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Introduction

In classical mythology, the three Fates, who are portrayed in art and poetry as weavers, worked in concert
to assign to each human his destiny. Clotho spun the
thread of life, Lachesis decided its span, and Atropos
cut the thread at death. Not one of these three goddesses, by her individual action, could complete the
task alone. Likewise, at the dawn of the 21st century,
the archetypal immunosuppressive regimen will most
certainly exploit a triumvirate of effects - selectivity,
synergy, and specificity - which, together with immunological maneuvers, will induce a state of immunological
tolerance (or “partial” tolerance) and, thus, ensure the
future success of human solid organ transplants.
Early in this century it was established that host immune responses toward foreign donor antigens trigger
allograft rejection [24,25,37,46]. Interest in clinical immunosuppression has grown rapidly since midcentury,
when Hamburger et al. [19] applied total body irradiation to facilitate the acceptance of human renal transplants. In the 1960s, based upon the work of Schwartz
and Dameshek [50],Calne et al. [6] used the first “designer drug”, 6-mercaptopurine [23], and its more consistently bioavailable nitroimidazole derivative, azathioprine (Imuran, Burroughs-Wellcome, USA) [41], to in-

hibit multiple enzymes in both the de novo and the salvage pathways of purine synthesis.
The era of chemical immunosuppression began to
flourish in the 1970s, when azathioprine was coadministered with glucocorticoids, which had been shown to
cause lymphocytopenia, thymic atrophy, and anti-inflammatory effects, as well as to reduce the incidence
and reverse the progression of allograft rejection episode. However, this immunosuppressive regimen inhibited nonselective elements of host resistance, such as
monocytes, granulocytes, and macrophages. Because
this profound depression of host resistance led to an excessive incidence of serious infections, particularly when
combined with polyclonal antilymphocyte sera, there
was an urgent need for immunosuppressants that would
inhibit T (and/or B) cells selectively.
The 1980s witnessed the development of two pivotal
T-cell-selective agents that acted without producing perceptible effects on nonspecific host resistance: the antiCD3 monoclonal antibody (mAb) OKT3 [15] became
the most effective agent to reverse acute allograft rejection episodes, and cyclosporin (CyA, Sandimmune,
Sandoz Pharma, Switzerland) [7], a lymphokine synthesis inhibitor, quickly became the cornerstone of maintenance immunosuppression. In spite of its effectiveness,
the utility of CyA, like that of its mechanistic analog tacrolimus (FK 506; Prograf, Fujisawa, Japan) [42], has
been limited by the agent’s pleiotropic array of adverse
side effects.
Future advances in immunosuppression hinge on the
development of synergistic regimens in which immunosuppressants selective for host T- and B-cell alloimmune
responses are combined. The results of a recent clinical
trial of such a regimen in humans showed that the combination of subtherapeutic doses of CyA and sirolimus
(SRL, rapamycin; Rapamune, Wyeth-Ayerst, USA) [8]
reduced the incidence of acute rejection episodes to less
than 10 %, mitigated the toxic effects of large individual
drug doses, and permitted early withdrawal of steroids
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from the immunosuppressive regimen. However, the ultimate goal is to discover a therapeutic regimen that not
only acts synergistically and selectively, but also specifically, to induce a state of immunological tolerance in
which only the destructive antidonor responses are disrupted within the host’s immune repertoire.

same characteristics in rat renal transplant models [55].
Our phase I clinical trials in stable renal transplant recipients document that patients experience only modest
adverse side effects after intravenous administration of
PS-Oligos; thus, phase I1 studies are underway to test
the efficacy of these molecules.

Selectivity

T-cell-selective pharmacological agents:
cyclosporin, tacrolimus, and sirolimus

An ideal immunosuppressant would selectively disrupt
the antigen presentation properties of dendritic and
monocyte/macrophage cells (APCs) without affecting
their chemotactic, phagocytic, and oxidative properties,
which are important for the destruction of microbial
pathogens. Although several xenogeneic mAbs bind to
and inactivate surface coreceptors, they cannot be used
for chronic treatment because they must be delivered
intravenously and their administration induces the production of neutralizing host antibodies. Of greater
promise are the receptor conjugates which are capable
of selectively binding to designated surface receptor
epitopes, resulting in target cell lysis or activation, particularly the ligand-immunoglobulin-conjugatesas opposed to the ligand-diphtheria-toxin-linked reagents,
the utility of which is limited by widespread host pre-immunization by diphtheria-pertusis-tetanus vaccination.
An alternate approach to blocking pre-existent surface
co-receptor moieties that mediate antigen presentation
is the inhibition of their synthesis by the administration
of antisense oligonucleotides.

Because T cells play a pivotal role in the activation of
both cellular and humoral responses, a significant advance in immunosuppressive therapy has been the development of T-cell-selective pharmacological agents,
which halt rejection processes by selectively inhibiting
the maturation and differentiation of alloreactive Tand B-cell immune elements. Although the new antiproliferative agents such as mizorbine (Bredinin, Tojo Pharma, Japan) [33]and mycophenolate mofetil (RS-61443,
Syntex, USA) [43] act noncompetitively to inhibit inosine monophosphate dehydrogenase isozyme 2 more
than other enzymes that catalyze purine synthesis and
salvage, their selectivity is limited because the upregulation of isozyme2 in nonlymphoid cells may result in
drug-induced myelodepression, thereby impairing the
elements of nonspecific resistance.
Therefore, the prototype of T-cell-selective agents
remains CyA, which inhibits antigen-activated lymphokine synthesis and cytotoxic T-cell generation. Interestingly, the actinomycete macrolide TRL inhibits lymphokine synthesis by a mechanism apparently similar
to that of CyA even though it binds to a different set of
Antisense oligonucleotides
intracellular proteins (“immunophilins”) and is structurally unrelated to CyA. CyA binds to cyclophilin, and
Antisense oligonucleotides (Oligos) produce selective TRL binds to FK binding protein (FKBP12) to form
actions on nonspecific elements of host resistance by in- CyA-cyclophilin and TRL-FKBP12 complexes. In addihibiting the expression of cellular genes viar arrest of tion, although immunophilins act as isomerases, regulattranslation, inhibition of processing, or promotion of ing protein folding by altering the cis-/trans relationdegradation of the targeted RNA. In phosphorothioate ships of peptidyl-prolyl bonds, the drug-immunophilin
Oligos (PS-Oligos), a sulfur atom is substituted for one complexes produce a distinct effect: inhibition of the
of the nonbridging oxygen atoms in the phosphate back- phosphatase action of calcineurin (Cn). Drug-immunobone in order to enhance the Oligo’s resistance to hy- philin complexes bind to an overlapping zone where
drolysis by the 3’ exonuclease RNase H. On the basis the latch region of the regulatory B (CnB) subunit interof the Watson-Crick base pairing principle, PS-Oligos acts with and regulates the phosphatase action of the enwere designd to target intercellular adhesion molecule- zymatic A (CnA) subunit [18, 381. The interaction has
1 (ICAM-I), an immunoglobulin-related cell surface been dissected using chemical cross-linking, photoaffimarker on APCs that binds to lymphocyte function-as- nity labeling, random mutagenesis, and, recently, x ray
sociated antigen-l (LFA-1) [45], thereby augmenting crystallographic structural analysis. The contribution of
immune activation via the T-cellreceptor (TcR) but not the CnB subunit confers specificity since neither protein
via the interleukin-2 receptor (IL-2R) pathway (Fig. 1). phosphatase 1 nor 2 A bears a regulatory subunit. This
ICAM-1 upregulation affects not only alloactivation allosteric effect prevents the enzyme-mediated dephosprocesses, but also acute inflammatory responses to cy- phorylation that is necessary for nuclear penetration of
tokines. Just as studies showed that anti-ICAM-1 mAbs a regulatory protein of activated T cells (NFAT), an
interrupt rejection processes [21] and blunt ischemic in- event which is necessary for T cell activation [35].
juries [30],anti-ICAM-l PS-Oligos demonstrate these NFATrepresents a unique biochemical target character-
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Fig.1 Putative sites of T-cellspecific immunosuppressive
agents. These agents can be
classified based upon the phase
of the cycle cell during which
they act. In the G,, to G, transition, intercellular adhesion
molecule-1 (ICAM-I)antisense
phosphorothioate oligonucleotide (PS-Oligo), denoted by
A, inhibits the antigen-presenting cell function of binding to
lymphocyte function antigen-1
(LFA-I),and cyclosporin
(CyA) or tacrolimus (TRL) inhibits calcineurin (Cn), denoted
by B. During the G, build-up,
sirolimus ( S RL), denoted by C,
inhibits the FK-RAPA-associated protein (FRAP). In the
apoptotic pathway, FTY 720,
denoted by 0, may block ceramide degradation, thereby
leading to ceramide accumulation

G,-.G, events

istic of T and possibly B cell [3] signaling pathways due
to its restricted tissue distribution, in contradistinction
to AP-1 and NF-KB, which are widely distributed
among non-lymphoid cells. Further analysis of the molecular structures of imrnunophilin-immunosuppressant
complexes that bind to the regulatory CnB sites is likely
to provide insights into the design of new, more avid inhibitors.
However, two puzzling observations weaken the theory that Cn is the sole target of CsA and TRL immunosuppression. First, therapeutic concentrations of CsA
only halve Cn activity measured with synthetic substrates [2]. Second, individual patients display distinct
and very different ratios of therapeutic to toxic effects
for CsA or for TRL. One might attempt to reconcile
these apparently confounding observations with the Cn
theory by hypothesizing that CsA and TRL display distinctive spectra of inhibition of the Cn isozymes a and f3
[16]. However Cn mutants are unable to discriminate inhibition by TRL-FKBP12 from that produced by CsACYP, suggesting that these two ligand-immunophilin
complexes compete for the same binding site. Alternatively, the greater potency of TRL compared with CsA
may relate to the role of its immunophilin FKBP to regulate calcium (Ca2+)channels. FKBP anchors to the inositol-1,4,5-triphosphate receptors (IP3R) on endoplasmic reticulum, a critical pathway for signal transduction

G, build up

Apoptosis

IL-2

via the nonreceptor protein kinase fyn, following TcRmediated phosphorylation. Thus, FKBP stabilizes dynamically regulated Ca2+flux channels which are associated with ryanodine receptors and with IP3R in sarcoplasmic and endoplasmic reticulum [lo]. Upon binding
of TRL to FKBP12, disruption of calcium mobilization
and/or homeostasis may potentiate Cn inhibition.
Indeed, the arrays of pleiotropic, particularly arteriolopathic and nephrotoxic, side effects of CyA and TRL
prevent these agents from being administered in sufficient doses to exploit their full potentials in transplantation [26]. Because multiple analogs of CyA, including
cyclosporin G and SDZ IMM-125, display similar toxic
properties, the adverse side effect profile has not been
dissociated from the immunosuppressive effects of
CyA by molecular modifications. Serendipitously, it
was discovered that SRL, a compound that is structurally but not mechanistically related to TRL, is a nonnephrotoxic T-cell-selective immunosuppressant. SRL
inhibits cytokine signal transduction pathways by blocking an FKBPlZSRL-associated protein (FRAP), which
is a phosphatidyl-inositol kinase that associates with
several src-like and receptor-type kinases [47,48]. The
binding of SRL to FRAP inhibits activation of the kinase ~ 7 0 "(but
~ not ~85"') [13], thereby preventing hyperphosphorylation of 40s ribosomal proteins [4,9], an
essential step in G , progression. In addition, SRL seems
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to inhibit downstream cyclin-dependent kinases, including ~ 3 4 and
" ~ ~~ 3 3[3Y],
" ~by ~promoting
~
the translation
of the negative regulator ~ 2 7 ~ ' pAlthough
'.
the use of
SRL monotherapy to prolong allograft rejection is currently being explored in European studies, we have
been more intrigued by the immunosuppressive synergism produced by the combination of SRL with CyA.

Synergy

During the last decade, in a number of clinical settings,
physicians have been prescribing synergistic combinations of drugs at individually subtherapeutic and nontoxic doses to avoid the considerable toxicity associated
with the administration of potent drugs individually at
relatively large doses. A synergistic drug combination
was first described by Hitchings [22]: sulfamethoxazole
and trimethoprin, two agents that act sequentially during microbial folate synthesis, exhibited markedly enhanced antibacterial potency. More recently, Kaplan
and Hirsch [2Y] described a synergistic effect of combinations of agents that attack different stages of the human immunodeficiency virus (HIV) replication cycle,
such as inhibitors of reverse transcriptase with inhibitors
of virus-encoded protease.
Elucidation of the nature of drug interactions demands strict measurement of the dose-effect relationships for each drug alone and in combination. Chou
and Talalay [12] used the mass action law to express the
median effect equation and derive the combination index (CI), a parameter of drug interaction that has proven applicable in studies of immunosuppressive drugs
[5Y], HIV [ 5 ] ,and cancer chemotherapy [44]. Interactions are considered additive if CI values equal 1.O, synergistic if they are less than 1.0, and antagonistic if they
are greater than 1.0.
Our studies in rodents suggest that a combination of
immunosuppressive agents that act during two sequential phases of the cell cycle, namely, the G, to G, transformation (CyA) and the G, build-up (SRL), displays a
greater degree of immunosuppressive synergism than
two agents that both act on the G, to G, transformation
(CyA and anti-TcR MAb) [31],or two agents that interrupt the nonsequential G, to G, and S phases [CyA and
brequinar (DuP785, DuPont-Merck, USA)] of the cell
cycle [28].
The CyA/SRL Combination

Animal models: prophylaxis and treatment of rejection
The median effect analysis was used to show that SRL
and CyA act synergistically to prolong the survival of
rat heart and kidney transplants [53]. Furthermore, in

rat recipients, the acute allograft rejection episodes
that emerge after induction therapy with subtherapeutic
doses of CyA (1.0 mg/kg per day) were reversed by
treatment with SRL (0.08 mg/kg per day) beginning at
the onset of the episode [60]. On the one hand, the results of quantitative competitive polymerase chain reactions document that SRL potentiates the inhibitory effects of CyA to reduce the levels of IFN-y, IL-2, and
IL-10 mRNA transcripts in rat heart allografts. On the
other hand, because CyA serves to reduce the synthesis
of lymphokines, lower SRL doses differentially inhibit
lymphokine signal transduction [27].

Clinical trials: prophylaxis of rejection
Our phase IIA study showed that there was a modest
(7 %) incidence of acute rejection episodes in patients
who received a concentration-controlled CyAhtandard
steroid dose regimen to which SRL was added. In addition, steroids could be withdrawn from the immunosuppressive regimens of these SRL-treated patients as early
as 1week after transplantation. Median effect analysis
of the CyA/SRL combination documented that SRL
acts synergistically with CyA in humans (CI = 0.1). In
fact, the addition of SRL to subtherapeutic concentrations of CyA potentiated immunosuppressive activity
to a level beyond that achieved with therapeutic
amounts of CyA. A multicenter, randomized, placebocontrolled phase IIB trial also demonstrated that SRL
treatment reduced the incidence of acute rejection episodes among all patients treated with full-dose CyA
and among, nonblack patients treated with half-dose
CyA. Moreover, our anecdotal report noted that the addition of SRL to a CyA-based regimen reversed ongoing acute cellular rejection in a human renal allograft recipient who was previously resistant to courses of
equine antilymphocyte globulin and OKT3 [51].

Challenges to the design of CyMSRL combinations
The first challenge to the design of a successful CyA/
SRL combination - the partial overlap of the agents'
toxicity spectra - was discovered during clinical trials.
Although SRL is not nephrotoxic and does not potentiate the hypertensive effects of CyA, it shares its hyperlipidemic predilections. CyA primarily produces hypercholesterolemia, and SRL, hypertriglyceridemia [40].
Moreover, both agents are potentially hepatotoxic;
whereas CyA tends to increase serum glutamic pyruvic
transaminase levels, SRL increases serum glutamic oxalacetic transaminase values. These adverse effects may
be controlled by the use of low SRL doses, because
even 0.5 mg/m2 doses do not seem to attenuate the degree of immunosuppressive synergy.
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The second challenge is the pharmacokinetic interaction between SRL and CyA, both of which are metabolized by the cytochrome P450 (CUP) IIIA4 isozyme. In
rodents and in humans, CyA and SRL display a significant, albeit dose-dependent, pharmacokinetic interaction. Using ANOVA models and forward chaining to
stratify drug concentrations independently, we showed
that in humans the interaction could be minimized at
SRL trough concentrations below 10 ngiml and CyA average concentrations, defined as the quotient of the area
under the concentration-time curve divided by the dosing
interval [34], below 450 ng/ml. These findings were confirmed in a rat model; simultaneous gavage of the two
drugs produced a 2- to 11-fold dose-dependent increase
in blood and tissue concentrations. This pharmacokinetic
effect and the immunological effect appeared to contribute equally to produce the synergistic interaction [56].
A third, and more serious, challenge to the design of a
robust immunosuppressive regimen is the limited ability
of SRL to overcome CyA-resistant rejection in the more
stringent animal models, such as the rat small bowel graft
versus host (GVH), mouse heart, and dog renal allotransplant models. Although SRL prolonged the survival
of orthotopic (BN x Lewis) F, small bowel transplants in
Lewis (LEW; RT-1’) recipients across the host-versusgraft disparity, it had only a modest effect and did not
act synergistically (CI = 0.96) with CyA against the
GVH reaction [54]. In CyA-resistant C3H (H-2k)recipients of Balb-c (H-2d)vascularized heterotopic heart allografts, coadministration of SRL with CyA only produced
a modest synergistic interaction (CI = 0.65) [58]. Finally,
because species-specific toxicities limit the amount of
SRL tolerated by dogs and primates, only a modest degree of synergistic immunosuppression may be achieved
in these models. Thus, in more stringent transplant situations, other drugs may need to be added to, or substituted
for, one of the agents in the CyA/SRL combination.

Specificity

ing a suicide mechanism in cells. Selective apoptosis of
host immune cells that are specifically reactive to donor-type foreign alloantigens may produce immunological tolerance by clonal deletion. One promising agent
capable of producing this effect may be the sphingosine
analog FTY 720, which is derived from the fungus Zsari
sinclarii [l]. This immunosuppressant prolongs the survival of rat cardiac and canine renal allografts [57]. Although the agent produces lymphocyte emigration and
sequestration, more significantly, its addition, concomitant with antigenic stimulation in vitro, seems to drive
cells toward apoptosis, as evidenced by the characteristic ladder degradation of DNA upon agarose gel electrophoresis [57]. Presumably, FTY 720 inhibits the
breakdown of ceramide, a second messenger that links
some apoptotic pathways [20] to activation of IL-1 p converting enzyme-like proteases. Two natural apoptotic stimuli increase ceramide concentrations by triggering sphingomyelinases, namely, signal transduction via
the Fas (CD95) receptor activates the acidic form [14],
and via tumor necrosis factor (TNF)-a/TNFR-1, the
neutral form [32] of sphingomyelinases. Induction of apoptosis by FTY 720 represents a unique mechanism of
immunosuppressive drug action; little evidence suggests
that other drugs induce apoptosis. Furthermore, CyA
acts synergistically with FTY 720, perhaps due to its capacity to inhibit growth factor production, possibly producing an effect akin to factor deprivation, which causes
the continuously expressed oncogene c-myc to generate
an apoptotic signal. Although there is no information
about the toxicity of the drug in humans, FTY 720 is metabolized by lysosomal and membrane enzymes as well
as possibly by CYP IVA, but not by CYP IIIA4, the enzyme that primarily biotransforms CyA and SRL. These
findings suggest that FTY 720 proffers a new therapeutic method for deleting (“stripping”) specific T-cell
clones.
Antigen-induced immunodeviation

As we approach the next millennium, the primary goal Whereas apoptosis causes the deletion of donor-reactive
of basic science research in organ transplantation re- cells, exposure of the host to the foreign donor alloantimains the induction of full or at least “partial” immuno- genic epitopes in a fashion different from the way they
logical tolerance, which may vitiate or at least reduce are presented during organ transplantation may alter
the need for debilitating chronic immunosuppression. (immunodeviate) the host response from destructive to
To induce tolerance without disrupting the entire im- tolerogenic. Hosts develop a destructive response after
mune repertoire, the host’s responses must be specifi- they are sensitized by direct presentation of alloantigens
cally altered only with regard to the foreign antigenic on in situ donor dendritic cells. Compared with direct
presentation, indirect antigen presentation through
epitopes present on donor tissue.
host APC processing of subcellular donor alloantigens
represents a more tolerogenic route [ll]. Treatment of
hosts with native (or altered) peptides (or proteins)
Apoptosis
bearing foreign donor-type antigenic epitopes in conApoptosis, or programmed cell death, is a physiological junction with concomitant immunosuppressive therapy
process that regulates the immune response by trigger- induces prolonged allograft survival and, in some in-
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stances, donor-specific unresponsiveness. Altered pep- radiation and cytotoxic and cytostatic chemicals were
tide ligands have been shown to downregulate TcR-me- used to produce nonselective immunosuppression. The
diated responses by incomplete receptor protein phos- greatest advance during the past decade was the develphorylation, ZAP-70 activation, and lymphokine syn- opment of the immunoregulatory, T-cell-selective
thesis [36,52].Although it was originally proposed that agents CyA, OKT3, TRL, and SRL. However, when
the decamer-peptide preparation (Allotrap, Sangstad, used individually, these agents have narrow therapeutic
USA) derived from the a, helix of the class I MHC anti- windows. In the 1990s, the administration of combinagen HLA-B27 produced immunosuppression via a se- tions of subtherapeutic doses of CyA and SRL, drugs
lective interaction with host TcRs, it is now believed that act both selectively and synergistically,has reduced
that the preparation exerts nonspecific effects indepen- the incidence of acute rejection episodes substantially
dent of the TcR pathway, by inhibiting natural killer and mitigated the need for chronic corticosteroid thercell cytotoxicity both in rodent models and in humans apy. However, because the CyA/SRL combination
[61]. However, the phase I1 clinical trials of de novo shows potentially overlapping toxicity profiles, pharmaAllotrap therapy failed to document that the prepara- cokinetic interactions, and limited immunological activtion protects patients from experiencing rejection epi- ity in rigorous rejection models, further research may
sodes. In an alternate approach to the induction of toler- be required to discover regimens that more effectively
ance, Sayegh et al. [49] documented the tolerogenic ac- exploit the immunosuppressive strategy of synergism.
tivities of class 11-derived peptides delivered intrathy- During the next millennium, the primary goal of remically or orally in animal models. Our own approach search in immunosuppression must be the development
seeks to induce tolerance by genetically engineering of a method to induce specific immunological tolerance
tolerogenic class I MHC proteins. Pilot experiments in of clonotypic lymphoid cells directed against foreign dorats have documented the presence of a cryptic tolero- nor epitopes without affecting the rest of the immune
genic epitope in the a1helical region of rat RT1-A mol- repertoire. Thus, just as 3000years ago the actions of
ecules [17]. Administration of the engineered molecule the three Fates established the rationale by which peovia the portal vein route, in conjunction with a brief (7- ple conducted their lives, the coalescence of three efday) course of CyA, routinely induces tolerance; in- fects - selectivity, synergy, and specificity - will undeed, the engineered molecule alone can achieve toler- doubtedly be the basis of the immunosuppressive regimen of the future.
ance in a substantial proportion of hosts.

Conclusion
Advances in the practice of transplantation are integrally related to developments in the field of immunosuppression. During the first 70 years of investigation,
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