendorf, D.,
and Umansky, V. (2009). Skin
melanoma development in ret trans-
genic mice despite the depletion of
CD25+Foxp3+ regulatory T cells in
lymphoid organs. J. Immunol. 183,
6330–6337.

Kool, M., Soullie, T., Van Nimwegen,
M., Willart, M. A., Muskens, F., Jung,
S., Hoogsteden, H. C., Hammad, H.,
and Lambrecht, B. N. (2008). Alum
adjuvant boosts adaptive immunity
by inducing uric acid and activating
inflammatory dendritic cells. J. Exp.
Med. 205, 869–882.

Kraal, G., Hoeben, K., Breve, J., and
Van Den Berg, T. K. (1994). The
role of sialic acid in the localiza-
tion of lymphocytes in the spleen.
Immunobiology 190, 138–149.

Kroemer, A., Edtinger, K., and Li, X.
C. (2008). The innate natural killer
cells in transplant rejection and tol-
erance induction. Curr. Opin. Organ
Transplant. 13, 339–343.

Krupnick, A. S., Gelman, A. E., Bar-
chet, W., Richardson, S., Kreisel, F.
H., Turka, L. A., Colonna, M., Pat-
terson, G. A., and Kreisel, D. (2005).
Murine vascular endothelium acti-
vates and induces the generation of
allogeneic CD4+25+Foxp3+ reg-
ulatory T cells. J. Immunol. 175,
6265–6270.

Kurobe, H., Liu, C., Ueno, T., Saito,
F., Ohigashi, I., Seach, N., Arakaki,
R., Hayashi, Y., Kitagawa, T., Lipp,
M., Boyd, R. L., and Takahama,
Y. (2006). CCR7-dependent cortex-
to-medulla migration of positively
selected thymocytes is essential
for establishing central tolerance.
Immunity 24, 165–177.

Kurotaki, D., Kon, S., Bae, K., Ito,
K., Matsui, Y., Nakayama, Y.,
Kanayama, M., Kimura, C., Narita,
Y., Nishimura, T., Iwabuchi, K.,
Mack, M., Van Rooijen, N., Sak-
aguchi, S., Uede, T., and Morimoto,
J. (2011). CSF-1-dependent red
pulp macrophages regulate CD4
T cell responses. J. Immunol. 186,
2229–2237.

Lakkis, F. G., Arakelov, A., Konieczny, B.
T., and Inoue, Y. (2000). Immuno-
logic ‘ignorance’ of vascularized
organ transplants in the absence
of secondary lymphoid tissue. Nat.
Med. 6, 686–688.

Lane, P., Kim, M. Y., Withers, D., Gas-
pal, F., Bekiaris,V., Desanti, G., Khan,
M., Mcconnell, F., and Anderson,
G. (2008). Lymphoid tissue inducer
cells in adaptive CD4 T cell depen-
dent responses. Semin. Immunol. 20,
159–163.

www.frontiersin.org December 2011 | Volume 2 | Article 64 | 216

http://dx.doi.org/10.1186/1471-2172-7-6
http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


Burrell et al. Lymphoid organ architecture and tolerance

Larsen, C. P., Austyn, J. M., and
Morris, P. J. (1990a). The role of
graft-derived dendritic leukocytes in
the rejection of vascularized organ
allografts. Recent findings on the
migration and function of den-
dritic leukocytes after transplanta-
tion. Ann. Surg. 212, 308–315; dis-
cussion 316–307.

Larsen, C. P., Morris, P. J., and Austyn, J.
M. (1990b). Migration of dendritic
leukocytes from cardiac allografts
into host spleens. A novel pathway
for initiation of rejection. J. Exp.
Med. 171, 307–314.

Lee, J. W., Epardaud, M., Sun, J., Becker,
J. E., Cheng, A. C., Yonekura, A. R.,
Heath, J. K., and Turley, S. J. (2007).
Peripheral antigen display by lymph
node stroma promotes T cell toler-
ance to intestinal self. Nat. Immunol.
8, 181–190.

Lee, L. A., Gritsch, H. A., Sergio, J.
J., Arn, J. S., Glaser, R. M., Sablin-
ski, T., Sachs, D. H., and Sykes, M.
(1994). Specific tolerance across a
discordant xenogeneic transplanta-
tion barrier. Proc. Natl. Acad. Sci.
U.S.A. 91, 10864–10867.

Lee,Y., Chin, R. K., Christiansen, P., Sun,
Y., Tumanov, A. V., Wang, J., Cher-
vonsky, A. V., and Fu, Y. X. (2006).
Recruitment and activation of naive
T cells in the islets by lympho-
toxin beta receptor-dependent ter-
tiary lymphoid structure. Immunity
25, 499–509.

Li, X. L., Menoret, S., Bezie, S., Caron,
L., Chabannes, D., Hill, M., Halary,
F., Angin, M., Heslan, M., Usal, C.,
Liang, L., Guillonneau, C., Le Mauff,
B., Cuturi, M. C., Josien, R., and Ane-
gon, I. (2010). Mechanism and local-
ization of CD8 regulatory T cells in a
heart transplant model of tolerance.
J. Immunol. 185, 823–833.

Liao, S., and Ruddle, N. H. (2006). Syn-
chrony of high endothelial venules
and lymphatic vessels revealed by
immunization. J. Immunol. 177,
3369–3379.

Link, A., Hardie, D. L., Favre, S.,
Britschgi, M. R., Adams, D. H., Sixt,
M., Cyster, J. G., Buckley, C. D., and
Luther, S. A. (2011). Association of
T-zone reticular networks and con-
duits with ectopic lymphoid tissues
in mice and humans. Am. J. Pathol.
178, 1662–1675.

Link, A., Vogt, T. K., Favre, S., Britschgi,
M. R., Acha-Orbea, H., Hinz, B.,
Cyster, J. G., and Luther, S. A.
(2007). Fibroblastic reticular cells in
lymph nodes regulate the homeosta-
sis of naive T cells. Nat. Immunol. 8,
1255–1265.

Linterman, M. A., Pierson, W., Lee, S.
K., Kallies, A., Kawamoto, S., Rayner,
T. F., Srivastava, M., Divekar, D. P.,

Beaton, L., Hogan, J. J., Fagarasan,
S., Liston, A., Smith, K. G., and Vin-
uesa, C. G. (2011). Foxp3(+) follic-
ular regulatory T cells control the
germinal center response. Nat. Med.
17, 975–982.

Liston, A., Nutsch, K. M., Farr, A. G.,
Lund, J. M., Rasmussen, J. P., Koni, P.
A., and Rudensky, A. Y. (2008). Dif-
ferentiation of regulatory Foxp3+ T
cells in the thymic cortex. Proc. Natl.
Acad. Sci. U.S.A. 105, 11903–11908.

Liu, K., and Nussenzweig, M. C. (2010).
Origin and development of den-
dritic cells. Immunol. Rev. 234,
45–54.

Liu, Y., Zhang, P., Li, J., Kulkarni, A. B.,
Perruche, S., and Chen, W. (2008).
A critical function for TGF-beta sig-
naling in the development of natural
CD4+CD25+Foxp3+ regulatory T
cells. Nat. Immunol. 9, 632–640.

Lo, C. G., Lu, T. T., and Cyster, J.
G. (2003). Integrin-dependence of
lymphocyte entry into the splenic
white pulp. J. Exp. Med. 197,
353–361.

Luther, S. A., Tang, H. L., Hyman, P. L.,
Farr, A. G., and Cyster, J. G. (2000).
Coexpression of the chemokines
ELC and SLC by T zone stromal cells
and deletion of the ELC gene in the
plt/plt mouse. Proc. Natl. Acad. Sci.
U.S.A. 97, 12694–12699.

Luther, S. A., Vogt, T. K., and
Siegert, S. (2011). Guiding blind T
cells and dendritic cells: a closer
look at fibroblastic reticular cells
found within lymph node T zones.
Immunol. Lett. 138, 9–11.

Mackay, F., Majeau, G. R., Lawton, P.,
Hochman, P. S., and Browning, J. L.
(1997). Lymphotoxin but not tumor
necrosis factor functions to maintain
splenic architecture and humoral
responsiveness in adult mice. Eur. J.
Immunol. 27, 2033–2042.

Manches, O., Munn, D., Fallahi, A.,
Lifson, J., Chaperot, L., Plumas,
J., and Bhardwaj, N. (2008). HIV-
activated human plasmacytoid
DCs induce Tregs through an
indoleamine 2,3-dioxygenase-
dependent mechanism. J. Clin.
Invest. 118, 3431–3439.

Marinkovic, T., Garin, A., Yokota, Y., Fu,
Y. X., Ruddle, N. H., Furtado, G. C.,
and Lira, S. A. (2006). Interaction
of mature CD3+CD4+ T cells with
dendritic cells triggers the develop-
ment of tertiary lymphoid structures
in the thyroid. J. Clin. Invest. 116,
2622–2632.

Marsland, B. J., Battig, P., Bauer, M.,
Ruedl, C., Lassing, U., Beerli, R. R.,
Dietmeier, K., Ivanova, L., Pfister,
T., Vogt, L., Nakano, H., Nembrini,
C., Saudan, P., Kopf, M., and Bach-
mann, M. F. (2005). CCL19 and

CCL21 induce a potent proinflam-
matory differentiation program in
licensed dendritic cells. Immunity
22, 493–505.

Matloubian, M., Lo, C. G., Cinamon, G.,
Lesneski, M. J., Xu, Y., Brinkmann,
V., Allende, M. L., Proia, R. L.,
and Cyster, J. G. (2004). Lympho-
cyte egress from thymus and periph-
eral lymphoid organs is dependent
on S1P receptor 1. Nature 427,
355–360.

McCarthy, D. D., Summers-Deluca, L.,
Vu, F., Chiu, S., Gao, Y., and Gom-
merman, J. L. (2006). The lym-
photoxin pathway: beyond lymph
node development. Immunol. Res.
35, 41–54.

Mebius, R. E., Streeter, P. R., Michie,
S., Butcher, E. C., and Weiss-
man, I. L. (1996). A developmen-
tal switch in lymphocyte homing
receptor and endothelial vascular
addressin expression regulates lym-
phocyte homing and permits CD4+
CD3- cells to colonize lymph nodes.
Proc. Natl. Acad. Sci. U.S.A. 93,
11019–11024.

Mellor, A. L., Baban, B., Chandler,
P. R., Manlapat, A., Kahler, D. J.,
and Munn, D. H. (2005). Cutting
edge: CpG oligonucleotides induce
splenic CD19+ dendritic cells to
acquire potent indoleamine 2,3-
dioxygenase-dependent T cell regu-
latory functions via IFN Type 1 sig-
naling. J. Immunol. 175, 5601–5605.

Metzger, T. C., and Anderson, M.
S. (2011). Control of central
and peripheral tolerance by Aire.
Immunol. Rev. 241, 89–103.

Motallebzadeh, R., Bolton, E. M., and
Pettigrew, G. J. (2008). Lymphoid
tissue formation in allografts: inno-
cent until proven guilty. Transplan-
tation 85, 309–311.

Mueller, E. W., and Ernst, N. E. (2007).
Antibiotic therapy and immunosup-
pression: choosing an edge on a
familiar double-edged sword. Crit.
Care Med. 35, 1430–1431.

Mueller, S. N., and Germain, R. N.
(2009). Stromal cell contributions
to the homeostasis and functional-
ity of the immune system. Nat. Rev.
Immunol. 9, 618–629.

Mueller, S. N., Matloubian, M.,
Clemens, D. M., Sharpe, A. H.,
Freeman, G. J., Gangappa, S., Larsen,
C. P., and Ahmed, R. (2007). Viral
targeting of fibroblastic reticular
cells contributes to immunosup-
pression and persistence during
chronic infection. Proc. Natl. Acad.
Sci. U.S.A. 104, 15430–15435.

Munoz-Fernandez, R., Blanco, F. J.,
Frecha, C., Martin, F., Kimatrai,
M., Abadia-Molina, A. C., Garcia-
Pacheco, J. M., and Olivares, E. G.

(2006). Follicular dendritic cells are
related to bone marrow stromal cell
progenitors and to myofibroblasts. J.
Immunol. 177, 280–289.

Murphy, S. P., Porrett, P. M., and Turka,
L. A. (2011). Innate immunity in
transplant tolerance and rejection.
Immunol. Rev. 241, 39–48.

Nasr, I. W., Reel, M., Oberbarnscheidt,
M. H., Mounzer, R. H., Baddoura,
F. K., Ruddle, N. H., and Lakkis, F.
G. (2007). Tertiary lymphoid tissues
generate effector and memory T cells
that lead to allograft rejection. Am. J.
Transplant. 7, 1071–1079.

Nishikawa, S. I., Hashi, H., Honda,
K., Fraser, S., and Yoshida, H.
(2000). Inflammation, a prototype
for organogenesis of the lymphopoi-
etic/hematopoietic system. Curr.
Opin. Immunol. 12, 342–345.

Nolte, M. A., Belien, J. A., Schadee-
Eestermans, I., Jansen, W., Unger,
W. W., Van Rooijen, N., Kraal, G.,
and Mebius, R. E. (2003). A con-
duit system distributes chemokines
and small blood-borne molecules
through the splenic white pulp. J.
Exp. Med. 198, 505–512.

Ochando, J. C., Homma, C., Yang, Y.,
Hidalgo, A., Garin, A., Tacke, F.,
Angeli, V., Li, Y., Boros, P., Ding, Y.,
Jessberger, R., Trinchieri, G., Lira, S.
A., Randolph, G. J., and Bromberg,
J. S. (2006). Alloantigen-presenting
plasmacytoid dendritic cells mediate
tolerance to vascularized grafts. Nat.
Immunol. 7, 652–662.

Ochando, J. C., Yopp, A. C., Yang, Y.,
Garin, A., Li, Y., Boros, P., Llo-
dra, J., Ding, Y., Lira, S. A., Krieger,
N. R., and Bromberg, J. S. (2005).
Lymph node occupancy is required
for the peripheral development of
alloantigen-specific Foxp3+ regu-
latory T cells. J. Immunol. 174,
6993–7005.

Oka, M., Iwata, C., Suzuki, H. I.,
Kiyono, K., Morishita, Y., Watabe,
T., Komuro, A., Kano, M. R., and
Miyazono, K. (2008). Inhibition
of endogenous TGF-beta signaling
enhances lymphangiogenesis. Blood
111, 4571–4579.

Okada, T., Ngo, V. N., Ekland, E. H.,
Forster, R., Lipp, M., Littman, D. R.,
and Cyster, J. G. (2002). Chemokine
requirements for B cell entry to
lymph nodes and Peyer’s patches. J.
Exp. Med. 196, 65–75.

Oluwole, O. O., Depaz, H. A., Adey-
eri, A., Jin, M. X., Hardy, M. A.,
and Oluwole, S. F. (2003). Role
of CD4+CD25+ regulatory T cells
from naive host thymus in the induc-
tion of acquired transplant tolerance
by immunization with allo-major
histocompatibility complex peptide.
Transplantation 75, 1136–1142.

Frontiers in Immunology | Immunological Tolerance December 2011 | Volume 2 | Article 64 | 217

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


Burrell et al. Lymphoid organ architecture and tolerance

Oluwole, O. O., Depaz, H. A.,
Gopinathan, R., Ali, A., Gar-
rovillo, M., Jin, M. X., Hardy, M. A.,
and Oluwole, S. F. (2001). Indirect
allorecognition in acquired thymic
tolerance: induction of donor-
specific permanent acceptance of
rat islets by adoptive transfer of
allopeptide-pulsed host myeloid
and thymic dendritic cells. Diabetes
50, 1546–1552.

Orloff, S. L., Hwee, Y. K., Kreklywich,
C., Andoh, T. F., Hart, E., Smith, P.
A., Messaoudi, I., and Streblow, D.
N. (2011). Cytomegalovirus latency
promotes cardiac lymphoid neoge-
nesis and accelerated allograft rejec-
tion in CMV naive recipients. Am. J.
Transplant. 11, 45–55.

Pape, K. A., Catron, D. M., Itano,
A. A., and Jenkins, M. K. (2007).
The humoral immune response is
initiated in lymph nodes by B
cells that acquire soluble antigen
directly in the follicles. Immunity 26,
491–502.

Penaranda, C., Tang, Q., Ruddle, N.
H., and Bluestone, J. A. (2010).
Prevention of diabetes by FTY720-
mediated stabilization of peri-islet
tertiary lymphoid organs. Diabetes
59, 1461–1468.

Pennington, D. J., Silva-Santos, B., Sil-
berzahn, T., Escorcio-Correia, M.,
Woodward, M. J., Roberts, S. J.,
Smith, A. L., Dyson, P. J., and Hay-
day, A. C. (2006). Early events in the
thymus affect the balance of effector
and regulatory T cells. Nature 444,
1073–1077.

Perry, D. K., Burns, J. M., Pollinger,
H. S., Amiot, B. P., Gloor, J.
M., Gores, G. J., and Stegall, M.
D. (2009). Proteasome inhibition
causes apoptosis of normal human
plasma cells preventing alloantibody
production. Am. J. Transplant. 9,
201–209.

Pham, T. H., Baluk, P., Xu, Y., Grig-
orova, I., Bankovich, A. J., Pappu,
R., Coughlin, S. R., Mcdonald, D.
M., Schwab, S. R., and Cyster, J.
G. (2010). Lymphatic endothelial
cell sphingosine kinase activity is
required for lymphocyte egress and
lymphatic patterning. J. Exp. Med.
207, 17–27.

Podgrabinska, S., Kamalu, O., Mayer,
L., Shimaoka, M., Snoeck, H., Ran-
dolph, G. J., and Skobe, M. (2009).
Inflamed lymphatic endothelium
suppresses dendritic cell maturation
and function via Mac-1/ICAM-1-
dependent mechanism. J. Immunol.
183, 1767–1779.

Rabinovich, B. A., Shannon, J., Su, R. C.,
and Miller, R. G. (2000). Stress ren-
ders T cell blasts sensitive to killing

by activated syngeneic NK cells. J.
Immunol. 165, 2390–2397.

Randolph, G. J., Angeli, V., and Swartz,
M. A. (2005). Dendritic-cell traffick-
ing to lymph nodes through lym-
phatic vessels. Nat. Rev. Immunol. 5,
617–628.

Reif, K., Ekland, E. H., Ohl, L., Nakano,
H., Lipp, M., Forster, R., and Cyster, J.
G. (2002). Balanced responsiveness
to chemoattractants from adjacent
zones determines B-cell position.
Nature 416, 94–99.

Saiki, T., Ezaki, T., Ogawa, M., and
Matsuno, K. (2001). Trafficking of
host- and donor-derived dendritic
cells in rat cardiac transplantation:
allosensitization in the spleen and
hepatic nodes. Transplantation 71,
1806–1815.

Scandella, E., Bolinger, B., Lattmann,
E., Miller, S., Favre, S., Littman, D.
R., Finke, D., Luther, S. A., Junt, T.,
and Ludewig, B. (2008). Restora-
tion of lymphoid organ integrity
through the interaction of lymphoid
tissue-inducer cells with stroma of
the T cell zone. Nat. Immunol. 9,
667–675.

Schacker, T., Little, S., Connick, E.,
Gebhard, K., Zhang, Z. Q., Krieger,
J., Pryor, J., Havlir, D., Wong, J.
K., Schooley, R. T., Richman, D.,
Corey, L., and Haase, A. T. (2001).
Productive infection of T cells in
lymphoid tissues during primary
and early human immunodeficiency
virus infection. J. Infect. Dis. 183,
555–562.

Schneider, K., Potter, K. G., and Ware, C.
F. (2004). Lymphotoxin and LIGHT
signaling pathways and target genes.
Immunol. Rev. 202, 49–66.

Scimone, M. L., Felbinger, T. W., Mazo,
I. B., Stein, J. V., Von Andrian, U. H.,
and Weninger, W. (2004). CXCL12
mediates CCR7-independent hom-
ing of central memory cells, but
not naive T cells, in peripheral
lymph nodes. J. Exp. Med. 199,
1113–1120.

Shibuya, M., and Claesson-Welsh,
L. (2006). Signal transduction by
VEGF receptors in regulation of
angiogenesis and lymphangiogene-
sis. Exp. Cell Res. 312, 549–560.

Shields, J. D., Kourtis, I. C., Tomei, A.
A., Roberts, J. M., and Swartz, M.
A. (2010). Induction of lymphoid-
like stroma and immune escape by
tumors that express the chemokine
CCL21. Science 328, 749–752.

Shortman, K., and Heath, W. R. (2010).
The CD8+ dendritic cell subset.
Immunol. Rev. 234, 18–31.

Shrestha, B., Hashiguchi, T., Ito, T.,
Miura, N., Takenouchi, K., Oyama,
Y., Kawahara, K., Tancharoen, S.,

Ki, I. Y., Arimura, N., Yoshinaga,
N., Noma, S., Shrestha, C., Nitanda,
T., Kitajima, S., Arimura, K., Sato,
M., Sakamoto, T., and Maruyama,
I. (2010). B cell-derived vascu-
lar endothelial growth factor A
promotes lymphangiogenesis and
high endothelial venule expansion
in lymph nodes. J. Immunol. 184,
4819–4826.

Sinha, R. K., Park, C., Hwang, I. Y.,
Davis, M. D., and Kehrl, J. H.
(2009). B lymphocytes exit lymph
nodes through cortical lymphatic
sinusoids by a mechanism indepen-
dent of sphingosine-1-phosphate-
mediated chemotaxis. Immunity 30,
434–446.

Sixt, M., Kanazawa, N., Selg, M., Sam-
son, T., Roos, G., Reinhardt, D. P.,
Pabst, R., Lutz, M. B., and Sorokin,
L. (2005). The conduit system trans-
ports soluble antigens from the affer-
ent lymph to resident dendritic cells
in the T cell area of the lymph node.
Immunity 22, 19–29.

Smith, R. N., Chang, Y., Houser,
S., Dec, G. W., and Grazette, L.
(2002). Higher frequency of high-
grade rejections in cardiac allograft
patients after Quilty B lesions or
grade 2/4 rejections. Transplantation
73, 1928–1932.

Souther, S. G., Morris, R. E., and
Vistnes, L. M. (1974). Prolongation
of rat cardiac allograft survival by
splenectomy following transplanta-
tion. Transplantation 17, 317–319.

Springer, T. A. (1994). Traffic signals for
lymphocyte recirculation and leuko-
cyte emigration: the multistep para-
digm. Cell 76, 301–314.

Steele, K. E., Anderson, A. O., and
Mohamadzadeh, M. (2009). Fibrob-
lastic reticular cells and their role in
viral hemorrhagic fevers. Expert Rev.
Anti. Infect. Ther. 7, 423–435.

Stegall, M. D., Raghavaiah, S., and Gloor,
J. M. (2010). The (re)emergence
of B cells in organ transplantation.
Curr. Opin. Organ Transplant. 15,
451–455.

Steiniger, B., Barth, P., and Hellinger, A.
(2001). The perifollicular and mar-
ginal zones of the human splenic
white pulp: do fibroblasts guide lym-
phocyte immigration? Am. J. Pathol.
159, 501–512.

Streilein, J. W., and Wiesner, J. (1977).
Influence of splenectomy on first
set rejection reactions of C57BL/6
females to male skin isografts. J. Exp.
Med. 146, 809–816.

Swiecki, M., and Colonna, M. (2010).
Unraveling the functions of plasma-
cytoid dendritic cells during viral
infections, autoimmunity, and toler-
ance. Immunol. Rev. 234, 142–162.

Szanya, V., Ermann, J., Taylor, C.,
Holness, C., and Fathman, C. G.
(2002). The subpopulation of
CD4+CD25+ splenocytes that
delays adoptive transfer of dia-
betes expresses L-selectin and high
levels of CCR7. J. Immunol. 169,
2461–2465.

Tachibana, M., Tenno, M., Tezuka, C.,
Sugiyama, M., Yoshida, H., and
Taniuchi, I. (2011). Runx1/Cbfbeta2
complexes are required for lym-
phoid tissue inducer cell differenti-
ation at two developmental stages. J.
Immunol. 186, 1450–1457.

Taflin, C., Favier, B., Baudhuin, J., Save-
nay, A., Hemon, P., Bensussan, A.,
Charron, D., Glotz, D., and Mooney,
N. (2011). Human endothelial cells
generate Th17 and regulatory T
cells under inflammatory condi-
tions. Proc. Natl. Acad. Sci. U.S.A.
108, 2891–2896.

Takatori, H., Kanno, Y., Watford, W.
T., Tato, C. M., Weiss, G., Ivanov,
II, Littman, D. R., and O’shea, J.
J. (2009). Lymphoid tissue inducer-
like cells are an innate source of
IL-17 and IL-22. J. Exp. Med. 206,
35–41.

Tammela, T., and Alitalo, K. (2010).
Lymphangiogenesis: molecular
mechanisms and future promise.
Cell 140, 460–476.

Tang, H. L., and Cyster, J. G. (1999).
Chemokine Up-regulation and acti-
vated T cell attraction by matur-
ing dendritic cells. Science 284,
819–822.

Tang, Q., Adams, J. Y., Tooley, A. J., Bi,
M., Fife, B. T., Serra, P., Santamaria,
P., Locksley, R. M., Krummel, M. F.,
and Bluestone, J. A. (2006). Visu-
alizing regulatory T cell control of
autoimmune responses in nonobese
diabetic mice. Nat. Immunol. 7,
83–92.

Tezuka, H., Abe, Y., Iwata, M., Takeuchi,
H., Ishikawa, H., Matsushita, M.,
Shiohara, T., Akira, S., and Ohteki,
T. (2007). Regulation of IgA pro-
duction by naturally occurring
TNF/iNOS-producing dendritic
cells. Nature 448, 929–933.

Thaunat, O., Field, A. C., Dai, J.,
Louedec, L., Patey, N., Bloch, M. F.,
Mandet, C., Belair, M. F., Bruneval,
P., Meilhac, O., Bellon, B., Joly,
E., Michel, J. B., and Nicoletti,
A. (2005). Lymphoid neogenesis in
chronic rejection: evidence for a
local humoral alloimmune response.
Proc. Natl. Acad. Sci. U.S.A. 102,
14723–14728.

Thaunat, O., and Nicoletti, A. (2008).
Lymphoid neogenesis in chronic
rejection. Curr. Opin. Organ Trans-
plant. 13, 16–19.

www.frontiersin.org December 2011 | Volume 2 | Article 64 | 218

http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


Burrell et al. Lymphoid organ architecture and tolerance

Tomura, M., Honda, T., Tanizaki, H.,
Otsuka, A., Egawa, G., Tokura, Y.,
Waldmann, H., Hori, S., Cyster, J.
G., Watanabe, T., Miyachi, Y., Kana-
gawa, O., and Kabashima, K. (2010).
Activated regulatory T cells are the
major T cell type emigrating from
the skin during a cutaneous immune
response in mice. J. Clin. Invest. 120,
883–893.

Tsuji, M., Suzuki, K., Kitamura, H.,
Maruya, M., Kinoshita, K., Ivanov,
Ii, Itoh, K., Littman, D. R., and
Fagarasan, S. (2008). Requirement
for lymphoid tissue-inducer cells
in isolated follicle formation and
T cell-independent immunoglobu-
lin A generation in the gut. Immunity
29, 261–271.

Umehara, H., Bloom, E. T., Okazaki, T.,
Nagano, Y., Yoshie, O., and Imai, T.
(2004). Fractalkine in vascular biol-
ogy: from basic research to clinical
disease. Arterioscler. Thromb. Vasc.
Biol. 24, 34–40.

van de Pavert, S. A., and Mebius, R. E.
(2010). New insights into the devel-
opment of lymphoid tissues. Nat.
Rev. Immunol. 10, 664–674.

Van Vliet, E., Melis, M., Foidart, J. M.,
and Van Ewijk, W. (1986). Reticular
fibroblasts in peripheral lymphoid
organs identified by a monoclonal
antibody. J. Histochem. Cytochem.
34, 883–890.

Vanbervliet, B., Bendriss-Vermare, N.,
Massacrier, C., Homey, B., De
Bouteiller, O., Briere, F., Trinchieri,
G., and Caux, C. (2003). The
inducible CXCR3 ligands con-
trol plasmacytoid dendritic cell
responsiveness to the constitutive
chemokine stromal cell-derived fac-
tor 1 (SDF-1)/CXCL12. J. Exp. Med.
198, 823–830.

Varol, C., Vallon-Eberhard, A., Elinav,
E., Aychek, T., Shapira, Y., Luche, H.,
Fehling, H. J., Hardt, W. D., Shakhar,

G., and Jung, S. (2009). Intestinal
lamina propria dendritic cell subsets
have different origin and functions.
Immunity 31, 502–512.

von Andrian, U. H., and Mempel, T. R.
(2003). Homing and cellular traffic
in lymph nodes. Nat. Rev. Immunol.
3, 867–878.

Waithman, J., Allan, R. S., Kosaka, H.,
Azukizawa, H., Shortman, K., Lutz,
M. B., Heath, W. R., Carbone, F. R.,
and Belz, G. T. (2007). Skin-derived
dendritic cells can mediate dele-
tional tolerance of class I-restricted
self-reactive T cells. J. Immunol. 179,
4535–4541.

Watanabe, N., Wang, Y. H., Lee, H. K.,
Ito, T., Cao, W., and Liu, Y. J. (2005).
Hassall’s corpuscles instruct den-
dritic cells to induce CD4+CD25+
regulatory T cells in human thymus.
Nature 436, 1181–1185.

Wright, N., Hidalgo, A., Rodriguez-
Frade, J. M., Soriano, S. F., Mellado,
M., Parmo-Cabanas, M., Briskin,
M. J., and Teixido, J. (2002). The
chemokine stromal cell-derived
factor-1 alpha modulates alpha
4 beta 7 integrin-mediated lym-
phocyte adhesion to mucosal
addressin cell adhesion molecule-1
and fibronectin. J. Immunol. 168,
5268–5277.

Wu, Q., Salomon, B., Chen, M., Wang,
Y., Hoffman, L. M., Bluestone, J. A.,
and Fu, Y. X. (2001). Reversal of
spontaneous autoimmune insulitis
in nonobese diabetic mice by soluble
lymphotoxin receptor. J. Exp. Med.
193, 1327–1332.

Yamazaki, S., Dudziak, D., Heidkamp,
G. F., Fiorese, C., Bonito, A. J.,
Inaba, K., Nussenzweig, M. C., and
Steinman, R. M. (2008). CD8+
CD205+ splenic dendritic cells are
specialized to induce Foxp3+ reg-
ulatory T cells. J. Immunol. 181,
6923–6933.

Yin, N., Zhang, N., Xu, J., Shi, Q., Ding,
Y., and Bromberg, J. S. (2011). Tar-
geting lymphangiogenesis after islet
transplantation prolongs islet allo-
graft survival. Transplantation 92,
25–30.

Yoshida, H., Honda, K., Shinkura, R.,
Adachi, S., Nishikawa, S., Maki, K.,
Ikuta, K., and Nishikawa, S. I. (1999).
IL-7 receptor alpha+ CD3(-) cells in
the embryonic intestine induces the
organizing center of Peyer’s patches.
Int. Immunol. 11, 643–655.

Zecher, D., Li, Q., Oberbarnscheidt, M.
H., Demetris,A. J., Shlomchik,W. D.,
Rothstein, D. M., and Lakkis, F. G.
(2010). NK cells delay allograft rejec-
tion in lymphopenic hosts by down-
regulating the homeostatic prolifer-
ation of CD8+ T cells. J. Immunol.
184, 6649–6657.

Zelenay, S., Bergman, M. L., Paiva, R. S.,
Lino, A. C., Martins, A. C., Duarte,
J. H., Moraes-Fontes, M. F., Bilate,
A. M., Lafaille, J. J., and Demengeot,
J. (2010). Cutting edge: intrathymic
differentiation of adaptive Foxp3+
regulatory T cells upon peripheral
proinflammatory immunization. J.
Immunol. 185, 3829–3833.

Zeng, M., Smith, A. J., Wietgrefe, S. W.,
Southern, P. J., Schacker, T. W., Reilly,
C. S., Estes, J. D., Burton, G. F., Sil-
vestri, G., Lifson, J. D., Carlis, J. V.,
and Haase, A. T. (2011). Cumula-
tive mechanisms of lymphoid tissue
fibrosis and T cell depletion in HIV-
1 and SIV infections. J. Clin. Invest.
121, 998–1008.

Zhang,N.,Schroppel,B.,Lal,G., Jakubz-
ick, C., Mao, X., Chen, D., Yin, N.,
Jessberger, R., Ochando, J. C., Ding,
Y., and Bromberg, J. S. (2009). Reg-
ulatory T cells sequentially migrate
from inflamed tissues to drain-
ing lymph nodes to suppress the
alloimmune response. Immunity 30,
458–469.

Zhao, Y., Swenson, K., Sergio, J. J., Arn, J.
S., Sachs,D. H.,and Sykes,M. (1996).
Skin graft tolerance across a discor-
dant xenogeneic barrier. Nat. Med. 2,
1211–1216.

Ziegler, E., Oberbarnscheidt, M.,
Bulfone-Paus, S., Forster, R., Kun-
zendorf, U., and Krautwald, S.
(2007). CCR7 signaling inhibits T
cell proliferation. J. Immunol. 179,
6485–6493.

Zou, L., Barnett, B., Safah, H., Larussa,V.
F., Evdemon-Hogan, M., Mottram,
P., Wei, S., David, O., Curiel, T. J.,
and Zou, W. (2004). Bone marrow
is a reservoir for CD4+CD25+ reg-
ulatory T cells that traffic through
CXCL12/CXCR4 signals. Cancer Res.
64, 8451–8455.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 30 September 2011; accepted:
07 November 2011; published online: 07
December 2011.
Citation: Burrell BE, Ding Y, Nakayama
Y, Park K-S, Xu J, Yin N and Bromberg
JS (2011) Tolerance and lymphoid organ
structure and function. Front. Immun.
2:64. doi: 10.3389/fimmu.2011.00064
This article was submitted to Frontiers in
Immunological Tolerance, a specialty of
Frontiers in Immunology.
Copyright © 2011 Burrell, Ding ,
Nakayama, Park, Xu,Yin and Bromberg .
This is an open-access article subject
to a non-exclusive license between the
authors and Frontiers Media SA, which
permits use, distribution and reproduc-
tion in other forums, provided the original
authors and source are credited and other
Frontiers conditions are complied with.

Frontiers in Immunology | Immunological Tolerance December 2011 | Volume 2 | Article 64 | 219

http://dx.doi.org/10.3389/fimmu.2011.00064
http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


REVIEW ARTICLE
published: 02 April 2012

doi: 10.3389/fimmu.2012.00054

Key features of the intragraft microenvironment that
determine long-term survival following transplantation
Sarah Bruneau1,2, Craig Bryan Woda1,2, Kevin Patrick Daly 1,2, Leonard Boneschansker 1,2,

Namrata Gargee Jain1,2, Nora Kochupurakkal 1,2, Alan Gabriel Contreras1,2,Tatsuichiro Seto1,2 and

David Michael Briscoe1,2*

1 The Division of Nephrology, Transplantation Research Center, Children’s Hospital Boston, Boston, MA, USA
2 Department of Pediatrics, Harvard Medical School, Boston, MA, USA

Edited by:

Xian Chang Li, Brigham and Women’s
Hospital, USA

Reviewed by:

Awen Gallimore, Cardiff University,
UK
Xian Chang Li, Brigham and Women’s
Hospital, USA
Zhenhua Dai, University of Texas
Health Science Center, USA

*Correspondence:

David Michael Briscoe, Division of
Nephrology, Department of Medicine,
Children’s Hospital Boston, 300
Longwood Avenue, Boston, MA
02115, USA.
e-mail: david.briscoe@
childrens.harvard.edu

In this review, we discuss how changes in the intragraft microenvironment serve to pro-
mote or sustain the development of chronic allograft rejection. We propose two key
elements within the microenvironment that contribute to the rejection process.The first is
endothelial cell proliferation and angiogenesis that serve to create abnormal microvas-
cular blood flow patterns as well as local tissue hypoxia, and precedes endothelial-to-
mesenchymal transition. The second is the overexpression of local cytokines and growth
factors that serve to sustain inflammation and, in turn, function to promote a leukocyte-
induced angiogenesis reaction. Central to both events is overexpression of vascular
endothelial growth factor (VEGF), which is both pro-inflammatory and pro-angiogenic, and
thus drives progression of the chronic rejection microenvironment. In our discussion, we
focus on how inflammation results in angiogenesis and how leukocyte-induced angiogen-
esis is pathological. We also discuss how VEGF is a master control factor that fosters
the development of the chronic rejection microenvironment. Overall, this review provides
insight into the intragraft microenvironment as an important paradigm for future direction
in the field.

Keywords: endothelial cell, microvascular injury, angiogenesis, vascular endothelial growth factor, hypoxia, allograft

rejection, chronic allograft rejection, allograft vasculopathy

GENERAL OVERVIEW
In an endothelial cell (EC)-based model, the initiation of inflam-
mation within an allograft results from the activation of donor
ECs responding to pro-inflammatory cytokines released from res-
ident macrophages in response to hypoxia (Cotran, 1994; Briscoe
et al., 1998; Denton et al., 2000; Pober and Sessa, 2007; Ingulli
et al., 2009). Graft EC also respond to cytokines and growth
factors produced in association with alloimmune cellular and
humoral targeting of the graft (Pober et al., 1996; Valujskikh and
Heeger, 2003; Zhang and Reed, 2009; Halloran et al., 2010; Sis
and Halloran, 2010), as well as by factors produced by infiltrat-
ing mononuclear cells that are characteristic of chronic rejection
(Libby and Pober, 2001). The induced expression of adhesion mol-
ecules and chemokines by donor EC results in the recruitment of
leukocytes into the graft, whereas the expression of MHC class I
and II molecules on donor EC is critical for the local presenta-
tion of alloantigen to infiltrating effector/memory lymphocytes
(Briscoe and Sayegh, 2002; Kreisel et al., 2002; Pober and Sessa,
2007). These events set the stage for an intragraft microenviron-
ment that sustains donor-directed alloimmune inflammation and
the development of chronic rejection.

In this review, we focus on how the integrity of the vascular
endothelium is critical for a microenvironment that sustains allo-
graft function. In vascularized solid organ allografts, such as the
kidney, early ischemia–reperfusion results in profound injury to
the microvasculature (Bishop et al., 1989; Vos and Briscoe, 2002;

Woywodt et al., 2003; Reinders et al., 2006; Aydin et al., 2007;
Contreras and Briscoe, 2007; Rabelink et al., 2007; Mayer, 2011).
Furthermore, the degree of injury and microvascular EC loss at
early times post transplantation can be predictive of long-term
graft survival (Bishop et al., 1989; Choi et al., 2000; Fine and Nor-
man, 2008; Mayer, 2011; Steegh et al., 2011). Indeed, it is reported
that the sequential loss of peritubular capillaries, starting as early
as 3 months post renal transplantation predicts the development
of interstitial fibrosis and tubular atrophy (IFTA) and later chronic
rejection (Steegh et al., 2011). It is proposed that the loss of the
intrarenal microvasculature results in impaired delivery of oxygen
and nutrients to the renal tubules, which in turn contributes to
local tissue ischemia, tubular dropout, and cell death (Kang et al.,
2002; Reinders et al., 2006; Contreras and Briscoe, 2007; Rabelink
et al., 2007; Fine and Norman, 2008; Mayer, 2011). Thus, the ini-
tial loss of microvessels/peritubular capillaries may be a primary
factor in the development of fibrosis and chronic renal disease
(Kang et al., 2002; Reinders and Briscoe, 2002; Contreras and
Briscoe, 2007; Mayer, 2011). Pharmacologic therapy which can
protect microvascular integrity at early times post transplantation
has potential to improve long-term graft survival (Johnson et al.,
2006; Nakao et al., 2006; Aydin et al., 2007; Rabelink et al., 2007;
Briscoe and Pal, 2008; Leonard et al., 2008; Hanto et al., 2010).
If early protection and repair is not accomplished, then ongoing
local ischemia will result in cellular atrophy, and chronic allograft
disease will be inevitable.
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However, it is underappreciated that inflammatory infiltrates
also cause EC proliferation, a process called leukocyte-induced
angiogenesis (Auerbach and Sidky, 1979; Cotran, 1994). In addi-
tion, the binding of alloantibodies to the graft vascular endothe-
lium can result in EC activation and a proliferative response
(Zhang and Reed, 2009). As will be discussed below, this abnor-
mal or pathological angiogenesis response may be associated with
local tissue hypoxia, and thus precedes later hypoxic tissue injury
(Babu et al., 2007; Contreras and Briscoe, 2007; Goel et al., 2011).
If EC proliferation occurs at later times post transplantation in
association with pericyte loss, microvessels become disorganized
and endothelial-to-mesenchymal transition (EndMT) may occur.
This results in collagen deposition and tissue fibrosis (Schor et al.,
1995; Humphreys et al., 2010; Medici et al., 2010). Central to all
these events is the expression of vascular endothelial growth fac-
tor (VEGF), which is both pro-angiogenic and pro-inflammatory,
and thus drives progression of the chronic rejection microenvi-
ronment (Reinders et al., 2006). Here, we discuss a new paradigm,
whereby local tissue hypoxia and overexpressed intragraft VEGF
are key features of a microenvironment that determine the devel-
opment of chronic rejection. Cartoons illustrating this paradigm
are shown in Figures 1 and 2.

MICROVASCULAR PATTERNING AND THE INTRAGRAFT
MICROENVIRONMENT
Angiogenesis, the generation of new blood vessels from pre-
existing ones, is a complex process involving the degradation of
the vascular basement membrane and surrounding extracellular
matrix as well as EC proliferation and migration (Cotran, 1994;
Folkman, 1995a,b; Brown et al., 1997; Carmeliet and Jain, 2000;
Ferrara and Kerbel, 2005; Goel et al., 2011). The creation of new
blood vessels is critical for normal organ growth and development
and it is a requirement for normal wound healing and tissue repair
(Cotran, 1994; Majno, 1998). In all of these biological conditions,
angiogenesis is tightly regulated in a tissue specific manner, such
that the microvascular bed provides tissues with their nutritive
and oxygen demands in a manner that is sufficient for normal
physiological processes. However, angiogenesis is also character-
istic of many disease states, and is well-established to occur in
association with cell-mediated immune responses (Cotran, 1994)
and chronic inflammatory diseases (Folkman and Brem, 1992; Fer-
rara and Alitalo, 1999; Ezaki et al., 2001), notably inflammatory
bowel disease (Kanazawa et al., 2001), arthritis (Walsh and Pear-
son, 2001), chronic asthma (Detoraki et al., 2010), and chronic
allograft rejection (Tanaka et al., 1994;Moulton et al., 1999; Rein-

FIGURE 1 | Cartoon illustrating the interplay between alloimmunity and

the intragraft microvasculature. (A) Following transplantation, alloimmune
inflammatory responses target the graft vascular endothelium resulting in the
destruction of microvessels, which in turn leads to local hypoxia and tissue
injury. (B) Alloimmune inflammatory responses may also stimulate
endothelial cell proliferation and promote leukocyte-induced angiogenesis
within allografts. The local delivery of the pro-inflammatory and

pro-angiogenic factor vascular endothelial growth factor (VEGF) is central to
this response. Pathological leukocyte-induced angiogenesis results in the
formation of abnormal networks of capillaries that lead to chaotic blood flow
patterns and paradoxically results in local hypoxia. Thus, local tissue hypoxia
is the end result of acute events and direct targeting of the graft endothelial
cells (A) as well as inflammation and the associated leukocyte-induced
angiogenesis (B).
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FIGURE 2 | Cartoon illustrating a mechanism of tissue fibrosis associated

with allograft rejection. During inflammation, pathological angiogenesis,
and/or local hypoxia can lead to pericyte loss. Under normal conditions
homeostatic repair occurs under the influence of protective growth and
survival factors. In contrast, when the inflammatory microenvironment is
sustained, the loss of pericytes serves as a precedent for

endothelial-to-mesenchymal transition (EndMT), where endothelial cells
become denuded from their basement membrane and migrate along with
pericytes into the surrounding tissue. Although still under debate, it is
reported that the presence of TGFβ, inflammatory cytokines, and hypoxia
enables dissociated pericytes and/or endothelial cells to dedifferentiate into
collagen-secreting fibroblasts, which in turn results in fibrosis and scarring.

ders and Briscoe, 2002; Denton et al., 2004; Babu et al., 2007).
In disease processes, the neoangiogenesis response occurs in an
abnormal and disorganized manner. In some chronic disease con-
ditions, such as arthritis and chronic asthma, it can be uncontrolled
(Walsh and Pearson, 2001; Detoraki et al., 2010). Solid tumors are
a prototype example where angiogenesis can be abnormal and
pathological (Fukumura and Jain, 2007; Jain, 2008; Goel et al.,
2011). In this disease, local tissue hypoxia drives the production of
angiogenesis factors, notably VEGF. This in turn elicits a powerful
neovascular response (Brown et al., 1997; Goel et al., 2011). Since
newly formed vessels are irregular in size with random branching
patterns, the associated blood flow within the entire microvascu-
lar tree becomes abnormal and shunting occurs throughout the
tissue (Jain, 2008; Goel et al., 2011). In this manner, some areas
of the tissue have potential for increased blood flow and have
adequate oxygenation. In contrast, other areas have decreased or
aberrant blood flow which results in local tissue hypoxia. This
latter event further drives the expression of hypoxia-inducible
angiogenesis factors, including VEGF, such that the cyclical process
is sustained. It is proposed that these events may also occur in
association with chronic kidney disease as well as within kidney
allografts in association with chronic rejection (Choi et al., 2000;
Reinders et al., 2006; Contreras and Briscoe, 2007; Mayer, 2011;
Figure 1). Therefore, local tissue hypoxia may occur as a result of
both initial targeting and loss of microvessels (Figure 1A), or as a
result of leukocyte-induced angiogenesis (Figure 1B). We propose

that once an abnormal pattern of blood vessels develop within
the intragraft microenvironment, it likely serves to elicit local tis-
sue hypoxia as well as to induce VEGF expression, analogous to
that described in tumors (Goel et al., 2011). We hypothesize that
these events sustain inflammation and the progression of chronic
rejection.

LEUKOCYTE-INDUCED ANGIOGENESIS: A PATHOLOGICAL
RESPONSE THAT SUSTAINS INTRAGRAFT INJURY
Leukocyte-induced angiogenesis was initially described following
the local injection of spleen cells into the skin of nude mice (Sidky
and Auerbach, 1975; Auerbach and Sidky, 1979). In these original
studies, it was noted that the reaction did not occur following the
injection of syngeneic spleen cells, but it was dose-dependent and
reproducible following the intradermal injection of allogeneic cells
(Auerbach and Sidky, 1979). Subsequently, it was demonstrated
that this leukocyte-induced angiogenesis reaction was mediated by
CD4+ T lymphocytes (Kaminski and Auerbach, 1988), which we
now understand to be critical for the initiation of the alloimmune
inflammatory response (Ingulli et al., 2009). Thus, while not the
intention of these studies, this model clearly indicates that alloac-
tivated leukocytes are potent for the production of angiogenesis
factors. Indeed, it is now known that both monocyte/macrophages
(Koch et al., 1986; Leibovich and Wiseman, 1988; Polverini, 1997)
and activated T cells (Freeman et al., 1995; Melter et al., 2000; Mor
et al., 2004) secrete angiogenesis factors, including VEGF, which is
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a central mediator of the leukocyte-induced reaction (Leibovich
et al., 1987; Giraudo et al., 1998; Reinders et al., 2006). Other
factors including TNF-α (63), TGF-β, and nitric oxide (Wiseman
et al., 1988; Leibovich et al., 1994) may also elicit the response.
Therefore, angiogenesis may result from the local production of
distinct factors, or via cytokine- and cell-mediated responses that
increase local concentrations of VEGF. This interplay between
cell-mediated immune reactions and the local delivery of TGF-β
and VEGF by monocyte/macrophages have resulted in the devel-
opment of paradigms to explain how angiogenesis and fibrosis
are characteristic of chronic inflammatory disease states (Cotran,
1994; Brown et al., 1995; Freeman et al., 1995; Sharma et al., 1996;
Inoue et al., 1998; Majno, 1998; Pilmore et al., 1999; Jain et al.,
2000, 2002; Ezaki et al., 2001; Kanazawa et al., 2001; Mannon,
2006; Booth and Bishop, 2010).

In our own studies, we evaluated recipient angiogenesis using
a humanized SCID mouse (huSCID) model of rejection (Moul-
ton et al., 1999). Human foreskin was transplanted onto SCID
mice and was found to engraft after 4–6 weeks. Functional ves-
sels and vascular networks within the healed human skin were
derived from both human and mouse EC (Briscoe et al., 1999).
The subsequent adoptive transfer of human peripheral blood
leukocytes into the mouse resulted in human leukocytic infiltrates
within the engrafted human skin but not within the adjacent
mouse skin, as evaluated by videomicroscopy and by immuno-
histochemistry (Briscoe et al., 1999; Moulton et al., 1999). After
2–3 days, infiltrates were present within grafts by videomicroscopy,
and by 7 days, infiltrates were notable by immunohistochem-
istry; by day 14, cellular infiltrates were profound within grafts.
In our analyses, we also found a notable angiogenesis response
that was spatially associated with leukocytic infiltrates within
the human skins. The angiogenesis response occurred at early
time points, typically on day 3–5 by videomicroscopy and on
day 7 by immunohistochemistry (Moulton et al., 1999). Notably,
the response preceded the development of marked infiltrates,
which were ultimately associated with microvascular destruction.
Therefore, we propose that local tissue hypoxia was not the pri-
mary stimulus for the initiation of the angiogenesis response
within these allografts. Rather, we believe that the angiogen-
esis reaction was initiated by factors produced by infiltrating
leukocytes in a similar manner as previously noted by Auer-
bach and Sidky (1979) in their model of leukocyte-induced
angiogenesis.

More recently, Babu et al. (2007) found a similar neovas-
cularization reaction in their analysis of rejecting tracheal allo-
grafts. Although they did not characterize this response in great
detail, their studies illustrated prominent angiogenesis in grafts
on days 4-, 6-, and 8-post transplantation. Similar to our studies
(Moulton et al., 1999; Contreras and Briscoe, 2007), they noted
that it did not persist and completely disappeared by day 10–12
following transplantation in association with fulminant rejec-
tion. However, these authors also evaluated tissue oxygenation
within the graft. Surprisingly, rather than finding that oxygena-
tion was normal at sites of neovascularization, they observed that
tissue pO2 decreased in day 4–6 allografts when the leukocyte-
induced angiogenesis reaction was prominent (Babu et al., 2007).
Their observations indicate that, contrary to expectations, hypoxia

occurs within allografts prior to microvascular destruction, and
it is associated with the presence of leukocyte-induced angio-
genesis. This observation is consistent with extensive studies by
Rakesh Jains group demonstrating that pathological neoangiogen-
esis and its association with abnormal blood flow patterns within
a tumor is ineffective to support tissue oxygenation (Goel et al.,
2011).

Angiogenesis has been demonstrated to occur in allografts with
evidence of chronic rejection in association with allograft vas-
culopathy (Atkinson et al., 2005). Similar to our studies in the
huSCID (discussed above), as well as those reported by Babu
et al. (2007), increased capillary density within the parenchyma
of cardiac allografts has been found to be associated with T cell
and monocyte infiltrates (Tanaka et al., 1994). Also, neovessels
within the intima of large vessels with vasculopathy lesions have
been found to be spatially associated with inflammatory infiltrates
(Tanaka et al., 1994; Denton et al., 2004). These neovessels within
allografts are activated, in as much as they express cell surface adhe-
sion molecules and MHC class II. Thus, the angiogenesis reaction
itself may be pro-inflammatory in as much as it has potential
to mediate the recruitment and the activation of local infiltrates
(Atkinson et al., 2005).

Collectively, these findings illustrate that leukocyte-induced EC
proliferation/angiogenesis occurs at different sites within allo-
grafts. We propose that the abnormal angiogenic microvasculature
may be causative of disease, and that local tissue hypoxia is the
result, rather than the primary stimulus of the response (Jain,
2005; Figure 1). This paradigm explains in part how the intragraft
microenvironment functions to initiate and sustain the develop-
ment of chronic allograft rejection. Other major issues relate to the
production of cytokines and growth factors that initiate EndMT,
illustrated in Figure 2. This will be discussed in more detail below.

OVERLAPPING NATURE OF INFLAMMATION AND
ANGIOGENESIS AND THE DEVELOPMENT OF CHRONIC
REJECTION
During inflammation, the leukocyte-induced angiogenesis reac-
tion may be associated with local areas of tissue hypoxia and tissue
injury (illustrated in Figure 1). To this end, it is important to
note that angiogenesis factors such as VEGF have been reported to
be overexpressed in all models of chronic inflammation, includ-
ing models of chronic rejection, and their expression has been
found to be associated with disease progression (Leibovich et al.,
1987; Folkman and Brem, 1992; Cotran, 1994; Majno, 1998; Ezaki
et al., 2001; Ferrara, 2005). Consistent with this possibility, block-
ade of individual angiogenesis factors, including VEGF–VEGFR
interactions, in animal models has been found to attenuate the
progression of the chronic rejection disease process (Lemstrom
et al., 2002; Nykanen et al., 2003; Reinders et al., 2003a; Denton
et al., 2004; Sho et al., 2005; Malmstrom et al., 2008).

On the other hand, immune inflammation and the angiogene-
sis response can be antagonistic. For instance, some angiogenesis
factors such as fibroblast growth factor (FGF) may inhibit adhe-
sion molecule expression and have anti-inflammatory effects (Jain
et al., 1996; Melder et al., 1996). Some inflammatory mediators
such as IFNγ or the IFNγ-inducible chemokine CXCL10/IP-10
can be anti-angiogenic (Strieter et al., 1995a; Boulday et al., 2006).
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Moreover, the competitive binding of chemokines to their recep-
tors (and vice versa) results in competition for angiogenesis and
inflammation (Strieter et al., 1995b). So, how is it possible that the
evolution of the leukocyte-induced angiogenesis response can be
associated with pro-inflammation? Neovessels at sites of angiogen-
esis express adhesion molecules and chemokines and can facilitate
the recruitment of leukocytes in part via enhanced leukocyte–
endothelial adhesion events (Melder et al., 1996; Detmar et al.,
1998; Kim et al., 2001; Reinders et al., 2003a). In addition, media-
tors of the leukocyte-induced angiogenesis reaction, such as VEGF,
induce the expression of EC adhesion molecules [including E-
selectin, ICAM-1, and VCAM-1 (Melder et al., 1996; Kim et al.,
2001)] and pro-inflammatory chemokines [such as CXCL10/IP-10
and MCP-1 (Marumo et al., 1999; Reinders et al., 2003a; Boulday
et al., 2006)]. Also, as will be discussed below, VEGF can serve
as a potent leukocyte chemoattractant via direct interactions with
its receptors expressed on subsets of monocyte/macrophages and
T cells (Barleon et al., 1996; Shin et al., 2009; Basu et al., 2010;
Suzuki et al., 2010). Therefore, once established within allografts,
the initial EC activation response that results in proliferation and
angiogenesis also facilitates inflammation. In contrast, inflamma-
tory mediators can both stimulate and inhibit angiogenesis. Thus,
the balance between the relative production of pro- versus anti-
angiogenic factors in the course of the immune response will
determine the inducible neovascular response, resulting in vas-
cular repair or injury, and this process may be a key determinant
of the outcome of rejection.

Collectively, these observations suggest that the overlapping
nature of inflammation and angiogenesis create an environ-
ment that is critical to shape the rejection process. They also
imply that pharmacologic manipulation of the EC response to
injury or leukocyte-induced angiogenesis will target the patho-
logical intragraft microenvironment and interrupt chronic rejec-
tion. Indeed, in animal models, several angiogenesis inhibitors
have been reported to slow the progression of chronic rejec-
tion (Lemstrom et al., 2002; Denton et al., 2004; Reinders et al.,
2006; Malmstrom et al., 2008). PTK787, a selective VEGFR pro-
tein tyrosine kinase angiogenesis inhibitor was found to attenuate
the development of interstitial fibrosis and allograft vasculopathy
in well-established rat cardiac and renal transplantation models
(Lemstrom et al., 2002; Malmstrom et al., 2008). Also, TNP-470, a
synthetic fumagillin derivative and a well-established angiogenesis
inhibitor was found to interrupt the progression of inflamma-
tion, intragraft fibrosis, and the degree of allograft vasculopathy
in the Fischer 344 into Lewis rat cardiac allograft model (Denton
et al., 2004). Furthermore, we find that endostatin, another well-
established angiogenesis inhibitor prevents the progression of allo-
graft vasculopathy in the MHC class II mismatched B6.C-H2bm12

into C57BL/6 mouse model of chronic rejection (Contreras and
Briscoe, unpublished observations). Therefore, it appears that
transient interruption therapy with angiogenesis inhibitors has
potential to normalize the vasculature and inhibit the progression
of chronic rejection.

To this end, it is important to note that the mTOR kinase
and its associated signaling pathway has profound effects on EC
proliferation in vitro and in vivo (Dormond et al., 2007; Contr-
eras et al., 2008). We believe that mTOR inhibitors represent the

first-in-kind angiogenesis inhibitor agents that are currently being
used therapeutically in humans following transplantation. Fur-
thermore, we suggest that this biological effect may account for
some of their ability to retard the progression of chronic rejec-
tion (Contreras et al., 2008). Several reports have indicated that a
switch from calcineurin inhibitor therapy to an mTOR inhibitor
based regimen (interruption protocol) in humans slows the pro-
gression of chronic rejection (Oberbauer et al., 2005; Schena et al.,
2009; Arora et al., 2011). These observations support the possibil-
ity that angiogenesis inhibitors have potential as therapeutics in
the future.

ENDOTHELIAL CELL TO MESENCHYMAL TRANSITION:
POSSIBLE FINAL END RESULT OF LEUKOCYTE-INDUCED OR
PATHOLOGICAL ANGIOGENESIS
The Kalluri group demonstrated that EC within cardiac allo-
grafts appear to undergo a process of mesenchymal transition to
fibroblasts in association with inflammation and chronic rejection
(Zeisberg et al., 2007a). This process, called EndMT by several lab-
oratories results from the dedifferentiation of EC, such that they
lose their endothelial phenotype and gain the expression of mes-
enchymal markers (illustrated in Figure 2). In this manner, the
process of EndMT is characterized by the loss of well-established
EC molecules including CD31 and CD34, and the gain in expres-
sion of fibroblast-specific protein 1 (FSP1), alpha-smooth muscle
actin (Zeisberg et al., 2007a,b), as well as other non-EC molecules
(Kokudo et al., 2008). In vitro, it is reported, that EndMT occurs
in response to both TGFβ1 (Arciniegas et al., 1992) and TGFβ2
(Medici et al., 2010), but the stimuli for mesenchymal transition
in vivo are poorly understood. The process of EndMT occurs in
association with pericyte loss, when EC are denuded from their
basement membrane. Denuded EC and pericytes migrate into the
surrounding tissue, where they are exposed to TGFβ that may
be produced locally by multiple cell types and/or delivered into
the graft by monocyte/macrophages (Jain et al., 2002; Booth and
Bishop, 2010), thus leading to their differentiation into fibroblasts
(illustrated in Figure 2).

Endothelial-to-mesenchymal transition is well-established to
occur during embryonic development of the heart, in normal
wound healing and in several different cancers (Markwald et al.,
1975; Zeisberg et al., 2007b). It has also been implicated in chronic
fibrotic disease states including atherosclerosis, pulmonary hyper-
tension, cardiac fibrosis, and diabetic nephropathy (Zeisberg et al.,
2007a; Li et al., 2009; Hashimoto et al., 2010). In cancer, EndMT
has been reported to account for up to 40% of cancer-associated
fibroblasts, and the process has been found to alter the microen-
vironment in several ways (Zeisberg et al., 2007b). EC that have
undergone EndMT produce collagen, deposit extracellular matrix
molecules, and secrete pro-fibrotic factors including TGFβ, lead-
ing to a self-perpetuating cycle of events. In contrast, its role in
allograft rejection has not been well characterized, and it remains
controversial whether EndMT is primarily related to pericyte loss
and their migration into the local tissue, or whether it is truly
related to EC dedifferentiation (Humphreys et al., 2010). Regard-
less of whether the pericyte and/or the EC dedifferentiates into the
collagen-producing cell, the process, and long-term consequence
of microvascular destruction is fibrosis.
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Since the intragraft microenvironment has similarities to
the tumor microenvironment (i.e., abnormal microvessels, local
hypoxia, TGFβ, high VEGF, mononuclear cell infiltrates), we have
speculated that pathological and/or leukocyte-induced angiogen-
esis will precede EndMT within allografts (illustrated in Figure 2).
Consistent with this possibility, proliferating EC have been shown
to be associated with alloimmune targeting and chronic rejec-
tion (Sis et al., 2009; Osasan et al., 2011). In addition, we have
found that proliferating EC are most susceptible to EndMT in vitro
in the presence of inflammatory cytokines, TGFβ, and hypoxia.
In contrast, we find that EC that have not undergone multiple
rounds of proliferation are not as susceptible to EndMT (Woda
and Briscoe, unpublished observations). It will be important to
understand if intragraft cytokines or growth factors that acti-
vate EC can initiate this pathological process and how VEGF
functions in the EndMT process. An alternate hypothesis is that
the intragraft cytokine milieu and/or hypoxia within allografts
at times of leukocyte-induced angiogenesis alters pericyte biol-
ogy which becomes a central determinant of both the loss of the
microvasculature and differentiation into fibroblasts. Thus, there
is a need for research in this area as it is a potential target of future
therapeutics.

VASCULAR ENDOTHELIAL GROWTH FACTOR: A CENTRAL
PLAYER IN THE CHRONIC REJECTION INTRAGRAFT
MICROENVIRONMENT
By definition, the development of acute allograft rejection involves
a marked inflammatory reaction, characterized by the recruit-
ment of leukocytes and an intense cellular and humoral attack
on the graft (Ingulli et al., 2009). By contrast, chronic rejection is
a more insidious process involving delayed type hypersensitivity
mechanisms and is characterized by mononuclear cell infiltra-
tion, an obliterative vasculopathy, and progressive fibrosis (Libby
and Pober, 2001; Ingulli et al., 2009). Over the past 10–15 years,
VEGF has emerged as an important player in the rejection process,
and its expression has been reported by several groups to be
associated with both acute and chronic allograft rejection (Torry
et al., 1995; Pilmore et al., 1999; Lemstrom et al., 2002; Rein-
ders et al., 2003b, 2006; Malmstrom et al., 2008). In one study
(Pilmore et al., 1999), VEGF expression was found to be most
striking in the interstitium of human renal allografts in associa-
tion with CD68+ monocyte/macrophage infiltrates and evidence
of chronic rejection. In another study (Torry et al., 1995), the
expression of VEGF was found to be associated with fibrin depo-
sition, and was confined to areas with monocyte/macrophage
infiltrates. In our own analyses, we observed intense VEGF expres-
sion within human cardiac allografts localized to both inflam-
matory cell infiltrates as well as to vascular EC in association
with acute and chronic rejection (Reinders et al., 2003b). More-
over, we found that persistent intragraft VEGF overexpression
identified patients at high risk for the development of chronic
allograft vasculopathy/chronic rejection (Reinders et al., 2003b).
Furthermore, human transplant recipients with genotypes encod-
ing high VEGF production are at increased risk for the devel-
opment of rejection (Shahbazi et al., 2002; Girnita et al., 2008).
Levels of VEGF increase significantly in the serum and urine of
patients in association with cardiac and renal allograft rejection

respectively, and in most cases return to baseline after effective
treatment of the rejection episode (Abramson et al., 2002; Peng
et al., 2008). It is thus possible that serum levels of VEGF may
serve as a reliable biomarker of the development of allograft vas-
culopathy following human cardiac transplantation (Daly et al.,
2011).

VEGF may be delivered into allografts in the course of rejection
by infiltrating monocytes and by activated T cells (Leibovich et al.,
1987; Leibovich and Wiseman, 1988; Freeman et al., 1995; Melter
et al., 2000). Alternatively, VEGF may be induced locally within
the allograft as a result of cellular interactions among activated
platelets and EC (Chiodoni et al., 2006; Dormond et al., 2008).
Nevertheless, the local overexpression of VEGF within allografts
results in the development of chronic rejection and allograft vascu-
lopathy (Lemstrom et al., 2002). Taken together, there is extensive
data to support the hypothesis that VEGF is mechanistic in the
process of chronic allograft rejection.

The major stimulus for VEGF expression is hypoxia (Shweiki
et al., 1992; Mukhopadhyay et al., 1995; Goel et al., 2011), but
other factors that can upregulate local tissue VEGF production
include paracrine effects of hormones, glucose and prostaglandins,
as well as cytokine/growth factor modulators of protein kinase
C, nitric oxide, and stimulators of adenylate cyclase (Brown
et al., 1997). Several cytokines, including IL-1, TNF, and IL-
6, have been found to induce the expression of VEGF and/or
VEGF receptors (Leibovich et al., 1987; Giraudo et al., 1998;
Amano et al., 2004; Huang et al., 2004). In addition, we have
demonstrated that the ligation of CD40 by CD154 (CD40 lig-
and, expressed by activated platelets and T cells) is potent for
local tissue induction of VEGF expression (Melter et al., 2000;
Dormond et al., 2008). In this manner, it is not surprising that
cell-mediated immune inflammation is associated with VEGF–
VEGFR biological responses. Furthermore, since multiple VEGF-
inducing factors are present within allografts at different times
post transplantation, one might conclude that VEGF expression,
and VEGF-dependent biological responses should be characteris-
tic features of both the initiation and the maintenance of chronic
rejection.

BIOLOGY OF VEGF–VEGFR INTERACTIONS
As its name suggests, VEGF classically functions as a potent angio-
genesis factor, and as such it was originally proposed to facili-
tate microvascular repair following ischemic injury (Kang et al.,
2001a,b; Mayer, 2011) as well as injury following inflammatory
insults (Choi et al., 2000; Reinders et al., 2006). VEGF is a 45-
kDa protein produced by most cell types including cells of the
immune system such as monocyte/macrophages and activated T
cell subsets (Freeman et al., 1995; Brown et al., 1997; Polverini,
1997; Melter et al., 2000; Basu et al., 2010). It is a heparin-binding
homodimeric glycoprotein with several protein variants of 206,
189, 164, 145, and 121 amino acids that arise from the alternative
splicing of a single gene (Leung et al., 1989; Tischer et al., 1991).
Intense research beyond the scope of this review, has clarified the
function of VEGF in EC, where it mediates migration, growth,
survival as well as activation responses including the expression of
adhesion molecules and chemokines (Alon et al., 1995; Klagsbrun
and D’Amore, 1996; Melder et al., 1996; Brown et al., 1997; Gerber
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et al., 1999; Kim et al., 2001; Ferrara, 2005; Boulday et al., 2006;
Lee et al., 2007).

The biological activities of VEGF are mediated via interactions
with its receptors, Flt-1 (VEGF receptor 1), KDR (VEGF receptor
2), and neuropilin-1 (Shalaby et al., 1995; Klagsbrun and D’Amore,
1996; Brown et al., 1997; Miao and Klagsbrun, 2000; Ferrara, 2005;
Takahashi and Shibuya, 2005; Matsumoto and Mugishima, 2006).
Several studies have shown that signaling mediated via KDR is
critical for the VEGF-induced response (Zeng et al., 2001). For
instance, many of the biological properties of VEGF can be inhib-
ited by neutralization of KDR; and inhibition of KDR has similar
effects as neutralization of VEGF in vivo in inflammatory diseases
(Brown et al., 1997; Watanabe et al., 2004, 2005; Ferrara, 2005),
including allograft rejection (Reinders et al., 2003a; Sho et al.,
2005). Also, knockout of either VEGF or KDR results in embryonic
lethality due to inhibition of angioblast differentiation and vascu-
logenesis (Shalaby et al., 1995; Ferrara et al., 1996). Classically, it
is thought that neuropilin-1 serves as an accessory co-receptor for
KDR to bind VEGF and mediate crosslinking to KDR (Klagsbrun
and D’Amore, 1996; Matsumoto and Mugishima, 2006). However,
some studies have suggested that neuropilin-1 might also mediate
signaling directly in response to the semaphorin 3 family of pro-
teins (Wang et al., 2003; Catalano et al., 2006; Mizui et al., 2009;
Suzuki et al., 2008). VEGF also signals through Flt-1 to initiate a
direct signaling response, but its interaction with Flt-1 may inhibit
KDR-induced responses in EC (Zeng et al., 2002). Thus, VEGF
inducible responses in different cells can be determined according
to the profile of expression of its receptors and thus, the select
VEGFR-dependent signal.

All VEGF receptors are expressed by EC, but individual recep-
tors are also expressed by different leukocyte subsets indicating
that VEGF may have direct effects on the immune response (Bar-
leon et al., 1996; Bruder et al., 2004; Sarris et al., 2008; Shin et al.,
2009; Basu et al., 2010; Suzuki et al., 2010). Flt-1 and neuropilin-
1 are expressed by human monocytes and APCs (Barleon et al.,
1996; Romeo et al., 2002; Bourbie-Vaudaine et al., 2006; Chapoval
et al., 2009), and VEGF is known to induce activation responses
and chemotactic activity in monocytes in part via interactions with
Flt-1 (Barleon et al., 1996; Clauss et al., 1996; Laxmanan et al., 2005;
Chapoval et al., 2009). VEGF–VEGFR interactions also promote
the differentiation of monocytes into pro-inflammatory (Chapo-
val et al., 2009) or immunoregulatory (Gabrilovich et al., 1998;
Laxmanan et al., 2005) APCs, but its effect is likely dependent
on individual VEGFR(s) expressed by the APC (Laxmanan et al.,
2005; Chapoval et al., 2009).

Moreover, several recent studies have indicated that T cell sub-
sets can express VEGFRs, including Flt-1, KDR, and neuropilin-1
(Dias et al., 2000; Tordjman et al., 2002; Mor et al., 2004; Sar-
ris et al., 2008; Basu et al., 2010; Edelbauer et al., 2010; Ziogas
et al., 2011). In our studies (Basu et al., 2010; Edelbauer et al.,
2010), we find low negligible levels of expression of all VEGFRs
on freshly isolated populations of unactivated CD4+ and CD8+ T
cells. However, we have observed that the expression of Flt-1 and
KDR increase following mitogen-dependent activation. In addi-
tion, we have found high levels of KDR on memory CD45RO+
populations of CD4+ T cells (Basu et al., 2010). In general, KDR
and Flt-1 are reported to be the dominant VEGFRs expressed on

T effector cells (Basu et al., 2010; Edelbauer et al., 2010; Zhang
et al., 2010; Ziogas et al., 2011). In contrast, it is reported that
neuropilin-1 is selectively expressed at high levels on populations
of CD4+CD25+FoxP3+ T regulatory cells (Bruder et al., 2004;
Sarris et al., 2008). One study indicated that T regulatory cells may
also express KDR (Suzuki et al., 2010). Neuropilin-1 has also been
reported to be expressed on populations of human naïve T cells,
where it functions to support the initiation of T cell activation in
primary immune responses (Tordjman et al., 2002).

Collectively, these findings support the possibility that intra-
graft VEGF may interact with different T cell subsets in the course
of the rejection process. VEGF may function as a potent chemoat-
tractant for effector and memory CD4+ and CD8+ T cells, and
may thus promote inflammation in association with acute and
chronic allograft rejection. Consistent with this possibility, the
blockade of VEGF or VEGFR interactions with T cells inhibits
intragraft lymphocyte trafficking (Reinders et al., 2003a; Sho et al.,
2005; Edelbauer et al., 2010; Zhang et al., 2010) as well as reacti-
vation responses (Basu et al., 2010) in human model systems. In
experimental animal models, the local overexpression of VEGF,
and VEGF–VEGFR interactions also facilitate lymphocyte traf-
ficking (Reinders et al., 2003a; Lee et al., 2004; Kim et al., 2009;
Edelbauer et al., 2010; Zhang et al., 2010) and activation including
the augmentation of Th1 (Chapoval et al., 2009), Th2 (Lee et al.,
2004), and Th17 (Kim et al., 2009) effector responses. The mech-
anism(s) by which local tissue VEGF elicits signals for migration
and activation/reactivation responses is the subject of ongoing
investigations.

PRO-INFLAMMATORY EFFECTS OF VEGF–VEGF RECEPTOR
INTERACTIONS
As discussed above,VEGF may act as a pro-inflammatory cytokine
in vivo in several chronic diseases (Fava et al., 1994; Koch et al.,
1994; Duh and Aiello, 1999; Ferrara and Alitalo, 1999; Griga et al.,
1999; Hoshino et al., 2001; Kanazawa et al., 2001; McDonald, 2001;
Walsh and Pearson, 2001; Kim et al., 2009; Detoraki et al., 2010),
and its ability to function as a pro-inflammatory cytokine in part
relates to its interactions with its receptors expressed on leuko-
cytes (Barleon et al., 1996; Shin et al., 2009; Basu et al., 2010;
Edelbauer et al., 2010; Suzuki et al., 2010; Zhang et al., 2010). Its
ability to interact directly with monocytes (via Flt-1), NK T cells,
and CD3+ T cells (via Flt-1 and KDR) to facilitate chemotactic
activity is likely of great pathophysiological importance in rejec-
tion (Edelbauer et al., 2010; Zhang et al., 2010). In addition, VEGF
induces the expression of adhesion molecules and chemokines in
EC (Melder et al., 1996; Marumo et al., 1999; Kim et al., 2001; Rein-
ders et al., 2003a; Boulday et al., 2006), and classically enhances
vascular permeability (Brown et al., 1997; Basu et al., 2001). All of
these events are characteristic of acute and chronic inflammation
(Cotran, 1994).

In models of chronic rejection, it was demonstrated that
overexpression of VEGF mobilizes bone marrow derived mono-
cyte/macrophages and accelerates the development of allograft
vasculopathy (Lemstrom et al., 2002; Zhao et al., 2002). Further,
it was found that blockade of VEGF receptor 2 (KDR) signaling
decreases monocyte recruitment into vascular lesions and atten-
uates the development of graft arteriosclerosis (Lemstrom et al.,
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2002; Zhao et al., 2002). We found that KDR is expressed on CD3+
infiltrates within rejecting human allografts in vivo, and that both
anti-VEGF and anti-KDR antibodies inhibit the transmigration
of CD4+ and CD8+ T cells across activated EC using an in vitro
live-time transmigration model (Edelbauer et al., 2010). Using a
huSCID mouse model of lymphocyte trafficking, we also demon-
strated that KDR-expressing lymphocytes migrate into human
skin in vivo, and that migration is reduced in mice treated with
a blocking anti-VEGF antibody (Edelbauer et al., 2010). Collec-
tively, these observations demonstrate that induced expression of
KDR on subsets of T cells, and locally expressed VEGF facilitate
lymphocyte chemotaxis. They support a model whereby intra-
graft VEGF mediates the localization of T cells in association with
chronic rejection.

In another recent report, Zhang et al. (2010) used an anti-
human VEGF antibody to study the effect of VEGF blockade on
the development of allograft vasculopathy in a humanized model
in SCID mice. They found that anti-VEGF inhibited intragraft
accumulation of T cells without affecting T cell activation. In addi-
tion, they observed that anti-VEGF treatment inhibited neointimal
formation within human coronary artery grafts in the humanized
mouse. The authors suggested that the T cell chemoattractive effect
of VEGF was mediated in part via interactions with a subpopula-
tion of Flt-1-expressing CD3+ T cells. Thus, intragraft VEGF may
also contribute to vascular remodeling and allograft vasculopathy
by enhancing T cell recruitment into the intima of large vessels.

Collectively, these observations indicate that VEGF has potent
pro-inflammatory properties under pathological conditions in
association with the development of chronic rejection and allo-
graft vasculopathy.

OVERALL SUMMARY AND PERSPECTIVE
In this review, we have discussed a paradigm where leukocyte-
induced angiogenesis, local tissue hypoxia, and the overexpression
of VEGF sustain an intragraft microenvironment that fosters the
development of chronic allograft rejection. We have also defined
EC-based events within the allograft microenvironment that are
associated with chronic rejection. The first are changes in the
microcirculation resulting from destruction of the microvascu-
lature. The second are changes in the microcirculation resulting
from EC proliferation and leukocyte-induced angiogenesis. Both
events are likely to disrupt normal blood flow patterns within
the graft and result in local areas of tissue hypoxia. In addition,

EC undergoing proliferation express adhesion molecules and
chemokines that support pro-inflammation, providing another
mechanism whereby the angiogenesis reaction may sustain ongo-
ing tissue injury. A third intragraft determinant of chronic disease
is the development of EndMT. While the mechanism underly-
ing EndMT is controversial, there is sufficient evidence to suggest
that inflammation and EC proliferation is associated with peri-
cyte loss, which likely precedes microvascular capillary loss and
the development of fibrosis. Whether the pericyte or the EC, or
both, ultimately dedifferentiate into collagen-producing cells is
being debated. Nevertheless, it has been reported that cytokines
and growth factors, including TGFβ (Booth and Bishop, 2010),
can accelerate this fibrotic reaction. Although beyond the scope of
this review, TGFβ may also be a key aspect of the chronic rejection
intragraft microenvironment (Jain et al., 2000). Finally, we propose
that a fourth and key determinant of chronic rejection is intragraft
overexpression of VEGF, which functions to facilitate both inflam-
mation and pathological EC proliferation/angiogenesis. While
VEGF may be delivered into allografts by inflammatory infiltrates,
such as monocytes and activated T cells, the immune response
can also elicit the local overproduction of VEGF within the graft.
Overall, in this review we provide insight into novel aspects of
the intragraft microenvironment that contribute to the develop-
ment of chronic rejection and long-term attrition of allografts
following transplantation. The importance of this paradigm is
that it identifies key areas for future therapeutic targeting to pre-
vent the progression of chronic rejection following solid organ
transplantation.

ACKNOWLEDGMENTS
The work cited in this review was supported by NIH Grants
R01AI046756, RO1HL074436, R01AI092305-01, R21HL104602-
01, T32DK007726-28, T32HL07572, and UL1RR025758 (Harvard
Catalyst). Sarah Bruneau was supported by a Fellowship grant
from the American Society of Transplantation. Alan Contreras
was supported by a Fellowship grant from the American Society of
Transplant Surgeons. The authors wish to acknowledge past mem-
bers of the laboratory who worked on these projects, and we are
grateful for the support of technicians for their ongoing efforts.
We are also indebted to the support of our collaborators, most
especially Dr. Rakesh Jain for stimulating our interest in this area
of research, and to Drs. Debabrata Mukhopadhyay and Michael
Klagsbrun for ongoing scientific interactions.

REFERENCES
Abramson, L. P., Pahl, E., Huang,

L., Stellmach, V., Rodgers, S.,
Mavroudis, C., Backer, C. L.,
Arensman, R. M., and Craw-
ford, S. E. (2002). Serum vascu-
lar endothelial growth factor as
a surveillance marker for cellu-
lar rejection in pediatric cardiac
transplantation. Transplantation 73,
153–156.

Alon, T., Hemo, I., Itin, A., Pe’Er, J.,
Stone, J., and Keshet, E. (1995). Vas-
cular endothelial growth factor acts

as a survival factor for newly formed
retinal vessels and has implications
for retinopathy of prematurity. Nat.
Med. 1, 1024–1028.

Amano, K., Okigaki, M., Adachi, Y.,
Fujiyama, S., Mori, Y., Kosaki,
A., Iwasaka, T., and Matsubara,
H. (2004). Mechanism for IL-
1 beta-mediated neovascularization
unmasked by IL-1 beta knock-out
mice. J. Mol. Cell. Cardiol. 36,
469–480.

Arciniegas, E., Sutton, A. B., Allen,
T. D., and Schor, A. M. (1992).

Transforming growth factor beta
1 promotes the differentiation
of endothelial cells into smooth
muscle-like cells in vitro. J. Cell. Sci.
103(Pt 2), 521–529.

Arora, S., Ueland, T., Wennerblom, B.,
Sigurdadottir,V., Eiskjaer, H., Botker,
H. E., Ekmehag, B., Jansson, K.,
Mortensen, S. A., Saunamaki, K.,
Simonsen, S., Gude, E., Bendz, B.,
Solbu, D., Aukrust, P., and Gullestad,
L. (2011). Effect of everolimus intro-
duction on cardiac allograft vascu-
lopathy – results of a randomized,

multicenter trial. Transplantation 92,
235–243.

Atkinson, C., Southwood, M., Pitman,
R., Phillpotts, C., Wallwork, J., and
Goddard, M. (2005). Angiogene-
sis occurs within the intimal pro-
liferation that characterizes trans-
plant coronary artery vasculopa-
thy. J. Heart Lung Transplant. 24,
551–558.

Auerbach, R., and Sidky, Y. A. (1979).
Nature of the stimulus leading to
lymphocyte-induced angiogenesis.
J. Immunol. 123, 751–754.

Frontiers in Immunology | Immunological Tolerance April 2012 | Volume 3 | Article 54 | 227

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


Bruneau et al. The intragraft microenvironment

Aydin, Z., van Zonneveld, A. J., de
Fijter, J. W., and Rabelink, T. J.
(2007). New horizons in prevention
and treatment of ischaemic injury
to kidney transplants. Nephrol. Dial.
Transplant. 22, 342–346.

Babu, A. N., Murakawa, T., Thurman,
J. M., Miller, E. J., Henson, P. M.,
Zamora, M. R., Voelkel, N. F., and
Nicolls, M. R. (2007). Microvascular
destruction identifies murine allo-
grafts that cannot be rescued from
airway fibrosis. J. Clin. Invest. 117,
3774–3785.

Barleon, B., Sozzani, S., Zhou, D.,
Weich, H. A., Mantovani, A., and
Marme, D. (1996). Migration of
human monocytes in response to
vascular endothelial growth fac-
tor (VEGF) is mediated via the
VEGF receptor flt-1. Blood 87,
3336–3343.

Basu, A., Hoerning, A., Datta, D., Edel-
bauer, M., Stack, M. P., Calzadilla, K.,
Pal, S., and Briscoe, D. M. (2010).
Cutting edge: vascular endothe-
lial growth factor-mediated signal-
ing in human CD45RO+ CD4+
T cells promotes Akt and ERK
activation and costimulates IFN-
gamma production. J. Immunol. 184,
545–549.

Basu, S., Nagy, J. A., Pal, S., Vasile,
E., Eckelhoefer, I. A., Bliss, V. S.,
Manseau, E. J., Dasgupta, P. S.,
Dvorak, H. F., and Mukhopad-
hyay, D. (2001). The neurotrans-
mitter dopamine inhibits angio-
genesis induced by vascular per-
meability factor/vascular endothe-
lial growth factor. Nat. Med. 7,
569–574.

Bishop, G. A., Waugh, J. A., Lan-
ders, D. V., Krensky, A. M., and
Hall, B. M. (1989). Microvascu-
lar destruction in renal trans-
plant rejection. Transplantation 48,
408–414.

Booth, A. J., and Bishop, D. K.
(2010). TGF-beta, IL-6, IL-17 and
CTGF direct multiple pathologies of
chronic cardiac allograft rejection.
Immunotherapy 2, 511–520.

Boulday, G., Haskova, Z., Reinders,
M. E., Pal, S., and Briscoe, D. M.
(2006). Vascular endothelial growth
factor-induced signaling pathways
in endothelial cells that mediate
overexpression of the chemokine
IFN-gamma-inducible protein of 10
kDa in vitro and in vivo. J. Immunol.
176, 3098–3107.

Bourbie-Vaudaine, S., Blanchard, N.,
Hivroz, C., and Romeo, P. H. (2006).
Dendritic cells can turn CD4+ T
lymphocytes into vascular endothe-
lial growth factor-carrying cells
by intercellular neuropilin-1

transfer. J. Immunol. 177,
1460–1469.

Briscoe, D. M., Alexander, S. I., and
Lichtman, A. H. (1998). Interac-
tions between T lymphocytes and
endothelial cells in allograft rejec-
tion. Curr. Opin. Immunol. 10,
525–531.

Briscoe, D. M., Dharnidharka, V. R.,
Isaacs, C., Downing, G., Prosky,
S., Shaw, P., Parenteau, N. L., and
Hardin-Young, J. (1999). The allo-
geneic response to cultured human
skin equivalent in the hu-PBL-SCID
mouse model of skin rejection.
Transplantation 67, 1590–1599.

Briscoe, D. M., and Pal, S. (2008).
Assessing the vascular effects of
early erythropoietin use in pedi-
atric renal transplant recipients. Nat.
Clin. Pract. Nephrol. 4, 136–137.

Briscoe, D. M., and Sayegh, M.
H. (2002). A rendezvous before
rejection: where do T cells meet
transplant antigens? Nat. Med. 8,
220–222.

Brown, L. F., Detmar, M., Claffey, K.,
Nagy, J. A., Feng, D., Dvorak, A.
M., and Dvorak, H. F. (1997). Vas-
cular permeability factor/vascular
endothelial growth factor: a multi-
functional angiogenic cytokine. EXS
79, 233–269.

Brown, L. F., Olbricht, S. M., Berse,
B., Jackman, R. W., Matsueda,
G., Tognazzi, K. A., Manseau,
E. J., Dvorak, H. F., and Van
de Water, L. (1995). Overexpres-
sion of vascular permeability factor
(VPF/VEGF) and its endothelial cell
receptors in delayed hypersensitiv-
ity skin reactions. J. Immunol. 154,
2801–2807.

Bruder, D., Probst-Kepper, M., Westen-
dorf, A. M., Geffers, R., Beissert, S.,
Loser, K., von Boehmer, H., Buer, J.,
and Hansen, W. (2004). Neuropilin-
1: a surface marker of regula-
tory T cells. Eur. J. Immunol. 34,
623–630.

Carmeliet, P., and Jain, R. K. (2000).
Angiogenesis in cancer and other
diseases. Nature 407, 249–257.

Catalano, A., Caprari, P., Moretti, S.,
Faronato, M., Tamagnone, L., and
Procopio, A. (2006). Semaphorin-
3A is expressed by tumor cells and
alters T-cell signal transduction and
function. Blood 107, 3321–3329.

Chapoval, S. P., Lee, C. G., Tang, C., Kee-
gan, A. D., Cohn, L., Bottomly, K.,
and Elias, J. A. (2009). Lung vascu-
lar endothelial growth factor expres-
sion induces local myeloid dendritic
cell activation. Clin. Immunol. 132,
371–384.

Chiodoni, C., Iezzi, M., Guiducci, C.,
Sangaletti, S., Alessandrini, I., Ratti,

C., Tiboni, F., Musiani, P., Granger,
D. N., and Colombo, M. P. (2006).
Triggering CD40 on endothelial cells
contributes to tumor growth. J. Exp.
Med. 203, 2441–2450.

Choi, Y. J., Chakraborty, S., Nguyen,
V., Nguyen, C., Kim, B. K., Shim,
S. I., Suki, W. N., and Truong, L.
D. (2000). Peritubular capillary loss
is associated with chronic tubu-
lointerstitial injury in human kid-
ney: altered expression of vascu-
lar endothelial growth factor. Hum.
Pathol. 31, 1491–1497.

Clauss, M., Weich, H., Breier, G., Knies,
U., Rockl, W., Waltenberger, J., and
Risau, W. (1996). The vascular
endothelial growth factor receptor
Flt-1 mediates biological activities.
Implications for a functional role of
placenta growth factor in monocyte
activation and chemotaxis. J. Biol.
Chem. 271, 17629–17634.

Contreras, A. G., and Briscoe, D. M.
(2007). Every allograft needs a sil-
ver lining. J. Clin. Invest. 117,
3645–3648.

Contreras, A. G., Dormond, O., Edel-
bauer, M., Calzadilla, K., Hoern-
ing, A., Pal, S., and Briscoe, D. M.
(2008). mTOR-understanding the
clinical effects. Transplant. Proc. 40,
S9–S12.

Cotran, R. S. (1994).“Inflammation and
repair,” in Pathologic Basis of Dis-
ease, eds R. S. Cotran, V. Kumar, and
S. L. Robbins (Philadelphia: W. B.
Saunders), 51–92.

Daly, K., Seifert, M., Stack, M., Chan-
draker, A., Zurakowski, D., Nohria,
A., Givertz, M., Karumanchi, A., and
Briscoe, D. M. (2011). Identifica-
tion of highly sensitive and specific
biomarker panel for the diagnosis
of chronic rejection/allograft vas-
culopathy following human cardiac
transplantation. Am. J. Transplant.
11, 68–69.

Denton, M. D., Davis, S. F., Baum,
M. A., Melter, M., Reinders, M.
E., Exeni, A., Samsonov, D. V.,
Fang, J., Ganz, P., and Briscoe, D.
M. (2000). The role of the graft
endothelium in transplant rejec-
tion: evidence that endothelial acti-
vation may serve as a clinical marker
for the development of chronic
rejection. Pediatr. Transplant. 4,
252–260.

Denton, M. D., Magee, C., Melter,
M., Dharnidharka, V. R., Sayegh,
M. H., and Briscoe, D. M. (2004).
TNP-470, an angiogenesis inhibitor,
attenuates the development of allo-
graft vasculopathy. Transplantation
78, 1218–1221.

Detmar, M., Brown, L. F., Schon,
M. P., Elicker, B. M., Velasco, P.,

Richard, L., Fukumura, D., Mon-
sky, W., Claffey, K. P., and Jain,
R. K. (1998). Increased microvas-
cular density and enhanced leuko-
cyte rolling and adhesion in the skin
of VEGF transgenic mice. J. Invest.
Dermatol. 111, 1–6.

Detoraki, A., Granata, F., Staibano,
S., Rossi, F. W., Marone, G., and
Genovese, A. (2010). Angiogen-
esis and lymphangiogenesis in
bronchial asthma. Allergy 65,
946–958.

Dias, S., Hattori, K., Zhu, Z., Heis-
sig, B., Choy, M., Lane, W., Wu, Y.,
Chadburn, A., Hyjek, E., Gill, M.,
Hicklin, D. J., Witte, L., Moore, M.
A., and Rafii, S. (2000). Autocrine
stimulation of VEGFR-2 activates
human leukemic cell growth and
migration. J. Clin. Invest. 106,
511–521.

Dormond, O., Contreras, A. G., Mei-
jer, E., Datta, D., Flynn, E., Pal,
S., and Briscoe, D. M. (2008).
CD40-induced signaling in human
endothelial cells results in mTORC2-
and Akt-dependent expression of
vascular endothelial growth factor
in vitro and in vivo. J. Immunol. 181,
8088–8095.

Dormond, O., Madsen, J. C., and
Briscoe, D. M. (2007). The effects
of mTOR-Akt interactions on anti-
apoptotic signaling in vascular
endothelial cells. J. Biol. Chem. 282,
23679–23686.

Duh,E., and Aiello,L. P. (1999).Vascular
endothelial growth factor and dia-
betes: the agonist versus antagonist
paradox. Diabetes 48, 1899–1906.

Edelbauer, M., Datta, D., Vos, I. H.,
Basu, A., Stack, M. P., Reinders, M.
E., Sho, M., Calzadilla, K., Ganz,
P., and Briscoe, D. M. (2010).
Effect of vascular endothelial growth
factor and its receptor KDR on
the transendothelial migration and
local trafficking of human T cells
in vitro and in vivo. Blood 116,
1980–1989.

Ezaki, T., Baluk, P., Thurston, G., La
Barbara, A., Woo, C., and McDon-
ald, D. M. (2001). Time course
of endothelial cell proliferation
and microvascular remodeling in
chronic inflammation. Am. J. Pathol.
158, 2043–2055.

Fava, R. A., Olsen, N. J., Spencer-
Green, G., Yeo, K. T., Yeo, T. K.,
Berse, B., Jackman, R. W., Senger,
D. R., Dvorak, H. F., and Brown,
L. F. (1994). Vascular permeabil-
ity factor/endothelial growth fac-
tor (VPF/VEGF): accumulation and
expression in human synovial flu-
ids and rheumatoid synovial tissue.
J. Exp. Med. 180, 341–346.

www.frontiersin.org April 2012 | Volume 3 | Article 54 | 228

http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


Bruneau et al. The intragraft microenvironment

Ferrara, N. (2005). The role of VEGF
in the regulation of physiological
and pathological angiogenesis. EXS
209–231.

Ferrara, N., and Alitalo, K. (1999).
Clinical applications of angiogenic
growth factors and their inhibitors.
Nat. Med. 5, 1359–1364.

Ferrara, N., Carver-Moore, K., Chen,
H., Dowd, M., Lu, L., O’Shea, K.
S., Powell-Braxton, L., Hillan, K. J.,
and Moore, M. W. (1996). Heterozy-
gous embryonic lethality induced by
targeted inactivation of the VEGF
gene. Nature 380, 439–442.

Ferrara, N., and Kerbel, R. S. (2005).
Angiogenesis as a therapeutic target.
Nature 438, 967–974.

Fine, L. G., and Norman, J. T. (2008).
Chronic hypoxia as a mechanism
of progression of chronic kid-
ney diseases: from hypothesis to
novel therapeutics. Kidney Int. 74,
867–872.

Folkman, J. (1995a). Angiogenesis in
cancer, vascular, rheumatoid and
other disease. Nat. Med. 1, 27–31.

Folkman, J. (1995b). Seminars in Med-
icine of the Beth Israel Hospi-
tal, Boston. Clinical applications of
research on angiogenesis. N. Engl. J.
Med. 333, 1757–1763.

Folkman, J., and Brem, H. (1992).
“Angiogenesis and inflammation,” in
Inflammation: Basic Principles and
Clinical Correlates, eds J. I. Gallin,
I. M. Goldstein, and R. Synderman
(New York: Raven Press), 821–839.

Freeman, M. R., Schneck, F. X., Gagnon,
M. L., Corless, C., Soker, S., Nikne-
jad, K., Peoples, G. E., and Klags-
brun, M. (1995). Peripheral blood T
lymphocytes and lymphocytes infil-
trating human cancers express vas-
cular endothelial growth factor: a
potential role for T cells in angio-
genesis. Cancer Res. 55, 4140–4145.

Fukumura, D., and Jain, R. K. (2007).
Tumor microvasculature and
microenvironment: targets for anti-
angiogenesis and normalization.
Microvasc. Res. 74, 72–84.

Gabrilovich, D., Ishida, T., Oyama, T.,
Ran, S., Kravtsov, V., Nadaf, S.,
and Carbone, D. P. (1998). Vascu-
lar endothelial growth factor inhibits
the development of dendritic cells
and dramatically affects the differ-
entiation of multiple hematopoi-
etic lineages in vivo. Blood 92,
4150–4166.

Gerber, H. P., Hillan, K. J., Ryan, A. M.,
Kowalski, J., Keller, G. A., Rangell,
L., Wright, B. D., Radtke, F., Aguet,
M., and Ferrara, N. (1999). VEGF
is required for growth and survival
in neonatal mice. Development 126,
1149–1159.

Giraudo, E., Primo, L., Audero, E.,
Gerber, H. P., Koolwijk, P., Soker,
S., Klagsbrun, M., Ferrara, N., and
Bussolino, F. (1998). Tumor necro-
sis factor-alpha regulates expres-
sion of vascular endothelial growth
factor receptor-2 and of its co-
receptor neuropilin-1 in human vas-
cular endothelial cells. J. Biol. Chem.
273, 22128–22135.

Girnita, D. M., Brooks, M. M., Web-
ber, S. A., Burckart, G. J., Fer-
rell, R., Zdanowicz, G., DeCroo, S.,
Smith, L., Chinnock, R., Canter, C.,
Addonizio, L., Bernstein, D., Kirklin,
J. K., Ranganathan, S., Naftel, D.,
Girnita, A. L., and Zeevi, A. (2008).
Genetic polymorphisms impact the
risk of acute rejection in pedi-
atric heart transplantation: a multi-
institutional study. Transplantation
85, 1632–1639.

Goel, S., Duda, D. G., Xu, L., Munn, L. L.,
Boucher, Y., Fukumura, D., and Jain,
R. K. (2011). Normalization of the
vasculature for treatment of cancer
and other diseases. Physiol. Rev. 91,
1071–1121.

Griga, T., Voigt, E., Gretzer, B., Brasch,
F., and May, B. (1999). Increased
production of vascular endothelial
growth factor by intestinal mucosa
of patients with inflammatory bowel
disease. Hepatogastroenterology 46,
920–923.

Halloran, P. F., de Freitas, D. G., Einecke,
G., Famulski, K. S., Hidalgo, L. G.,
Mengel, M., Reeve, J., Sellares, J., and
Sis, B. (2010). The molecular phe-
notype of kidney transplants. Am. J.
Transplant. 10, 2215–2222.

Hanto, D. W., Maki, T., Yoon, M. H.,
Csizmadia, E., Chin, B. Y., Gallo, D.,
Konduru, B., Kuramitsu, K., Smith,
N. R., Berssenbrugge, A., Attana-
sio, C., Thomas, M., Wegiel, B.,
and Otterbein, L. E. (2010). Intra-
operative administration of inhaled
carbon monoxide reduces delayed
graft function in kidney allografts
in Swine. Am. J. Transplant. 10,
2421–2430.

Hashimoto, N., Phan, S. H., Imaizumi,
K., Matsuo, M., Nakashima, H.,
Kawabe, T., Shimokata, K., and
Hasegawa, Y. (2010). Endothelial-
mesenchymal transition in
bleomycin-induced pulmonary
fibrosis. Am. J. Respir. Cell Mol. Biol.
43, 161–172.

Hoshino, M., Takahashi, M., and Aoike,
N. (2001). Expression of vascu-
lar endothelial growth factor, basic
fibroblast growth factor, and angio-
genin immunoreactivity in asth-
matic airways and its relationship
to angiogenesis. J. Allergy Clin.
Immunol. 107, 295–301.

Huang, S. P., Wu, M. S., Shun, C. T.,
Wang, H. P., Lin, M. T., Kuo, M. L.,
and Lin, J. T. (2004). Interleukin-
6 increases vascular endothelial
growth factor and angiogenesis in
gastric carcinoma. J. Biomed. Sci. 11,
517–527.

Humphreys, B. D., Lin, S. L., Kobayashi,
A., Hudson, T. E., Nowlin, B. T.,
Bonventre, J. V., Valerius, M. T.,
McMahon, A. P., and Duffield, J.
S. (2010). Fate tracing reveals the
pericyte and not epithelial origin
of myofibroblasts in kidney fibrosis.
Am. J. Pathol. 176, 85–97.

Ingulli, E., Alexander, S. I., and Briscoe,
D. M. (2009). “Transplantation
immunology,” in Pediatric Nephrol-
ogy, eds E. D. Avner,W. E. Harmon,P.
Niaudet, and N. Yoshikawa (Berlin:
Springer-Verlag), 1835–1866.

Inoue, M., Itoh, H., Ueda, M., Naruko,
T., Kojima, A., Komatsu, R., Doi, K.,
Ogawa, Y., Tamura, N., Takaya, K.,
Igaki, T., Yamashita, J., Chun, T. H.,
Masatsugu, K., Becker, A. E., and
Nakao, K. (1998). Vascular endothe-
lial growth factor (VEGF) expression
in human coronary atherosclerotic
lesions: possible pathophysiological
significance of VEGF in progres-
sion of atherosclerosis. Circulation
98, 2108–2116.

Jain, R. K. (2005). Normalization of
tumor vasculature: an emerging
concept in antiangiogenic therapy.
Science 307, 58–62.

Jain, R. K. (2008). Taming vessels to treat
cancer. Sci. Am. 298, 56–63.

Jain, R. K., Koenig, G. C., Dellian,
M., Fukumura, D., Munn, L. L.,
and Melder, R. J. (1996). Leuko-
cyte endothelial adhesion and angio-
genesis in tumors. Cancer Metastasis
Rev. 15, 195–204.

Jain, S., Furness, P. N., and Nicholson,
M. L. (2000). The role of transform-
ing growth factor beta in chronic
renal allograft nephropathy. Trans-
plantation 69, 1759–1766.

Jain, S., Mohamed, M. A., Sandford,
R., Furness, P. N., Nicholson, M. L.,
and Talbot, D. (2002). Sequential
protocol biopsies from renal trans-
plant recipients show an increas-
ing expression of active TGF beta.
Transpl. Int. 15, 630–634.

Johnson, D. W., Forman, C., and Vesey,
D. A. (2006). Novel renoprotective
actions of erythropoietin: new uses
for an old hormone. Nephrology
(Carlton) 11, 306–312.

Kaminski, M., and Auerbach, R. (1988).
Angiogenesis induction by CD-4
positive lymphocytes. Proc. Soc. Exp.
Biol. Med. 188, 440–443.

Kanazawa, S., Tsunoda, T., Onuma,
E., Majima, T., Kagiyama, M., and

Kikuchi, K. (2001). VEGF, basic-
FGF, and TGF-beta in Crohn’s dis-
ease and ulcerative colitis: a novel
mechanism of chronic intestinal
inflammation. Am. J. Gastroenterol.
96, 822–828.

Kang, D. H., Joly, A. H., Oh, S. W.,
Hugo, C., Kerjaschki, D., Gordon,
K. L., Mazzali, M., Jefferson, J. A.,
Hughes, J., Madsen, K. M., Schreiner,
G. F., and Johnson, R. J. (2001a).
Impaired angiogenesis in the rem-
nant kidney model: I. Potential role
of vascular endothelial growth factor
and thrombospondin-1. J. Am. Soc.
Nephrol. 12, 1434–1447.

Kang, D. H., Hughes, J., Mazzali, M.,
Schreiner, G. F., and Johnson, R.
J. (2001b). Impaired angiogenesis
in the remnant kidney model: II.
Vascular endothelial growth factor
administration reduces renal fibrosis
and stabilizes renal function. J. Am.
Soc. Nephrol. 12, 1448–1457.

Kang, D. H., Kanellis, J., Hugo, C.,
Truong, L., Anderson, S., Kerjaschki,
D., Schreiner, G. F., and Johnson, R.
J. (2002). Role of the microvascu-
lar endothelium in progressive renal
disease. J. Am. Soc. Nephrol. 13,
806–816.

Kim, I., Moon, S. O., Kim, S. H.,
Kim, H. J., Koh, Y. S., and Koh,
G. Y. (2001). Vascular endothelial
growth factor expression of intercel-
lular adhesion molecule 1 (ICAM-
1), vascular cell adhesion molecule 1
(VCAM-1), and E-selectin through
nuclear factor-kappa B activation in
endothelial cells. J. Biol. Chem. 276,
7614–7620.

Kim, Y. S., Hong, S. W., Choi, J. P., Shin,
T. S., Moon, H. G., Choi, E. J., Jeon, S.
G., Oh, S. Y., Gho, Y. S., Zhu, Z., and
Kim, Y. K. (2009). Vascular endothe-
lial growth factor is a key mediator
in the development of T cell prim-
ing and its polarization to type 1 and
type 17 T helper cells in the airways.
J. Immunol. 183, 5113–5120.

Klagsbrun, M., and D’Amore, P.
A. (1996). Vascular endothelial
growth factor and its receptors.
Cytokine Growth Factor Rev. 7,
259–270.

Koch, A. E., Harlow, L. A., Haines, G.
K., Amento, E. P., Unemori, E. N.,
Wong, W. L., Pope, R. M., and Fer-
rara, N. (1994). Vascular endothelial
growth factor. A cytokine modulat-
ing endothelial function in rheuma-
toid arthritis. J. Immunol. 152,
4149–4156.

Koch, A. E., Polverini, P. J., and
Leibovich, S. J. (1986). Induction
of neovascularization by activated
human monocytes. J. Leukoc. Biol.
39, 233–238.

Frontiers in Immunology | Immunological Tolerance April 2012 | Volume 3 | Article 54 | 229

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


Bruneau et al. The intragraft microenvironment

Kokudo, T., Suzuki, Y., Yoshimatsu,
Y., Yamazaki, T., Watabe, T., and
Miyazono, K. (2008). Snail is
required for TGFbeta-induced
endothelial-mesenchymal transi-
tion of embryonic stem cell-derived
endothelial cells. J. Cell. Sci. 121,
3317–3324.

Kreisel, D., Krupnick, A. S., Gelman,
A. E., Engels, F. H., Popma, S.
H., Krasinskas, A. M., Balsara, K.
R., Szeto, W. Y., Turka, L. A.,
and Rosengard, B. R. (2002). Non-
hematopoietic allograft cells directly
activate CD8+ T cells and trigger
acute rejection: an alternative mech-
anism of allorecognition. Nat. Med.
8, 233–239.

Laxmanan, S., Robertson, S. W., Wang,
E., Lau, J. S., Briscoe, D. M.,
and Mukhopadhyay, D. (2005).
Vascular endothelial growth factor
impairs the functional ability of den-
dritic cells through Id pathways.
Biochem. Biophys. Res. Commun.
334, 193–198.

Lee, C. G., Link, H., Baluk, P., Homer,
R. J., Chapoval, S., Bhandari, V.,
Kang, M. J., Cohn, L., Kim, Y.
K., McDonald, D. M., and Elias,
J. A. (2004). Vascular endothe-
lial growth factor (VEGF) induces
remodeling and enhances TH2-
mediated sensitization and inflam-
mation in the lung. Nat. Med. 10,
1095–1103.

Lee, S., Chen, T. T., Barber, C. L.,
Jordan, M. C., Murdock, J., Desai,
S., Ferrara, N., Nagy, A., Roos,
K. P., and Iruela-Arispe, M. L.
(2007). Autocrine VEGF signaling is
required for vascular homeostasis.
Cell 130, 691–703.

Leibovich, S. J., Polverini, P. J., Fong,
T. W., Harlow, L. A., and Koch,
A. E. (1994). Production of angio-
genic activity by human monocytes
requires an L-arginine/nitric oxide-
synthase-dependent effector mecha-
nism. Proc. Natl. Acad. Sci. U.S.A. 91,
4190–4194.

Leibovich, S. J., Polverini, P. J.,
Shepard, H. M., Wiseman, D.
M., Shively, V., and Nuseir, N.
(1987). Macrophage-induced angio-
genesis is mediated by tumour
necrosis factor-alpha. Nature 329,
630–632.

Leibovich, S. J., and Wiseman, D. M.
(1988). Macrophages, wound repair
and angiogenesis. Prog. Clin. Biol.
Res. 266, 131–145.

Lemstrom, K. B., Krebs, R., Nykanen, A.
I.,Tikkanen, J. M.,Sihvola,R. K.,Aal-
tola, E. M., Hayry, P. J., Wood, J., Ali-
talo, K., Yla-Herttuala, S., and Kosk-
inen, P. K. (2002). Vascular endothe-
lial growth factor enhances cardiac

allograft arteriosclerosis. Circulation
105, 2524–2530.

Leonard, E. C., Friedrich, J. L., and
Basile, D. P. (2008). VEGF-121 pre-
serves renal microvessel structure
and ameliorates secondary renal dis-
ease following acute kidney injury.
Am. J. Physiol. Renal Physiol. 295,
F1648–F1657.

Leung, D. W., Cachianes, G., Kuang,
W. J., Goeddel, D. V., and Fer-
rara, N. (1989). Vascular endothe-
lial growth factor is a secreted
angiogenic mitogen. Science 246,
1306–1309.

Li, J., Qu, X., and Bertram, J.
F. (2009). Endothelial-myofibroblast
transition contributes to the early
development of diabetic renal inter-
stitial fibrosis in streptozotocin-
induced diabetic mice. Am. J. Pathol.
175, 1380–1388.

Libby,P., and Pober, J. S. (2001). Chronic
rejection. Immunity 14, 387–397.

Majno, G. (1998). Chronic inflamma-
tion: links with angiogenesis and
wound healing. Am. J. Pathol. 153,
1035–1039.

Malmstrom, N. K., Kallio, E. A., Rin-
tala, J. M., Nykanen, A. I., Raisanen-
Sokolowski, A. K., Paavonen, T.,
Lemstrom, K. B., and Koskinen,
P. K. (2008). Vascular endothelial
growth factor in chronic rat allograft
nephropathy. Transpl. Immunol. 19,
136–144.

Mannon, R. B. (2006). Therapeutic
targets in the treatment of allo-
graft fibrosis. Am. J. Transplant. 6,
867–875.

Markwald, R. R., Fitzharris, T. P., and
Smith, W. N. (1975). Structural
analysis of endocardial cytodifferen-
tiation. Dev. Biol. 42, 160–180.

Marumo, T., Schini-Kerth, V. B., and
Busse, R. (1999). Vascular endothe-
lial growth factor activates nuclear
factor-kappaB and induces mono-
cyte chemoattractant protein-1 in
bovine retinal endothelial cells. Dia-
betes 48, 1131–1137.

Matsumoto, T., and Mugishima, H.
(2006). Signal transduction via
vascular endothelial growth fac-
tor (VEGF) receptors and their
roles in atherogenesis. J. Atheroscler.
Thromb. 13, 130–135.

Mayer, G. (2011). Capillary rarefaction,
hypoxia, VEGF and angiogenesis in
chronic renal disease. Nephrol. Dial.
Transplant. 26, 1132–1137.

McDonald, D. M. (2001). Angiogene-
sis and remodeling of airway vas-
culature in chronic inflammation.
Am. J. Respir. Crit. Care Med. 164,
S39–S45.

Medici, D., Shore, E. M., Lounev, V. Y.,
Kaplan, F. S., Kalluri, R., and Olsen,

B. R. (2010). Conversion of vascu-
lar endothelial cells into multipo-
tent stem-like cells. Nat. Med. 16,
1400–1406.

Melder, R. J., Koenig, G. C., Witwer, B.
P., Safabakhsh, N., Munn, L. L., and
Jain, R. K. (1996). During angiogen-
esis, vascular endothelial growth fac-
tor and basic fibroblast growth factor
regulate natural killer cell adhesion
to tumor endothelium. Nat. Med. 2,
992–997.

Melter, M., Reinders, M. E., Sho, M.,
Pal, S., Geehan, C., Denton, M. D.,
Mukhopadhyay, D., and Briscoe, D.
M. (2000). Ligation of CD40 induces
the expression of vascular endothe-
lial growth factor by endothelial cells
and monocytes and promotes angio-
genesis in vivo. Blood 96, 3801–3808.

Miao, H. Q., and Klagsbrun, M. (2000).
Neuropilin is a mediator of angio-
genesis. Cancer Metastasis Rev. 19,
29–37.

Mizui, M., Kumanogoh, A., and
Kikutani, H. (2009). Immune
semaphorins: novel features of
neural guidance molecules. J. Clin.
Immunol. 1, 1–11.

Mor, F., Quintana, F. J., and Cohen, I. R.
(2004). Angiogenesis-inflammation
cross-talk: vascular endothelial
growth factor is secreted by acti-
vated T cells and induces Th1
polarization. J. Immunol. 172,
4618–4623.

Moulton, K. S., Melder, R. J., Dharnid-
harka, V. R., Hardin-Young, J., Jain,
R. K., and Briscoe, D. M. (1999).
Angiogenesis in the huPBL-SCID
model of human transplant rejec-
tion. Transplantation 67, 1626–1631.

Mukhopadhyay, D., Tsiokas, L., Zhou,
X. M., Foster, D., Brugge, J.
S., and Sukhatme, V. P. (1995).
Hypoxic induction of human vas-
cular endothelial growth factor
expression through c-Src activation.
Nature 375, 577–581.

Nakao, A., Choi, A. M., and Murase, N.
(2006). Protective effect of carbon
monoxide in transplantation. J. Cell.
Mol. Med. 10, 650–671.

Nykanen, A. I., Krebs, R., Saaristo,
A., Turunen, P., Alitalo, K., Yla-
Herttuala, S., Koskinen, P. K.,
and Lemstrom, K. B. (2003).
Angiopoietin-1 protects against the
development of cardiac allograft
arteriosclerosis. Circulation 107,
1308–1314.

Oberbauer, R., Segoloni, G., Campistol,
J. M., Kreis, H., Mota, A., Lawen, J.,
Russ, G., Grinyo, J. M., Stallone, G.,
Hartmann,A., Pinto, J. R., Chapman,
J., Burke, J. T., Brault, Y., and Ney-
lan, J. F. (2005). Early cyclosporine
withdrawal from a sirolimus-based

regimen results in better renal allo-
graft survival and renal function
at 48 months after transplantation.
Transpl. Int. 18, 22–28.

Osasan, S. A., de Freitas, D. G.,
Chang, J., Mengel, M., Halloran,
P. F., and Sis, B. (2011). Micro-
circulation endothelial cell cycling
is selectively increased in antibody-
mediated rejection of kidney trans-
plants, but not in other diseases. J.
Am. Soc. Nephrol. 22, 103A.

Peng, W., Chen, J., Jiang, Y., Shou, Z.,
Chen,Y., and Wang, H. (2008). Acute
renal allograft rejection is associ-
ated with increased levels of vas-
cular endothelial growth factor in
the urine. Nephrology (Carlton) 13,
73–79.

Pilmore, H. L., Eris, J. M., Painter, D.
M., Bishop, G. A., and McCaughan,
G. W. (1999). Vascular endothelial
growth factor expression in human
chronic renal allograft rejection.
Transplantation 67, 929–933.

Pober, J. S., Orosz, C. G., Rose, M. L.,
and Savage, C. O. S. (1996). Can
graft endothelial cells initiate a host
anti-graft immune response? Trans-
plantation 61, 343–349.

Pober, J. S., and Sessa, W. C. (2007).
Evolving functions of endothelial
cells in inflammation. Nat. Rev.
Immunol. 7, 803–815.

Polverini, P. J. (1997). Role of the
macrophage in angiogenesis-
dependent diseases. EXS 79,
11–28.

Rabelink, T. J.,Wijewickrama, D. C., and
de Koning, E. J. (2007). Peritubular
endothelium: the Achilles heel of the
kidney? Kidney Int. 72, 926–930.

Reinders, M. E., and Briscoe, D. M.
(2002). Angiogenesis and allograft
rejection. Graft 5, 96–101.

Reinders, M. E., Rabelink, T. J., and
Briscoe, D. M. (2006). Angiogen-
esis and endothelial cell repair in
renal disease and allograft rejec-
tion. J. Am. Soc. Nephrol. 17,
932–942.

Reinders, M. E., Sho, M., Izawa, A.,
Wang, P., Mukhopadhyay, D., Koss,
K. E., Geehan, C. S., Luster, A. D.,
Sayegh, M. H., and Briscoe, D. M.
(2003a). Proinflammatory functions
of vascular endothelial growth factor
in alloimmunity. J. Clin. Invest. 112,
1655–1665.

Reinders, M. E., Fang, J. C., Wong,
W., Ganz, P., and Briscoe, D. M.
(2003b). Expression patterns of vas-
cular endothelial growth factor in
human cardiac allografts: associa-
tion with rejection. Transplantation
76, 224–230.

Romeo, P. H., Lemarchandel, V., and
Tordjman, R. (2002). Neuropilin-1

www.frontiersin.org April 2012 | Volume 3 | Article 54 | 230

http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


Bruneau et al. The intragraft microenvironment

in the immune system. Adv. Exp.
Med. Biol. 515, 49–54.

Sarris, M., Andersen, K. G., Randow,
F., Mayr, L., and Betz, A. G. (2008).
Neuropilin-1 expression on regula-
tory T cells enhances their inter-
actions with dendritic cells during
antigen recognition. Immunity 28,
402–413.

Schena, F. P., Pascoe, M. D., Alberu,
J., del Carmen Rial, M., Oberbauer,
R., Brennan, D. C., Campistol, J.
M., Racusen, L., Polinsky, M. S.,
Goldberg-Alberts, R., Li, H., Scarola,
J., and Neylan, J. F. (2009). Con-
version from calcineurin inhibitors
to sirolimus maintenance therapy in
renal allograft recipients: 24-month
efficacy and safety results from the
CONVERT trial. Transplantation 87,
233–242.

Schor, A. M., Canfield, A. E., Sut-
ton, A. B., Arciniegas, E., and
Allen, T. D. (1995). Pericyte differ-
entiation. Clin. Orthop. Relat. Res.
81–91.

Shahbazi, M., Fryer, A. A., Pravica,
V., Brogan, I. J., Ramsay, H. M.,
Hutchinson, I. V., and Harden, P. N.
(2002). Vascular endothelial growth
factor gene polymorphisms are asso-
ciated with acute renal allograft
rejection. J. Am. Soc. Nephrol. 13,
260–264.

Shalaby, F., Rossant, J., Yamaguchi, T.
P., Gertsenstein, M., Wu, X. F.,
Breitman, M. L., and Schuh, A.
C. (1995). Failure of blood-island
formation and vasculogenesis in
Flk-1-deficient mice. Nature 376,
62–66.

Sharma, V. K., Bologa, R. M., Xu, G.
P., Li, B., Mouradian, J., Wang, J.,
Serur, D., Rao, V., and Suthanthi-
ran, M. (1996). Intragraft TGF-
beta 1 mRNA: a correlate of inter-
stitial fibrosis and chronic allo-
graft nephropathy. Kidney Int. 49,
1297–1303.

Shin, J. Y., Yoon, I. H., Kim, J.
S., Kim, B., and Park, C. G.
(2009). Vascular endothelial growth
factor-induced chemotaxis and IL-
10 from T cells. Cell. Immunol. 256,
72–78.

Sho, M., Akashi, S., Kanehiro, H.,
Hamada, K., Kashizuka, H., Ikeda,
N., Nomi, T., Kuzumoto, Y., Tsu-
rui, Y., Yoshiji, H., Wu, Y., Hicklin,
D. J., Briscoe, D. M., and Nakajima,
Y. (2005). Function of the vascular
endothelial growth factor receptors
Flt-1 and Flk-1/KDR in the alloim-
mune response in vivo. Transplanta-
tion 80, 717–722.

Shweiki, D., Itin, A., Soffer, D.,
and Keshet, E. (1992). Vascular
endothelial growth factor induced

by hypoxia may mediate hypoxia-
initiated angiogenesis. Nature 359,
843–845.

Sidky, Y. A., and Auerbach, R. (1975).
Lymphocyte-induced angiogenesis:
a quantitative and sensitive assay of
the graft-vs.-host reaction. J. Exp.
Med. 141, 1084–1100.

Sis, B., and Halloran, P. F. (2010).
Endothelial transcripts uncover a
previously unknown phenotype:
C4d-negative antibody-mediated
rejection. Curr. Opin. Organ
Transplant. 15, 42–48.

Sis, B., Jhangri, G. S., Bunnag, S.,
Allanach, K., Kaplan, B., and Hal-
loran, P. F. (2009). Endothelial
gene expression in kidney trans-
plants with alloantibody indicates
antibody-mediated damage despite
lack of C4d staining. Am. J. Trans-
plant. 9, 2312–2323.

Steegh, F. M., Gelens, M. A., Nieman, F.
H., van Hooff, J. P., Cleutjens, J. P.,
van Suylen, R. J., Daemen, M. J., van
Heurn, E. L., Christiaans, M. H., and
Peutz-Kootstra, C. J. (2011). Early
loss of peritubular capillaries after
kidney transplantation. J. Am. Soc.
Nephrol. 22, 1024–1029.

Strieter, R. M., Kunkel, S. L., Arenberg,
D. A., Burdick, M. D., and Polverini,
P. J. (1995a). Interferon gamma-
inducible protein 10 (IP-10), a mem-
ber of the C-X-C chemokine fam-
ily, is an inhibitor of angiogene-
sis. Biochem. Biophys. Res. Commun.
210, 51–57.

Strieter, R. M., Polverini, P. J., Arenberg,
D. A., and Kunkel, S. L. (1995b).
The role of CXC chemokines as
regulators of angiogenesis. Shock 4,
155–160.

Suzuki, H., Onishi, H., Wada, J.,
Yamasaki,A., Tanaka, H., Nakano, K.,
Morisaki, T., and Katano, M. (2010).
VEGFR2 is selectively expressed by
FOXP3high CD4+ Treg. Eur. J.
Immunol. 40, 197–203.

Suzuki, K., Kumanogoh, A., and
Kikutani, H. (2008). Semaphorins
and their receptors in immune
cell interactions. Nat. Immunol. 9,
17–23.

Takahashi, H., and Shibuya, M. (2005).
The vascular endothelial growth fac-
tor (VEGF)/VEGF receptor system
and its role under physiological and
pathological conditions. Clin. Sci.
109, 227–241.

Tanaka, H., Sukhova, G. K., and Libby, P.
(1994). Interaction of the allogeneic
state and hypercholesterolemia in
arterial lesion formation in exper-
imental cardiac allografts. Arte-
rioscler. Thromb. 14, 734–745.

Tischer, E., Mitchell, R., Hartman, T.,
Silva, M., Gospodarowicz, D., Fiddes,

J. C., and Abraham, J. A. (1991). The
human gene for vascular endothe-
lial growth factor. Multiple protein
forms are encoded through alterna-
tive exon splicing. J. Biol. Chem. 266,
11947–11954.

Tordjman, R., Lepelletier, Y.,
Lemarchandel, V., Cambot, M.,
Gaulard, P., Hermine, O., and
Romeo, P. H. (2002). A neuronal
receptor, neuropilin-1, is essential
for the initiation of the primary
immune response. Nat. Immunol. 3,
477–482.

Torry, R. J., Labarrere, C. A., Torry,
D. S., Holt, V. J., and Faulk, W. P.
(1995). Vascular endothelial growth
factor expression in transplanted
human hearts. Transplantation 60,
1451–1457.

Valujskikh, A., and Heeger, P. S. (2003).
Emerging roles of endothelial cells
in transplant rejection. Curr. Opin.
Immunol. 15, 493–498.

Vos, I. H., and Briscoe, D. M.
(2002). Endothelial injury: cause
and effect of alloimmune inflamma-
tion. Transpl. Infect. Dis. 4, 152–159.

Walsh, D. A., and Pearson, C. I. (2001).
Angiogenesis in the pathogenesis of
inflammatory joint and lung dis-
eases. Arthritis Res. 3, 147–153.

Wang, L., Zeng, H., Wang, P., Soker,
S., and Mukhopadhyay, D. (2003).
Neuropilin-1-mediated vascu-
lar permeability factor/vascular
endothelial growth factor-
dependent endothelial cell
migration. J. Biol. Chem. 278,
48848–48860.

Watanabe, H., Mamelak, A. J., Wang, B.,
Howell, B. G., Freed, I., Esche, C.,
Nakayama, M., Nagasaki, G., Hick-
lin, D. J., Kerbel, R. S., and Sauder,
D. N. (2004). Anti-vascular endothe-
lial growth factor receptor-2 (Flk-
1/KDR) antibody suppresses contact
hypersensitivity. Exp. Dermatol. 13,
671–681.

Watanabe, H., Mamelak, A. J., Weiss,
E., Wang, B., Freed, I., Brice, A.
K., Wachtman, L., Gabrielson, K.
L., Yokota, N., Hicklin, D. J., Ker-
bel, R. S., Haas, M., and Sauder, D.
N. (2005). Anti-vascular endothe-
lial growth factor receptor-2 anti-
body accelerates renal disease in the
NZB/W F1 murine systemic lupus
erythematosus model. Clin. Cancer
Res. 11, 407–409.

Wiseman, D. M., Polverini, P. J.,
Kamp, D. W., and Leibovich, S. J.
(1988). Transforming growth factor-
beta (TGF beta) is chemotactic for
human monocytes and induces their
expression of angiogenic activity.
Biochem. Biophys. Res. Commun.
157, 793–800.

Woywodt, A., Schroeder, M., Gwinner,
W., Mengel, M., Jaeger, M., Schwarz,
A., Haller, H., and Haubitz, M.
(2003). Elevated numbers of circu-
lating endothelial cells in renal trans-
plant recipients. Transplantation 76,
1–4.

Zeisberg, E. M., Tarnavski, O., Zeisberg,
M., Dorfman, A. L., McMullen, J. R.,
Gustafsson, E., Chandraker,A.,Yuan,
X., Pu, W. T., Roberts, A. B., Neilson,
E. G., Sayegh, M. H., Izumo, S., and
Kalluri, R. (2007a). Endothelial-to-
mesenchymal transition contributes
to cardiac fibrosis. Nat. Med. 13,
952–961.

Zeisberg, E. M., Potenta, S., Xie, L., Zeis-
berg, M., and Kalluri, R. (2007b).
Discovery of endothelial to mes-
enchymal transition as a source
for carcinoma-associated fibrob-
lasts. Cancer Res. 67, 10123–10128.

Zeng, H., Dvorak, H. F., and
Mukhopadhyay, D. (2001). Vascular
permeability factor (VPF)/vascular
endothelial growth factor (VEGF)
receptor-1 down-modulates VPF/
VEGF receptor-2-mediated endo-
thelial cell proliferation, but not
migration, through phosphatidyli-
nositol 3-kinase-dependent path-
ways. J. Biol. Chem. 276,
26969–26979.

Zeng, H., Zhao, D., and Mukhopadhyay,
D. (2002). Flt-1-mediated down-
regulation of endothelial cell pro-
liferation through pertussis toxin-
sensitive G proteins, beta gamma
subunits, small GTPase CDC42, and
partly by Rac-1. J. Biol. Chem. 277,
4003–4009.

Zhang, J., Silva, T.,Yarovinsky, T., Manes,
T. D., Tavakoli, S., Nie, L., Tellides,
G., Pober, J. S., Bender, J. R., and
Sadeghi, M. M. (2010). VEGF block-
ade inhibits lymphocyte recruitment
and ameliorates immune-mediated
vascular remodeling. Circ. Res. 107,
408–417.

Zhang, X., and Reed, E. F. (2009). Effect
of antibodies on endothelium. Am.
J. Transplant. 9, 2459–2465.

Zhao, Q., Egashira, K., Inoue, S.,
Usui, M., Kitamoto, S., Ni, W.,
Ishibashi, M., Hiasa Ki, K., Ichiki,
T., Shibuya, M., and Takeshita,
A. (2002). Vascular endothelial
growth factor is necessary in
the development of arterioscle-
rosis by recruiting/activating
monocytes in a rat model of
long-term inhibition of nitric
oxide synthesis. Circulation 105,
1110–1115.

Ziogas, A. C., Gavalas, N. G., Tsiatas, M.,
Tsitsilonis, O., Politi, E., Terpos, E.,
Rodolakis,A.,Vlahos, G., Thomakos,
N., Haidopoulos, D., Antsaklis, A.,

Frontiers in Immunology | Immunological Tolerance April 2012 | Volume 3 | Article 54 | 231

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


Bruneau et al. The intragraft microenvironment

Dimopoulos, M. A., and Bamias,
A. (2011). VEGF directly suppresses
activation of T cells from ovarian
cancer patients and healthy individ-
uals via VEGF receptor type 2. Int. J.
Cancer 130, 857–864.

Conflict of Interest Statement: David
M. Briscoe has received research
funding from the Roche Organ
Transplantation Research Foundation,

Astellas, Wyeth, and Pfizer Pharmaceu-
ticals, and is an inventor on US Patent
#6218361. He has given seminars at
educational CME-approved confer-
ences and grand rounds sponsored by
pharmaceutical companies. All other
authors do not have any disclosures.

Received: 17 January 2012; accepted: 02
March 2012; published online: 02 April
2012.

Citation: Bruneau S, Woda CB, Daly
KP, Boneschansker L, Jain NG, Kochupu-
rakkal N, Contreras AG, Seto T and
Briscoe DM (2012) Key features of the
intragraft microenvironment that deter-
mine long-term survival following trans-
plantation. Front. Immun. 3:54. doi:
10.3389/fimmu.2012.00054
This article was submitted to Frontiers in
Immunological Tolerance, a specialty of
Frontiers in Immunology.

Copyright © 2012 Bruneau, Woda,
Daly, Boneschansker, Jain, Kochupu-
rakkal, Contreras, Seto and Briscoe.
This is an open-access article distrib-
uted under the terms of the Cre-
ative Commons Attribution Non Com-
mercial License, which permits non-
commercial use, distribution, and repro-
duction in other forums, provided
the original authors and source are
credited.

www.frontiersin.org April 2012 | Volume 3 | Article 54 | 232

http://dx.doi.org/10.3389/fimmu.2012.00054
http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive
http://creativecommons.org/licenses/by-nc/3.0/

	Cover
	First pages
	Translating tolerogenic therapies to the clinic – where do we stand and what are the barriers?
	References

	Tolerogenic therapies in transplantation
	Introduction
	Molecule-based approaches
	T cell therapies – depletion
	T cell therapies – costimulation blockade
	Other T cell therapies
	B cell therapies

	Chimerism-based approaches
	Other cell-based approaches
	Regulatory T cells
	Tolerogenic dendritic cells, macrophages, and mesenchymal stromal cells

	Conclusion
	References

	Translating tolerogenic therapies to the clinic – where do we stand?
	Introduction
	Chimerism
	Regulatory T cells
	Ex vivo expansion
	In vivo induction

	Regulatory B cells
	Dendritic cells
	Myeloid-derived suppressor cells and regulatory macrophages
	Clinical trials of cellular therapy for peripheral regulation
	Immunotherapy for the promotion of tolerance
	Conclusion
	Acknowledgments
	References

	Relevance of regulatory T cell promotion of donor-specific tolerance in solid organ transplantation
	Introduction
	The Alloimmune Response
	Pathways of Alloantigen Presentation
	Dynamics of Alloantigen Presentation
	Implications for Donor-Specific Treg Therapy

	Donor-Specific Treg Control of Alloimmune Responses Following Transplantation
	Donor-Specific Tregs Deliver Localised Immune Regulation
	Evidence for Donor-Specific Treg-Mediated Regulation of Alloimmunity
	Lessons on Relevance of Donor-Specific Tregs From Tolerance Induction Protocols
	Donor-Specific Tregs and Consequences of Regulation Through Linked Suppression

	Summary and Perspective
	References

	Therapeutic potential of semi-mature dendritic cells for tolerance induction
	Immature DCs
	Mature DCs
	Semi-mature DCs
	Tolerogenicity of semi-mature DCs
	Role of repetitive semi-mature DC injections
	Inflammation, pathogens, commensals, and tumors as inducers of semi-maturation
	Limitations of semi-mature DC tolerogenicity

	Steady state migratory DCs
	In vivo counterparts of in vitro generated semi-mature DCs?
	Tolerogenic functions of ssmDCs
	In vivo targeting of ssmDCs for tolerance induction

	Semi-mature pDCs
	Conclusion
	Acknowledgments
	References

	Tolerogenic dendritic cells and negative vaccination in transplantation: from rodents to clinical trials
	Introduction
	Tolerogenic DC in Animal Models
	Different Types of DC Described in vivo in Mice
	Generation of Tolerogenic DC in Animal Models
	Efficacy of Tolerogenic DC in Animal Models
	Mechanisms of Action of TolDC

	Tolerogenic DC in Humans and Clinical Trials
	Generation of Human TolDC
	Use of Human TolDC in Clinical Trials
	Advantages of Using Autologous TolDC
	Application of TolDC in the Clinic

	Conclusion
	Acknowledgments
	References

	Boosting regulatory T cell function by CD4 stimulation enters the clinic
	Regulatory T cells in maintenance of peripheral tolerance
	Coreceptor engagement and peripheral tolerance
	Clinical approaches to Treg-mediated tolerance induction
	Concluding remarks
	Acknowledgments
	References

	The potential of Fas ligand (apoptosis-inducing molecule) as an unconventional therapeutic target in type 1 diabetes
	Introduction
	The challenge to developing effective immunotherapy for T1D
	The Fas pathway: a potential therapeutic target for T1D
	Fas/FasL interaction is not required for T cell activation
	Fas/FasL interaction is not required for deletion of effector T cells generated in the acute, normal adaptive immune response
	A wide therapeutic window exists to down modulate FasL activity to prevent T1D without causing lymphoproliferation

	Conclusion
	Acknowledgments
	References

	Tolerogenic effect of non-inherited maternal antigens in hematopoietic stem cell transplantation
	Introduction
	Histocompatibility antigens in humans and mice
	Clinical significance of non-inherited maternal antigen
	Murine models for major and minor histocompatibility antigens to NIMA
	Maternal microchimerism and fetomaternal tolerance
	Prediction of acute GVHD in HLA-mismatched HSCT
	Conclusion
	References

	Immunity and tolerance to fungi in hematopoietic transplantation: principles and perspectives
	Introduction
	Insight into the mechanisms regulating immune homeostasis in response to fungi: the resistance and tolerance paradigm
	Indoleamine 2,3-dioxygenase is a critical regulator of tolerance to fungi
	Metabolic regulation of tolerance to fungi
	Exploiting pathogen-induced tolerance in experimental HSCT through dendritic cells
	Exploiting pathogen-induced tolerance in experimental HSCT through PAMP/DAMP/PRR signaling
	Exploiting pathogen-induced tolerance in human HSCT through functional genomics
	Conclusion
	Acknowledgments
	References

	Therapeutical measures to control airway tolerance in asthma and lung cancer
	Introduction
	Induction of T cell mediated airway tolerance
	T cell mediated allergic asthma
	The role of transforming growth factor-β in allergic asthma
	The role of Interleukin-10 (IL-10) in allergic asthma
	The role of Interleukin-17 (IL-17) in allergic asthma

	Tolerance and lung cancer
	The role of transforming growth factor-β in lung cancer
	The role of Interleukin-10 (IL-10) in lung cancer
	The role of Interleukin-17 (IL-17) in lung cancer

	Conclusion
	Allergic Asthma
	Lung adenocarcinoma

	References

	Cytokine-neuroantigen fusion proteins as a new class of tolerogenic, therapeutic vaccines for treatment of inflammatory demyelinating disease in rodent models of multiple sclerosis
	Introduction: immunological tolerance to CNS myelin as a therapy for MS
	Cytokine-NAg fusion proteins as tolerogenic, therapeutic vaccines
	GMCSF-NAg
	IFNbeta-NAg
	NAgIL16 and IL2-NAg vaccines

	Antigen-targeting activity of cytokine-NAg vaccines
	Attributes of NAg-specific cytokine-NAg vaccines
	The cytokine domain as an amplifier of a tolerogenic antigen domain
	The cytokine domain
	The NAg domain
	Linkage of the cytokine-NAg domains
	Route of administration
	The issue of neutralizing anti-vaccine antibodies
	Vaccine-mediated inhibitory activity in pro-inflammatory environments
	Role of myeloid APC and DC in antigen-specific tolerance

	Conclusion
	Acknowledgments
	Author Note
	References

	Hematopoietic chimerism and transplantation tolerance: arole for regulatory T cells
	Introduction
	Tolerance-induction by cells of hematopoietic origin: proof of principle
	Cells of hematopoietic origin induce T cell tolerance by induction of apoptosis and anergy
	Can hematopoietic cells induce active regulatory mechanisms?
	Does hematopoietic chimerism induce genuine tolerance to allografts?
	Induction of hematopoietic chimerism: toward the clinic
	Induction of hematopoietic chimerism: in the clinic
	A role for regulatory T cells in hematopoietic chimerism-associated tolerance?
	Treg and hematopoietic chimerism-based strategies: some limitations to overcome
	Conclusion
	References

	The role of coinhibitory signaling pathways in transplantation and tolerance
	Introduction
	CTLA-4:B7-1/B7-2
	CTLA-4 in disease states
	Impact of CTLA-4 on Treg function
	CTLA-4 in models of transplantation
	CTLA-4 in human studies of transplantation
	Belatacept in kidney transplantation
	Conclusions

	PD-1: PD-L1/PD-L2; PD-L1: B7-1
	PD-1 in disease states
	Impact of PD-1 on Treg function
	PD-1:PD-L1/PD-L2 in models of transplantation
	PD-1 pathway in human studies of transplantation
	Conclusions

	B7-H3
	B7-H3 in disease states
	B7-H3 in models of transplantation

	B7-H4
	B7-H4 in disease states
	B7-H4 in models of transplantation

	BTLA/CD160/LIGHT:HVEM
	BTLA promotes T cell survival
	Impact of BTLA:HVEM on Treg function
	BTLA:HVEM in disease states
	BTLA in models of transplantation
	Conclusions

	TIM-3:Galectin-9
	TIM-3 in models of transplantation
	TIM-3 in human transplant recipients
	Other functions of TIM-3
	Conclusions

	T cell exhaustion, negative costimulation, and transplantation
	Summary and Future Directions
	Acknowledgments
	References

	Heterogeneity within T cell memory: implications for transplant tolerance
	Overview of memory T cell programming
	Evidence for alloreactivity among memory
	How are alloreactive memory T cells generated?
	TCR cross-reactivity and the generation of alloreactive memory
	Alloreactive T cell memory is highly donor-specific
	Bystander Activation: Pathogen-Specific Responses that Influence Alloreactivity in an Antigen-Independent Manner
	Memory T cells pose a barrier to tolerance induction
	Heterogeneity within the memory T cell compartment
	Costimulation-independent recall responses: not all memory is created equally
	Mountain or Molehill? Potential Strategies to Overcome the Memory Barrier
	Maintaining Memory: Protective Immunity in Transplantation
	Summary
	References

	Innate immunity and resistance to tolerogenesis in allotransplantation
	Introduction
	Receptors and soluble mediators of the innate immune system
	Toll-like receptors
	Inflammatory cytokines
	Chemokines
	The complement system

	Cells of the innate immune system
	NK cells
	Dendritic cells
	Granulocytes, mastocytes, and monocytes/macrophages

	Concluding remarks
	Acknowledgments
	References

	Tolerance and lymphoid organ structure and function
	Introduction
	Secondary lymphoid organs
	Structure
	LTi and LTo cells – definition and function
	Lymphotoxin system
	Secondary lymphoid organs and tolerance
	Stromal cell function and tolerance
	Spleen
	Lymph node

	Blood vascular endothelium
	Lymphatic endothelium
	T cells

	Primary lymphoid organs
	Thymus
	Bone marrow

	Tertiary lymphoid organs
	Conclusion and perspectives
	References

	Key features of the intragraft microenvironment that determine long-term survival following transplantation
	General Overview
	Microvascular Patterning And The Intragraft Microenvironment
	Leukocyte-Induced Angiogenesis: A Pathological Response that Sustains Intragraft Injury
	Overlapping nature of Inflammation and Angiogenesis and the Development of Chronic Rejection
	Endothelial Cell To Mesenchymal Transition: Possible Final End Result Of Leukocyte-Induced or Pathological Angiogenesis
	Vascular Endothelial Growth Factor: A Central Player in the Chronic Rejection Intragraft Microenvironment
	Biology of VEGF–VEGFR Interactions
	Pro-Inflammatory Effects of VEGF–VEGF Receptor Interactions
	Overall Summary and Perspective
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




