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Advances in transplantation biology have greatly
improved patient outcomes following transplant
surgery. However, generalized immunosuppression
remains the Achilles heel of modern transplantation
surgery with its associated infectious and neoplastic
morbidities. Tolerance remains the ultimate goal for
the entire field. Although recent advances in trans-
plant immunology suggest that tolerance may be
achievable in the near future, the complex and re-
dundant nature of the human immune system may
not allow us to circumvent such a basic function as
the recognition of nonself. In this paper, advances in
transplant immunology are reviewed and their po-
tential relevance to achieving the “Holy Grail” of
transplantation are discussed. © 2003 Elsevier Inc. All rights
reserved.
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INTRODUCTION

During the last 30 years, solid organ transplantation
has become an accepted form of therapy for end-stage
disease of many organs, including kidney, liver, heart,
and lung. With the advent of new immunosuppressive
therapies combining decreased toxicity and improved
efficacy, patient survival and short-term (1- and
5-year) graft survival have markedly improved. How-
ever, the long-term survival of grafts that are func-
tional at 1 year after transplant remains largely un-
changed. As an example, the half-life of cadaveric renal
transplants remains 8 to 10 years [1]. In addition,
there remains significant patient morbidity and mor-
tality from the increased risk of infection and neoplasia
associated with current immunosuppressive regimens.
As aresult, there remains a need for alternatives to the
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current globally immunosuppressive agents. Particu-
larly attractive is the notion of inducing the immune
system to establish antigen-specific tolerance to trans-
plant or allograft antigens.

Transplantation tolerance has long been the “Holy
Grail” for transplant immunologists, physicians and
surgeons. There are multiple definitions. For the pur-
poses of this clinical management module, tolerance is
defined as immune unresponsiveness in the absence of
ongoing therapy to graft alloantigens, but not to other
(third-party) antigens. The functional characteristics
of tolerance are: 1) lack of demonstrable immune reac-
tivity to graft alloantigens; 2) presence of immune re-
activity to other alloantigens; and 3) absence of gener-
alized immunosuppression for graft maintenance [2].
In the clinical setting, a tolerant individual retains a
functional graft, retains immune reactivity to all other
foreign antigens, and avoids the risks of generalized
immunosuppression.

Until very recently, a clinically applicable strategy
for transplantation tolerance was elusive. However,
new understanding of the mechanisms of antigen rec-
ognition and development of specific reagents has at-
tracted the interest of those in the transplant commu-
nity, industry and the National Institutes of Health
(NIH). In February 1998, an expert panel convened by
the NIH concluded that a solid experimental founda-
tion already existed and many unique reagents were
available to support translational research and pursue
clinical applications [3]. It appears that transplanta-
tion tolerance is on the verge of applicability toward
clinical organ transplantation. Starzl describes the
evolution of modern transplant immunology and the
emergence of conditions that result in immunologic
tolerance in his article on transplantation tolerance
from a historical perspective [4]. He describes mecha-
nisms of nonreactivity that result in allograft tolerance
as emanating from initial, post-transplant, interac-
tions between donor and recipient immune cells, which
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result in clonal exhaustion and eventual peripheral
deletion. One explanation for the observed deletion
associated apoptosis may result from a Fas—Fas ligand
interaction, which results in cell death.

He also refers to immune ignorance as a state in
which antigen is ignored by a host immune system
because the antigen fails to reach the organized lym-
phoid collections where recognition of non-self is initi-
ated. Because antigens must migrate to draining
lymph nodes to generate antigen recognition, allografts
lose immunogenicity when their passenger leukocytes
are depleted and no longer capable of migrating to host
lymphoid organs [4]. It is known that foreign antigens
must be processed and carried to lymph nodes for the
initiation of an immune response. Chemokine recep-
tors and adhesion molecules are critical to the migra-
tion, of the antigen bearing cells, from the circulation
into lymph nodes. Therefore, blockade of these receptor
molecules may result in a state of “immune ignorance,”
leading to tolerance. Prevention of either antigen rec-
ognition or the array of co-stimulatory interactions
that follows antigen presentation may result in anergy.
In this module, we will review the basics of transplan-
tation immunology, the history of tolerance research,
recent developments, and the implications of these
studies for the future of transplantation tolerance in
the clinical setting.

In this article, we will review the basics of transplan-
tation immunology, the history of tolerance research,
recent developments, and the implications of these
studies for the future of transplantation tolerance in
the clinical setting.

REVIEW OF TRANSPLANT IMMUNOLOGY

Classically, transplantation rejection is classified
into three categories: hyperacute, acute, and chronic
[2]. Hyperacute rejection is mediated by the presence of
preexisting antibodies to blood types O, A, or B; human
leukocyte antigens; or other polymorphic antigens. In
this setting, antibodies immediately bind and activate
complement. Platelets and fibrin are deposited, gran-
ulocytes and monocytes infiltrate the graft, and fibrin-
oid necrosis of the vessel wall results. Typically, isch-
emic necrosis of the allograft occurs within 18—-24 h.
These preformed antibodies occur as the result of pre-
vious sensitization through transfusions, pregnancy,
or bacterial infections that induce crossreacting anti-
bodies. This form of rejection has largely been elimi-
nated as the result of routine preoperative cross-
matches.

Acute rejection is based upon recognition of foreign
tissue as nonself. The signaling pathway for self vs
nonself resides in a series of cell-surface glycoproteins
that comprise the major histocompatibility complex
(MHC). Alleles of MHC proteins are highly polymor-
phic. As a result, alloantigenicity and recognition of
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nonself resides in MHC disparity, which incites activa-
tion of the host immune response. After activation of
recipient immune cells, macrophages secrete cyto-
kines, such as transforming growth factor-g8, platelet-
derived growth factor, interleukin (IL)-1 and tumor
necrosis factor (TNF) [5]. These in turn induce expres-
sion of chemokines, such as IL-8, monocyte chemoat-
tractant proteins 1-3, and RANTES [5]. IL-8 serves as
a potent chemoattractant for granulocytes, whereas
monocyte chemoattractant protein attracts macro-
phages and RANTES attracts monocytes and T cells
[5]. Inducible cell surface receptors are expressed on
graft vessels, leading to margination and rolling of
immune cells along the vascular endothelium. Hapto-
taxis and chemotaxis result. The end result of these
processes is graft destruction in the setting of a cellular
infiltrate of monocytes, lymphocytes, and the variable
presence of eosinophils, granulocytes, macrophages,
and natural killer cells. Immunosuppression and im-
mune tolerance strategies currently focus primarily
upon abolition of acute rejection after transplantation.

The last form of graft rejection occurs months to
years after transplantation. Chronic rejection occurs
even in the setting of continued immunosuppression
[6]. It is characterized by fibrosis with distortion of the
normal cellular architecture of the organ, in a fashion
similar to that which accompanies wound healing. Al-
though the etiology of chronic rejection remains un-
clear, multiple mechanisms have been suggested: heal-
ing in response to recurrent episodes of acute rejection,
delayed-type hypersensitivity, ultimately resulting in
macrophage activation and release of tissue growth
factors, antibody-mediated humoral rejection, and en-
dothelial injury, leading to ischemia. Chronic rejection
is a major cause of late allograft loss, and current
immunosuppressive therapies do not address nor re-
verse chronic rejection [7].

Host Immune Response to Allografts

Transplanted organs express donor MHC molecules,
which results in two pathways for antigen recognition
(Fig. 1). In the direct pathway, recipient T cells recog-
nize allogeneic MHC molecules expressed on donor
cells. Donor origin antigen presenting cells (APCs) con-
stitutively express MHC class I molecules that contin-
uously express self peptides. These intact allogeneic
MHC molecules are recognized because they resemble
self MHC plus foreign peptide in tertiary structure,
so-called molecular mimicry. In addition, coactivation
molecules, such as CD40 and B7, are constitutively
expressed. Alloantigenic peptides presented by donor
class I MHC molecules appear to be directly engaged
by CD8+ T cells. These recipient T cells also receive
coactivation signals, become activated, and proceed to
destroy the target cells. In the indirect pathway, pep-
tides derived from degraded donor MHC molecules are
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FIG. 1. (a) The first step in antigen recognition is referred to as

signal one and involves recognition, by the T cell receptor, of a
peptide lodged in the peptide binding groove of the major histocom-
patibility complex. (b) The second step involves binding of costimu-
latory molecules, B7.1 and B7.2, by CD 28, which results in activa-
tion and clonal expansion of T cells. This is referred to as signal two.
(c) Presentation of an antigen in the presence of MHC to the TCR in
the absence of costimulation may lead to tolerance.

presented by self MHC on recipient APC. This form of
antigen presentation by MHC class II molecules is
directed toward host CD4+ T cells. The activation of T
cells by the indirect pathway is less efficient than that
of T cells primed by the direct pathway. The T cell
repertoire appears to be restricted after indirect anti-
gen presentation. It has been postulated that the direct
pathway mediates the vigorous immune response seen
in acute rejection, whereas the indirect pathway may
have the dominant role in chronic rejection [2, 6].
Ligation of the T cell receptor (TCR) activates mul-
tiple intracellular signaling events. The earliest events
include removal of inhibitory phosphate groups by
CD45 tyrosine phosphatase, resultant activation of the
Lck and Fyn tyrosine kinases associated with the CD4/
CD8 coreceptor and TCR-CD3 complex, respectively,
and phosphorylation of the TCR zeta-chain. This phos-
phorylation recruits and activates the zeta-associated
protein-70 (ZAP-70), which results in three important
signaling events. Two of these involve activation of
phospholipase C-gamma, which cleaves phosphatidyl-
inositol into diacylglycerol and inositol trisphosphate.
Diacylglycerol activates protein kinase C, which acti-
vates the transcription factor NF-kappaB. Inositol
trisphosphate increases intracellular calcium concen-
trations, which activates the phosphatase calcineurin,
inducing the transcription factor NF-AT. The third
important signaling event is the activation of Ras. Ki-
nases downstream of Ras, including extracellular
signal-regulated kinase, ultimately induce and acti-
vate Fos, a component of the AP-1 transcription factor.
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Activation of the T cell then follows if simultaneous
costimulation has occurred [5, 8].

Full activation of T cells requires two distinct signals
[2, 6, 8]. The first is delivered through the TCR, as
described above, and conveys the specificity of the im-
mune response as it is antigen-based. The second or
costimulatory signal is not antigen specific and may
arise from a number of T cell molecules (Fig. 2). One of
the more extensively characterized, the CD28 mole-
cule, has two known ligands, B7-1 (CD80) and B7-2
(CD86); these are expressed primarily upon activated
APC. T cells also express CTLA-4, which also binds to
B7-1/2 and transmits an inhibitory signal to terminate
the immune response. Finally, the CD40-CD40 ligand
(CD154) pathway is also key for T cell activation. CD40
is expressed on many cell types, including APC and
endothelial cells. Its ligand, CD154, is expressed upon
activated CD4+ T cells. Activation of APC through
CD40 induces B7 expression, and elaboration of adhe-
sion molecules and cytokines that participate in T cell
activation. In the absence of costimulatory signals, a T
cell encountering an antigen undergoes abortive acti-
vation. Appreciable amounts of cytokine are not pro-
duced, division does not occur, and TCR expression is
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FIG. 2. Molecules involved in costimulation: Once the T cell
receptor (TCR) recognizes a specific peptide lodged in the peptide
binding groove of the major histocompatibility complex (MHC), a
series of interactions follow, which lead to clonal expansion or dele-
tion. Upregulation of CD154 on the T cell surface results in binding
CD40 inducing expression of B7.1/7.2 on the APC. If the concentra-
tion of CD28 is sufficient to bind B7.1/7.1, costimulatory signals
induce a clonal expansion of activated T cells. However, if CTLA-4
binds B7.1/7.2, an inhibitory signal will be delivered. Alternatively,
4.1BB may work as a substitute for CD28 delivering a costimulatory
signal for T cell activation. The interaction between ICAM-1 and
LFA-1 stabilizes the cell-cell interaction allowing the steric relation-
ship necessary for optimal antigen presentation.
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downregulated. Instead, it becomes anergic or under-
goes apoptosis. In contrast, in the presence of costimu-
latory signals, T cells elaborate factors to promote de-
velopment of an expanded population of mature
effector cells capable of mediating a sustained immune
response. (The costimulatory interactions are consid-
ered in greater detail below.)

CD40 and CD154

CDA40 is a member of the TNF receptor family and is
expressed on a variety of cells. CD154 is a glycoprotein
member of the TNF family of molecules and is ex-
pressed predominantly on the surface of activated
CD4+ T cells. The CD40-CD154 interaction is impor-
tant for humoral immunity. It provides essential B cell
survival signals, augments immunoglobulin produc-
tion, and induces isotype switching. Antigen-specific
ligation of the TCR with a peptide-MHC complex in-
duces a transient upregulation of CD154 on the T cell
surface. The T cell then activates the APC through the
interaction of constitutively expressed CD40 on the
APC. Engagement of CD40 induces expression of B7,
CD44H and ICAM-1 molecules on APC cell surface.
CD40 stimulation of macrophages and dendritic cells
induces IL-12 production, which promotes interferon
(IFN)-y synthesis and proinflammatory immune re-
sponses [2, 8—11].

CD28 and B7

Engagement of CD40 with CD154 upregulates ex-
pression of B7-1 and B7-2 on the APC surface. Binding
of these ligands with constitutively expressed CD28 on
the T cell surface is required for T cell activation. CD28
is a member of the immunoglobulin gene superfamily.
Two mechanisms serve to optimize CD28-mediated op-
timization of T cell responses. First, costimulation al-
lows T cells to respond to low levels of TCR ligation,
supporting T cell responses at low antigen concentra-
tions. This is accomplished by augmenting cytokine
protein synthesis by increased IL-2, IFN, and TNF
gene transcription and mRNA half-lives. Second, CD28
supports sustained T cell responses by preventing an-
ergy and apoptosis. If the T cell encounters antigen in
the absence of CD28-B7 interaction, there is failure of
T cell activation. These anergic T cells remain refrac-
tory to repeat antigen presentation in the presence of
CD28. In addition, CD28 upregulates Bcl-x gene ex-
pression, whose protein endproduct serves as a potent
survival factor for T cells and prevents apoptosis [2, 8,
12-16].

CTLA4 and B7

CTLA4 is upregulated on the T cell surface 48—72 h
after activation by antigen binding and CD40-CD154
interaction. It binds to B7 with a 10- to 100-fold greater
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affinity than does CD28. Its precise function is as yet
unknown. However, many pieces of evidence suggest
that CTLA4 downregulates activated T cells [8, 17]. In
the case of resting T cells initially induced to enter the
cell cycle, CTLA4 ligation blocks expression of IL-2 and
its receptor, leading to growth arrest. In the case of
activated T cells, CTLA4 activation may lead to apo-
ptosis. In CTLA4 knockout mice, a severe and fatal
lymphoproliferative disease develops early in life. Ad-
ministration of a CTLA4-Ig fusion protein, which
blocks B7 interaction with CD28, prevents this disease.
Conversely, withdrawal of CTLA4-Ig therapy leads to
development of the lymphoproliferative process with
massive lymphoid expansion and infiltration of critical
organs, such as the heart. It is also clear that the
negative regulatory role of CTLA4 is not dependent
solely upon inhibition of CD28-mediated signaling.
Still, other investigators have suggested that ligation
of CTLA4 may also deliver a signal necessary for tol-
erance induction [2, 8, 17-20].

4-1BB and 4-1BB Ligand

Similar to CD154, 4-1BB (CD137) is a member of the
TNF receptor gene family and is present on activated T
cells. Its, 4-1BBL, ligand is present on activated APC.
It has been shown that 4-1BBL can replace CD28 and
provide T cell supportive signaling. It is possible that
the 4-1BB system serves as a back-up, redundant sys-
tem used in the absence of CD28 signalling [8, 21-23].

The Effector Arm of Acute Rejection

The cell population that is the most important in
initiating rejection is the CD4+ T cell [24]. CD4+ cells
can both initiate and mediate allograft rejection,
whereas CD8+ T cells are primarily mediators of graft
destruction. There are at least 2 major mechanisms by
which T cells can deliver a lethal hit through cell-cell
contact: 1) interaction of Fas ligand on the activated
cytotoxic T cell with Fas expressed on the target cell,
and 2) delivery of granzymes. There are a number of
key features: 1) antigen specificity, 2) requirement for
cell—cell contact, and 3) ability to destroy multiple cells
in the absence of self-destruction [2].

In the presence of IL-2 and other stimulatory lym-
phokines, activated T cells proliferate and differenti-
ate. Over the course of three to five days, direct graft
destruction occurs. The Fas—FasL pathway is involved
in the killing mediated by cytotoxic T cells, as well as
clonal selection and control of lymphocyte activation
[25-27]. Cytolysis also occurs through de novo synthe-
sis of granzyme, a specific cytotoxic T cell associated
serine protease, and perforin, a protein resembling
complement 9. Granzymes are thought to regulate cy-
tolytic specific factors, whereas perforin directly causes
pores in the target cell. These pores result in osmotic
swelling and cell death. IL-4, -5, and -6 induce B cells
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to differentiate, proliferate, and produce donor specific
antibody. These antibodies bind to target tissues and
lead to graft destruction either through the direct ac-
tivation of complement and/or by targeting antibody-
dependent cell-mediated cytotoxicity. No similar
antigen-specific cytotoxic mechanisms have been iden-
tified for macrophages or granulocytes. However, these
cells elaborate soluble factors that potentiate the in-
flammatory response [2, 5, 24, 28].

CURRENT RATIONALE FOR IMMUNOSUPPRESSION

The majority of available immunosuppressive agents
target T cells. Cyclosporine and tacrolimus prevent
calcineurin activation and T cell production of IL-2,
which is critical for proliferation [6]. Rapamycin blocks
cell cycle-specific signal transduction through the IL-2
receptor [6]. Mycophenolate acts to inhibit T cell pro-
liferation through inhibition of purine synthesis [4].
The development of these drugs has led in significant
improvements in both patient and graft survival in the
past decade. However, these agents are nonspecific and
expose patients to the risks of opportunistic infection,
nephrotoxicity, diabetes and neoplasia [2, 6]. In addi-
tion, these agents suppress the immune reactivity but
do not promote tolerance. As a result, these immuno-
suppressive agents must be continually administered
to transplant recipients. Ironically, the state of toler-
ance must be maintained by immune regulatory mech-
anisms that actively suppress damage to donor cells [2,
6, 8]. Although it prevents acute rejection, global im-
munosuppression also inhibits regulatory mechanisms
required for induction and maintenance of tolerance.
Theoretically, the use of generalized immunosuppres-
sion would therefore preclude induction of tolerance.

HISTORICAL BACKGROUND TO
TOLERANCE RESEARCH

The first record of successful transplantation ap-
pears in the third-century legend of Saints Cosmas and
Damian. According to legend, these physician brothers
used the limb of a Moor who had died to replace the
cancerous leg of a church leader. A Fra Angelico paint-
ing has immortalized the miracle of the saints’ patient
who walked about with one white and one black leg
[29]. In 1954, Merrill et al. performed the first success-
ful human vascular organ transplant [29]. A kidney
transplant was performed between a monozygotic
donor-recipient pair, with the genetic identity elimi-
nating the need for immunosuppression. This renal
graft survived until the death of the recipient 7 years
later from heart disease.

The idea that specific immune unresponsiveness
might reflect an acquired biological state was intro-
duced by Owen in 1945 [31]. He observed that dizygotic
twins of cattle had hematopoietic cells from both twins
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in the circulation, presumably the result of exchange of
hematopoietic stem cells. This was especially striking
given the immunogenicity of hematopoietic precursors
by the twin fetuses. Subsequently in 1953, Billingham
and coworkers induced hematopoietic chimerism in fe-
tal and newborn animals [32]. They showed that toler-
ance induced by chimerism allows permanent engraft-
ment of skin from the hematopoietic donor. In 1977,
Wood and Monaco described a technique based upon
administration of antithymocyte globulin and donor
bone marrow cells to induce tolerance in skin grafted
mice [33]. Thomas and colleagues then used the same
approach to induce tolerance in a renal allograft model
using rhesus monkeys [34, 35]. It had been recognized
in the 1970s that blood transfusion before kidney
transplantation improved graft survival [36]. The un-
derlying mechanism was thought to be active induction
of immune unresponsiveness through immune devia-
tion or veto cell activity. Since then, a great deal of
energy has been focused upon donor-specific transfu-
sion (DST) mediated hyporesponsiveness [2]. Clinical
use of DST has largely disappeared with the newer
immunosuppressive agents and evidence for donor sen-
sitization after DST.

The goal of achieving tolerance has long been the
holy grail for transplant immunology. However, re-
cently available reagents and a focus upon costimula-
tory pathways have reinvigorated clinical interest in
the potential for inducing transplant tolerance.

CURRENT STATE OF TOLERANCE RESEARCH

The major scientific approaches to immune tolerance
center upon the following strategies: 1) co-stimulatory
blockade (e.g., anti-CD40 ligand, anti-B7, CTLA4-Ig),
2) cytokine modulation, 3) deletion of responding lym-
phocytes (e.g., Fas-ligand), and 4) other approaches,
such as leukocyte migration blockade, peptide-based
therapies targeting specific antigens, and use of molec-
ularly engineered cells and tissues to inactivate patho-
genic lymphocytes. These will be individually reviewed
with an emphasis upon large animal and non-human
primate animal models. In vitro studies and rodent
model experiments will not be extensively reviewed. It
should be noted that most experimental protocols use
prolonged allograft survival in the absence of immuno-
suppression as an endpoint. This is necessitated by the
requirement for lifelong graft observation to fulfill the
theoretical definition of tolerance.

Costimulatory Blockade

As previously described, optimal proliferation of T
cells with subsequent cytokine release requires the
engagement of additional costimulatory molecules on T
cells. Blocking the interaction between specific co-
stimulatory molecules and their ligands can induce a
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state of anergy or unresponsiveness. As a result, spe-
cific regimens have been developed which are designed
to induce T cell anergy through co-stimulatory block-
ade. We will focus upon the following co-stimulatory
molecule combinations: CD4-MHC class II, CD28-B7,
and CD40-CD154 (also known as CD40 ligand).

CD4 binds MHC class II molecules on the surface of
APCs. Antigen administered in combination with anti-
CD4 Mab can induce tolerance to that antigen [37]. The
underlying mechanism has not been precisely defined.
It has been suggested that suppressor cell activity is
induced (also termed infectious tolerance), implying
that cells of the tolerant host can inhibit the response
of normal T cells to the foreign graft [38, 39]. Others
have suggested that anergy induction might also play a
role; this hypothesis is based upon the observation that
the tolerant state can be disrupted by addition of IL-2
[40, 41]. Alternatively, anti-CD4 Mab can induce Fas-
mediated apoptosis of CD4+ T cells [42].

Despite the lack of a clear mechanism, it is apparent
that anti-CD4 Mab therapy can induce long-term sur-
vival of islet and heart allografts in mice and rats [40,
43]. In a model of renal allograft survival in cynomol-
gus monkeys, administration of murine anti-human
CD4 MAD significantly prolonged graft survival [44,
45]. Two isotypes were used a depleting IgG1l and a
nondepleting IgG4; both prolonged graft survival. More
recently, combination therapy using anti-CD4 polyclonal
Ab with CTLA4-Ig, a fusion B7 antagonist protein, mark-
edly prolonged cardiac allograft survival in HLA-
mismatched monkeys [46]. Prolonged administration of
the antibody maintained cardiac allograft survival un-
til the antibody was cleared. The clinical applicability
of this anti-CD4 based strategy is as yet unclear.

CD28 binds to B7, whereas CD154 binds to CD40.
CD28 and CD154 appear to functionally interact in
that engagement of one molecule augments the func-
tion of the other [8]. The positive feedback interaction
between the two molecules enhances TCR signaling
with enhanced proliferation and cytokine release. Rec-
ognition that costimulation signals are required for full
T cell activation after TCR ligation has lead to several
tolerance induction strategies based upon blockade of
this interaction. The fusion protein CTLA4-Ig blocks
co-stimulation via CD28 by binding to B& on APCs and
has been demonstrated to significantly prolong kidney,
heart and islet allograft survival in rodents [2, 47, 48].
It has been hypothesized that tolerance induction may
result from selective inhibition of Th-1 type immune
responses [8].

Combination immunomodulatory therapy with
CTLA4-Ig and anti-CD154 Mab has been utilized in
rodent models [49]. This strategy is based upon the
hypothesis that anti-CD154 Mab will prevent CD40
interaction and associated coactivation, while simulta-
neously, CTLA4-Ig will prevent coactivation of allo-
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reactive T cells that were either preactivated or es-
caped CD40-CD154 blockade. This combination
therapy prolongs the survival of fully allogeneic skin,
vascularized heart and aortic allografts in rodent mod-
els [47].

A dramatic demonstration of the efficacy of co-
stimulatory blockade in induction of tolerance in non-
human primate models of transplantation was recently
published. In this study, CTLA4-Ig was administered
with or without humanized anti-CD154 (hu5C8) in a
rhesus monkey model of kidney transplantation [50].
Hu5C8 monotherapy administered for the first 14 days
postoperatively prolonged rejection free survival for up
to 100 days. Rejection that developed in monkeys
treated with hu5C8 could be reversed by repeated
treatment with the same antibody. Combination ther-
apy with hu5C8 and CTLA4-Ig did not provide im-
proved outcomes over that associated with hu5C8
alone. Interestingly, lymphocytes from rejection-free
animals responded vigorously to donor and third-party
cells in mixed lymphocyte reactions. These results mo-
tivated further studies in which hu5C8 was given over
a prolonged period of time [51]. In these studies, after
5—6 months of hubC8 therapy, there was no evidence of
rejection for as long as 10 months after discontinuation
of treatment. It is thought that prolongation of allo-
graft survival in this setting is the result of down
regulation of T cell activation. In other primate models
of transplantation, administration of CTLA4-Ig alone
to monkeys with chemically induced diabetes and
transplanted with pancreatic islets resulted in normo-
glycemia for an extended time period in 2 of 5 animals
[62]. It is this availability of humanized CD154 Mab
and the success with its use in primate models that
have resurrected the current interest in clinical appli-
cability of transplantation tolerance.

Additional interest has been expressed in targeting
CD2, CD30 or 4-1BB, adhesion molecules such as
ICAM and VLA and intracellular signaling pathways
for T cell activation such as CD45 and ZAP-70. Anti-
bodies to LFA and ICAM-1 have been shown to induce
permanent heart allograft and prolonged skin allograft
survival in mice [53, 54]. These antibodies are thought
to inhibit migration of host immune cells into the graft.
The CD45 family of transmembrane protein tyrosine
phosphatases play a central role in T cell signalling
[55]. Antibody to CD45RB can prolong renal and islet
cell allografts in mice [56]. The results from these
antibody studies suggest that they may play a role in
combination methodologies for tolerance induction. To
date, there have not been any data generated in non-
human primate models.

Cytokine Modulation

The discovery of T helper lymphocyte subsets (Thl
and Th2) that differ in their cytokine secretion pat-
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terns and effector functions has provided a model for
the regulation of immune and inflammatory processes
by cytokines [56]. Thl lymphocytes produce IL-2,
IFN-v, and lymphotoxin, whereas Th2 cells produce
1L-4, IL-5, IL-6, IL-9, IL-10, and IL-13. Thl-derived
cytokines are postulated to promote allograft rejection
by mediating delayed type hypersensitivity reactions,
cytotoxic T cell generation, macrophage activation, and
antibody production to facilitate antibody-dependent
cytotoxicity. In contrast, Th2-derived cytokines protect
against rejection by suppressing delayed type hyper-
sensitivity, counteracting IFN actions on macrophages,
and deviating antibody production toward IgE and
noncytotoxic subclasses of IgG. Expression of Th-1 cy-
tokines in an allograft is often associated with acute
rejection, whereas Th-2 expression correlates with
graft acceptance [36]. Thus, the current Th-1 and Th-2
paradigm indicates that cytokines that promote in-
flammatory conditions, such as IFN-B and TNF, will
promote graft rejection and T cell-mediated autoim-
mune attacks. In contrast, those that are anti-
inflammatory, such as IL-10 and tumor growth
factor-B8, will promote autoantibody production but
may alleviate graft rejection. However, important con-
siderations include systemic vs local delivery of cyto-
kines, synergistic or antagonistic effects, and the po-
tential for replacing 1 type of immune response for
another that is still destructive. In addition, it is un-
known whether cytokines detected at the site of graft
acceptance of rejection are causally related to the on-
going immune response. These cytokine profiles may
be the result of: 1) a tolerant state induced by a differ-
ent mechanism, 2) contribute ancillary support for
maintaining a tolerant state, or 3) arise independently
as a consequence of the tolerant state.

Many studies argue vigorously against a primary
role for cytokine-mediated immune deviation in graft
survival. In multiple cases of tolerance to grafts, cyto-
kine profiles are neither Th-1 or Th-2 in character.
Attempts to skew the cytokine immune response and
induce tolerance have largely failed. Administration or
expression of IL-10 and IL-4, inhibition of Th-1 cyto-
kines, and induction of Th-2 cytokines by IL-12 block-
ade have not induced tolerance [56]. The recent use of
knockout models in mice has generated further obser-
vations. These studies indicate that IL-2, IL-4, and
IFN may contribute to acute rejection, but none are
critical for rejecting fully allogeneic grafts. If a
cytokine-based immunosuppressive strategy is to be
successful, these results suggest that multiple cyto-
kines or a common pathway for cytokine action, such as
IL-2 receptor y-chain, should be targeted. As has been
recently stated, “in no circumstances to date has allo-
graft tolerance been achieved by specifically blocking
the effects of a proinflammatory cytokine and/or en-
hancing the endogenous production or local/systemic
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administration of a cytokine with immunoregulatory
properties” [57]. The lack of consistency in attempts at
tolerance induction by cytokine modulation may be the
result of redundancy in the cytokine families and the
pleiotropic nature of individual cytokines. These char-
acteristics have dampened initial enthusiasm for cyto-
kine manipulation as a viable approach to the induc-
tion of transplantation tolerance.

Lymphocyte Deletion

Deletion of specific lymphocyte subgroups is another
strategy currently undergoing study. Therapies that
target the TCR-CD3 complex have proven to success-
fully prolong graft survival. Although Mab therapy to
CD3 can effectively prevent allograft rejection when
used as induction therapy, it is short-lived with a mul-
titude of potentially life-threatening complications. An
alternative form of anti-CD3 directed therapy has been
developed that uses a novel T cell depleting immuno-
toxin [58]. This molecule is constructed by conjugating
a diphtheria toxin binding site mutant to a murine
monoclonal antibody directed toward rhesus monkey
CD3. This reagent has been used to induce prolonged
survival of kidney and skin allografts in monkeys when
given in combination with intrathymic injection of do-
nor lymphocytes [59]. This protocol appears to down-
regulate antidonor cytotoxic T lymphocyte activity
while maintaining helper T cell and B cell function and
reactivity to third-party allografts. However, 3 long-
term limitations associated with the use of this agent
are chronic rejection, interstitial nephritis, and an un-
explained wasting disease [59].

Another route of investigation uses the Fas—Fas li-
gand pathway for activation-induced cell death [60].
Analysis of apoptotic pathways in lymphocytes has
demonstrated an essential role for members of the
Fas/TNF receptor superfamily in control of the im-
mune response. Immunologically privileged tissues
protect themselves from immune attack through ex-
pression of Fas ligand. Attempts have been made to
engineer FasL into donor tissues and APCs to selec-
tively kill any T cell that engages the donor cells.
Allogeneic pancreatic islets were cotransplanted with
syngeneic myoblasts genetically engineered to express
FasL [61]. Composite grafting protected the islet grafts
from immune rejection and maintained normoglycemia
for more than 80 days in mice with streptozotocin-
induced diabetes. The FasL signal provided site- and
immune-specific protection of islet allografts. The po-
tential of this approach is not yet established because
of uncertainties associated with the proinflammatory
effects of FasL and the effect of FasL. engagement on
donor cells. The role of apoptosis has also been demon-
strated in another setting in which apoptotic depletion
of alloreactive cells is required to reduce this popula-
tion sufficiently to allow control through anergy or
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immunoregulation [62]. As a result, MHC mismatched
heart and skin allografts would be accepted. This en-
tire Fas—FasL approach emphasizes the potential role
of “negative” regulation in the induction of tolerance.

Chimerism

Donor specific cells are frequently detected in the
lymphoid tissues of a solid organ allograft recipient.
Such chimerism persists in some instances for long
periods after transplantation and may play an active
role in the induction and/or maintenance of tolerance.
Therefore, another strategy attracting interest for the
prevention of transplant rejection is through donor
hematopoietic chimerism. The host hematopoietic sys-
tem is partially ablated and replaced with that of the
donor through bone marrow transplantation. This
form of tolerance is thought to generate a secure and
robust tolerant state. The historic observation based
upon lymphohematopoietic chimerism, originally
noted by Owen in freemartin cattle, has since been
revisited in both rodents and primates to achieve
transplantation tolerance [31].

Passenger leukocytes in the graft are thought to
induce a state of microchimerism in the recipient. In
these microchimeric graft recipients, donor tissue hy-
poresponsiveness has been documented to correlate
with engraftment of donor cells within the trans-
planted tissue and graft survival [63, 64]. These donor-
derived dendritic cells are hypothesized to emigrate
from the donor graft and migrate to host lymphoid
tissue to induce tolerance through clonal deletion.
Groups have used donor bone marrow transplantation
to achieve mixed chimerism and tolerance [65]. How-
ever, unlike that which develops after allotransplanta-
tion, donor bone marrow-derived chimerism requires T
cell depletion of the recipient with partial or complete
ablation of the recipient’s lymphohematopoietic sys-
tem.

Early studies used polyclonal anti-thymocyte globu-
lins and/or myeloablative regimens, such as radiation,
to remove most of the host T cells and create sufficient
hematopoietic space for the new marrow to engraft.
Subsequently, the availability of specific ablative and
blocking Mab has allowed researchers to define the role
of separate T cell subsets, quality and quantity of donor
bone marrow, and degree of marrow myelosuppression
required. In addition, these reagents allow sufficient
stem cell engraftment for tolerance induction. Another
attractive feature of this strategy is that tolerance has
been achieved in preclinical models across the most
stringent of histocompatibility barriers. This strategy
is sufficiently attractive that it has been utilized in the
preclinical setting. Donor bone marrow transplanta-
tion have been used as an adjunctive therapy to aug-
ment donor cell chimerism in animal models of kidney,
liver, heart, and pancreas transplants [60]. Based upon
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observations from murine models, a T cell depleting,
nonmyeloablative conditioning regimen for induction
of mixed chimerism and tolerance of renal allografts in
MHC-mismatched cynomolgus monkeys has been de-
veloped. Of 13 animals in this protocol, 11 achieved
multilineage chimerism and 9 recipients survived long
term. The longest period of survival exceeded 5 years
[66].

These results notwithstanding, the logistics for ap-
plication in human transplantation remain quite de-
manding. Grafts would be ideally transplanted as soon
as possible after removal from the donor, thus limiting
the window for transplantation to a very short time
frame. In addition, there is still a great deal of contro-
versy as to whether microchimerism is essential for
transplantation tolerance. It has been suggested that
persistent chimerism is required only to achieve toler-
ance through central tolerance within the thymus.
Therefore, persistent microchimerism may not be nec-
essary for peripheral immunoregulation-induced toler-
ance. In this case, indirectly processed antigen is suf-
ficient to maintain the dominance of regulatory T cells.
Other investigators have offered an alternative expla-
nation for the persistence of donor-origin cells in toler-
ized graft recipients [65, 67]. They have argued that
tolerance following donor bone marrow administration
is actually “high dose, activation-associated tolerance,”
another form of clonal deletion. In this schema, graft
reactive cells are strongly activated, and this strong
activation leads to clonal deletion.

Other Strategies for Tolerance Induction

Peptide-based hyporesponsiveness has been used as
another strategy for tolerance induction. This focuses
upon the role of indirect antigen presentation in al-
lorecognition because donor APC cannot present these
peptides by the direct presentation pathway. Peptides
of MHC class I and II have been used to successfully
induce tolerance in rat models when administered
alone or with cyclosporine [68].

Injection of soluble antigen and cellular alloantigen
into the thymus for tolerance induction was initially
demonstrated in the 1960s [69]. Since then, the para-
digm of intrathymic injection of alloantigen, usually
intact donor cells, with deletion of preexisting T cells
has been used to induce tolerance in islets, skin, heart,
liver and kidney transplant models in rodents [2]. The
basic intrathymic injection protocol has been extended
by the use of DNA injection into the thymus for toler-
ance induction [70]. Both clonal deletion and periph-
eral suppression have both been implicated as the un-
derlying mechanism. However, this technique has not
yet been reported to induce tolerance in larger animals
or primates. In addition, the progressive thymic invo-
lution that occurs in humans with age poses a theoret-
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ical obstacle to use of this technique in mature individ-
uals.

Correlative Human Observations

The use of universal immunosuppression in current
clinical practice virtually eliminates possibility for ev-
idence of immunologic tolerance in human allograft
recipients. It is clear that induction of immune toler-
ance requires an intact immune system. Currently
available data generated by Starzl derives from human
graft recipients who retained their grafts despite hav-
ing discontinued immunosuppression [71]. He suggests
that passenger leukocytes migrate after transplanta-
tion and produce a microchimeric state that is essential
and possibly even sufficient for allograft maintenance.
This hypothesis is as yet unproven. Data are otherwise
lacking to prove the existence of immunologic tolerance
in humans after vascularized allograft transplanta-
tion.

Potential Pitfalls

The potential side-effects of tolerance to an allograft
requires consideration. Among these are specificity,
durability, disease recurrence, and the question of
chronic rejection. Ideally, tolerance is induced in a
specific fashion to donor-specific tissue, leaving the
host immune system intact to respond to danger un-
impaired. The ability to achieve such a high degree of
specificity may not be possible. As a result, compro-
mises in the recipient’s infection defense or immune
surveillance may result. The durability of induced tol-
erance is unknown. The immune requirements to
maintain tolerance and the factors that may break it
are unknown. If the host must mount an immune re-
sponse to infection or trauma, it is unclear whether
tolerance will persist. Chronic rejection is the primary
reason for the demise of the majority of grafts. The
pathophysiology of this entity is unknown, and the
impact of tolerance induction on the genesis of chronic
rejection is also unclear. Finally, immune tolerance
may also adversely impact the recurrence of the origi-
nal disease process that resulted in the initial organ
insult. This consideration is particular relevant for
autoimmune disease processes, such as lupus nephri-
tis, diabetes, and autoimmune cardiomyopathy.

CONCLUSION

Advances in transplantation biology have resulted in
vastly improved patient outcomes after transplant sur-
gery. However, the Achilles heel remains that of gen-
eralized immunosuppression with its associated pre-
disposition toward infection and neoplasia. Transplant
tolerance remains the ultimate goal for the field. Re-
cent advances in understanding the mechanisms of T
cell activation and technology for development of the
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appropriate reagents offer the potential for achieving
tolerance in the near future. However, despite the en-
thusiasm that meets new discoveries in transplant im-
munology, it remains clear that the human immune
system is a remarkably complex and redundant mech-
anism that may not allow circumventing of such a basic
function as recognition of nonself. In addition, it is also
unclear which of the many available techniques will be
able to safely induce tolerance.
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