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Summary

Immunosuppression remains the cause of most morbidity following organ
transplantation. However, its use is also responsible for the outstanding graft
and patient survival rates commonplace in modern transplantation. Thus, the
predominant challenge for transplant clinicians is to provide a level of immu-
nosuppression that prevents graft rejection while preserving immunocompe-
tence against environmental pathogens. This review will outline several
strategies for minimizing or tailoring the use of immunosuppressive drugs. The
arguments for various strategies will be based on clinical trial data rather than
animal studies. A distinction will be made between conventional immunosup-
pressive drug reduction based on over-immunosuppression, and newer induc-
tion methods specifically designed to lessen the need for chronic
immunosuppression. Based on the available data we suggest that most patients

can be transplanted with less immunosuppression than is currently standard.

Introduction

Kidney allotransplantation is an increasingly successful
therapy for chronic renal failure, and is now generally
considered the treatment of choice for most causes of
end-stage renal disease [1,2]. To prevent allograft rejec-
tion, recipients must have their immune systems altered
in some lasting way, currently through generalized immu-
nosuppression. Patients therefore trade their renal disease
for a chronic, albeit less lethal, condition — that of relative
immuno-incompetence [3-5]. The goal for clinicians has
thus remained the same since clinical transplantation
began: to balance the considerable benefits of organ
replacement, with the immunosuppressant-related risks of
infection, malignancy and metabolic morbidity. This chal-
lenge is complicated by the lack of a reliable means of
predicting patients’ immunosuppressive needs, and has
been met with empiric pharmacological strategies.

The ultimate goal for transplant researchers has been
the development of a strategy sustained immune system
adaptation to the graft facilitating allograft survival with-
out any immunosuppression, so called immune tolerance.

Indeed, an improved understanding of physiological
immunity has produced many promising preclinical toler-
ance strategies [reviewed in 6,7]. Unfortunately, despite
the great potential of these approaches, immunosuppres-
sion in some form is still required.

Although tolerance remains clinically elusive, one
by-product of early clinical tolerance trials has been the
recognition that many patients do exceptionally well for
long periods of time on very little immunosuppression
[8—14]. These same patients, treated with standard mod-
ern immunosuppressive regimens would clearly be over
immunosuppressed. Empiric immunosuppression is thus
less precise in matching immunosuppressive supply and
demand than it perhaps could be, peaking the transplant
community’s interest in minimal immunosuppression
strategies [15].

This review will evaluate many approaches aimed
toward minimizing the requirements for maintenance
immunosuppression. After an overview of the current
state of transplant therapy, two general conceptual
approaches will be discussed: the use of current medica-
tions to prevent over-immunosuppression and the
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application of newer concepts to prospectively reduce the
immunosuppressive needs of transplant recipients. The
first approach will follow the paradigm that an unim-
paired immune system will reject an organ — equating
immune recognition with an unfavorable outcome. The
later will explore a newer viewpoint that immune recog-
nition is a requisite component of both rejection and
acceptance. In this paradigm, the context in which
immune recognition occurs is as important in determin-
ing the response as the antigen recognized, and immuno-
suppression can be altered by controlling the conditions
of recognition.

Why are we here? The benefits of poly-pharmacy
and the risks of reduction

Modern immunosuppressive maintenance therapies have
evolved into multi-drug regimens based on several correct
assumptions. Firstly, alloimmunity involves multiple
interdependent and redundant pathways and effector
mechanisms. These include acquired cellular and humoral
responses, innate immune elements, and both memory
and naive responses [16-19]. It is clear that any one of
these pathways can, in their most vigorous form, mediate
graft loss, and thus, some consideration must be given to
each. No single drug uniquely inhibits, at tolerable doses,
all mediators of alloimmunity.

This leads to a second supposition, that the immune
system is better at recognizing and responding to envi-
ronmental pathogens, so called authentic ligands, than to
alloantigens [20]. There is thus a therapeutic window
within which rejection can be prevented but protective
immunity can be acceptably preserved. Were this not the
case, clinical immuno-incompetence would be far more
prevalent in transplant patients than is currently the case.

Finally, it is reasonably safe to assume that chronic
drug toxicities are, to some extent, dose dependent [21].
This leads one to suppose benefit not only from drug
elimination, but also from dose reduction. Similarly, not
all of the side effects of immunosuppression are based on
their immune effects. Drugs can be chosen for tolerability
without necessarily altering their therapeutic effect.

The assimilation of these concepts has led to the gen-
eral adoption of combination immunosuppression as the
standard, and broadly speaking, no immunosuppressive
combination has been shown to be obviously superior
[22]. This current standard of care is based on the
rational and flexible use of many agents by clinicians who
are cognizant of the therapeutic and side effects of the
available drugs.

The benefits of our current immunosuppressive capa-
bilities must be balanced against several knowledge defi-
cits that leave immune management to empiricism. First,
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while we recognize that many facets of immunity can
mediate rejection, we cannot predict the dominant arm
of immunity in a given individual. Although preexisting
alloantibodies make humoral rejection likely, we have lit-
tle, aside from demographics, to predict the likelihood of
cellular responses, and essentially nothing to measure
potential alloresponsiveness late after transplantation
when immunosuppressive weaning typically occurs. As
such, we cannot ascertain with any accuracy the appropri-
ate pathway to spare from inhibition.

Similarly, there is no assay for over- or under-
immunosuppression that is not dependent on some poor
clinical outcome. Also, as alloimmunity is typically
heterologous or cross-reactive in origin, a patient’s past
immune history can impart allospecific memory without
actual prior alloantigen exposure [23]. Thus, even gen-
etically identical individuals with identical alloantigen
mismatches can have markedly different responses based
on different immune histories. Compounding these
imperfections is our lack of biologically based measures
of drug exposure. Steroids and purine antagonists are not
measured in clinical practice, and while we do have levels
to follow for calcineurin and mammalian target of rapa-
mycin (mTOR) inhibitors, biologically relevant exposure
varies widely between individuals based on intracellular
drug concentration, variable rates of metabolism and dif-
ferences in fat soluble drug distribution for patients of
markedly different size [24,25].

The inability to predict immune behavior, and actual
drug exposure, has necessitated drug regimen design
based on generalizations created to sufficiently inhibit
some aspect of many pathways. The use of multiple drugs
with proven synergy permits dose reduction and a pre-
sumed commensurate reduction in the side effects of each
drug. Poly-pharmacy also imparts a modest impunity to
noncompliance and probably limits the development of
drug resistance. Resistance is not typically considered in
this way, but it is clear that mammalian cells can develop
resistance to immunosuppressants [26].

The field of drug minimization should thus be entered
with the clear understanding that benefits will be offset to
some extent by rejections. Clinicians should recognize the
need for close patient monitoring and avoid blind reli-
ance on a particular strategy. Furthermore, one should
recognize that drug elimination may have unexpected
consequences, like changes in drug sensitivity [27] and
unmasked noncompliance.

Why reduce? What to reduce? The principal
morbidities of immunosuppression

Most common maintenance regimens consist of a cal-
cineurin inhibitor (CNI), either cyclosporine A (CyA) or
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tacrolimus, an anti-proliferative agent, mycophenolate
acid, azathioprine, or sirolimus, and corticosteroids
[22,28]. Many centers augment peritransplant immuno-
suppression with anti-lymphocyte antibody induction.
These regimens consistently produce excellent short-term
survival rates and low acute rejection rates that have
translated into improved graft half-lives [2,29]. Which
component deserves the most attention for elimination,
and which adverse event weighs heaviest in the risk bene-
fit equation? It is apparent that risk-benefit minimization
is difficult to individually quantify. Just as the dominant
immunosuppressant or arm of the immune system can-
not be predicted, neither can risk be ascribed to any sin-
gle agent. The benefit of drug withdrawal varies with both
patient and drug.

Although early acute rejection is easy to measure, it is
likely that a single, quickly diagnosed and well-treated
acute rejection does not necessarily adversely affect allo-
graft survival or mandate a return to high dose immuno-
suppression [30]. Instead, late allograft rejection is a more
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significant problem precipitating chronic allograft nephro-
pathy (CAN) [29-31]. Rejection rates should not be
viewed as the sole metric for drug withdrawal success.
Rather an aggregate endpoint that considers overall
patient outcome is more relevant because the rate of
acute rejection will be increased in any reduction scheme.

There are many side effects to consider in combined end-
point analysis (Table 1). The dominant side effect to target
varies by patient and the risk of drug withdrawal is simi-
larly variable. Only recently have monotherapy regimens
allowed for individual side effects to be analyzed outside
the context of a multi-drug regimen. Thus, no single drug
should be assumed as the best one to eliminate. Neverthe-
less, increasing emphasis has been directed toward cardio-
vascular disease as the cause of most chronic transplant
patient mortality. The single most common cause of graft
loss in the United States is death with a functioning graft,
accounting for 43% of graft losses, of which 36% are attrib-
uted to cardiovascular disease and 27% are either infectious
or malignant deaths [32]. Kidney recipients clearly have an

Table 1. Side effects of approved immunosuppressive agents. A subjective assessment of the toxicities and immunosuppressive effects associated

with common immunosuppressants.

Pred Aza MMEF Siro CyA Tacro OKT3 RATG Anti-IL2

Infectious

Viral + + ++ + + ++ +++ ++ +

Fungal ++ + + + + + + + +

Bacterial ++ + + + + + + + +
Malignant

Lymphoma/EBV + + ++ + ++ ++ +++ ++ +

Skin/HPV + ++ + + ++ + + + +
Toxic

Cardiovascular ++ - - + ++ ++ - - _

Gut/hepatic ++ ++ +++ + + + - - -

Neurologic + - - + + ++ - - _
Hematologic

Anemia - + + ++ - - — + —

Leukopenia - ++ ++ ++ - - + ++ -

Thrombocytopenia - + + + - - - T+t _

Renal - - - + +++ +++ - - -
Metabolic

Hypertensive ++ - - + +4++ + - - _

Diabetic +++ - - - + +++ - - _

Osteoporotic +++ - - - - - - - _

Hyperlipidemic ++ - - +++ ++ + - - _
Cosmetic

Fat distribution +++ - - - - - - - _

Hirsutism ++ - - - +++ - - - _

Acne +++ - - - ++ - - - -
Cytokine release - - - - - - +++ ++ -
Anti-rejection efficacy g + + + ++ ++ - - +

The scale is based on the experience of the authors with conventional and monotherapy immunosuppressive protocols. Toxicities are categorized
as negligible (=), atypical/not dose limiting (+), typical/dose limiting (++), or typical and requiring active prophylaxis (+++). Immunosuppressive
potency is categorized as requiring additional therapy (+), sufficient as a single maintenance agent for appropriately selected/induced patients
(++), or reversal agents/stand alone agents limited by immunosuppressive toxicity for chronic use (+++).
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increased risk of ischaemic heart disease as predicted by
Framingham Heart Study criteria [33] because both their
primary disease and subsequent immunosuppression are
associated with hypertension, hyperlipidemia, and diabetes
mellitus. While it is difficult at times to attribute hyperten-
sion solely to immunosuppression, it is clearly associated
with decreased graft and patient survival and an increased
incidence of CAN [34,35]. In contrast, post-transplant dia-
betes mellitus (PTDM) is an important complication that
is clearly a reversible effect of steroids and CNI. The inci-
dence of PTDM in the US is 24% at 36 months (higher in
African and Native Americans), and has been clearly associ-
ated with reduced graft and patient survival [36-39].

The two primary immunologic complications of immu-
nosuppression are malignancy and opportunistic infec-
tions, accounting for 27% of deaths with a functioning
graft. The risk of malignancy in immunosuppressed
patients is increased three to five times the normal popula-
tion predominantly because of skin cancers and post-trans-
plant lymphoproliferative disease (PTLD)/lymphoma [40].
The oncogenic viruses, Epstein—Barr virus (EBV) and
human papillomavirus are the primary causes of transplant
malignancy [40,41] and thus, malignancy in this setting can
also be considered an opportunistic infection of sorts.
Aggressive immunosuppression in any combination increa-
ses the risk of PTLD [42,43], almost certainly by limiting
EBV-specific T-cell function and immune surveillance of
EBV-infected cells [44]. Just as allograft rejection can be
prevented in many ways, so too can viral rejection.

Despite significant advances in prophylaxis, opportun-
istic infections remain an important risk [4]. The high
prevalence of seropositivity for cytomegalovirus (CMV)
and herpes simplex places patients at risk of both primary
infection from the donor, and reactivation of latent dis-
ease. This is particularly true in the induction phase of
immunosuppression [4,45], although viral clearance is
impeded by maintenance therapy as well [46]. The most
concerning viral infection in recent years has been poly-
oma virus that occurs in up to 45% of kidney recipients
associated with graft loss in as many as 50% of infected
patients [47-57]. Just as PTLD is the cause for immuno-
suppression reduction, we now view polyoma viremia as
a biological indicator of over-immunosuppression.

The best drug reduction or elimination strategy is thus
predicated on the dominant side effect anticipated in the
recipient. CNIs may be best avoided in individuals with a
tendency toward type 2 diabetes, steroids in persons with
prior steroid psychosis or growing children, purine ana-
logues in persons with chronic marrow suppression, prior
myelodysplastic disease or viral skin lesions, and mTOR
inhibitors in individuals with difficulty in controlling
hyperlipidemia. Economic considerations are also relevant
to battle problems of noncompliance.
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Immunosuppression reduction/elimination based
on clinical over-immunosuppression

By definition, immunosuppression should be reduced in
patients that are over-immunosuppressed. The immune
system has evolved to reject environmental pathogens,
not organs, and pathogens are, as empirically surmised,
more easily rejected than organs. Patients who cannot
reject pathogens also cannot, generally speaking, reject
their organs. Accordingly, viral replication may be consid-
ered a biological surrogate for over-immunosuppression.

With the use of more intense immunosuppressive regi-
mens the potential for opportunistic infection has grown
[4]. Prophylactic anti-infective regimens have successfully
been employed to counter this risk resulting in reduced
CMV, PCP (Pneumocystis carinii pneumonia), and urin-
ary tract infections. In the early post-transplant period,
induction therapy of is to some degree necessary and not
indicative of inappropriate immunosuppression. Late
post-transplant however, the presence of infection is
indicative of excessive immunosuppression.

A recent example over the past decade is BK polyoma-
virus nephropathy, which has emerged as a serious patho-
gen [47-56] and can be used as an illustrative example of
immunosuppressive reduction for cause. Infecting
between 10 and 45% of kidney recipients [48,49], BK
virus may result in nephropathy in approximately 6%
[49]. While it has been speculated that improved disease
recognition has contributed to the increased incidence,
immunosuppressive potency is the most likely cause [50].
Polyomavirus has a predilection for urogenital epithelium,
and the presence of actively replicating virus may be
detected simply by urine cytology demonstrating virally
infected uroepithelial cells (decoy cells) in the urine. This
technique is very sensitive for identifying viral replication
in the urinary tract [47]. However, the positive predictive
value of this qualitative technique for identifying nephro-
pathy is quite low (<20%) [51]. Several centers have
therefore utilized quantitative urine and plasma assays.
Viremia is strongly associated with nephropathy, and fre-
quently precedes its development [49,52,53]. In clinical
reports using plasma quantitation, reductions in
immunosuppression frequently result in decline in the
viral copy load [49,52]. This ability to monitor viral load
noninvasively offers substantial advantage to the clinical
management of infected patients in providing a noninva-
sive method for determining the appropriate duration of
anti-viral treatment and/or guiding immunosuppressive
reduction.

We, and others, have adopted management algorithms
based on the presence of BK DNA in plasma and urine with
specific intent on using BK positivity as an indication for
immunosuppressive reduction [54-56]. Emphasis is placed
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on prospective assessment of BK infection using PCR based
assays. We incrementally reduce immunosuppression,
either an anti-metabolite or CNI, if plasma levels become
positive, and to a lesser extent based on the intensity of the
urine level. Using such a strategy, recipients can be classi-
fied in one of three groups: intermittent viruria lasting
<3 weeks, sustained viruria without viremia, and progres-
sion to viremia [54]. Sustained high level viruria
(23.0 x 107 copies/ml) is associated with progression to
viremia and viremia rarely exists in the absence of viruria.
While long-term follow-up of patients in BK surveillance
studies are pending, active surveillance and preemptive
actions appear effective in dealing acutely with BK infection
and prevention, and in doing so, lead patients to lower
immunosuppressive burdens without apparent additional
rejection risk. Prospective surveillance in our center has
demonstrated detectable viruria in the immediate postop-
erative period that is managed with immunosuppressant
reduction and clearance of viruria, with absence of nephro-
pathy on subsequent protocol biopsies [56]. Thus, preemp-
tive viral monitoring allows the clinician to achieve a more
risk neutral immunosuppressive balance.

Similar strategies can be adopted with CMV and PTLD
and indeed, immunosuppressive reduction in the face of
PTLD has resulted in patients being successfully with-
drawn from immunosuppression completely [57]. We
currently advocate routine screening for BK, EBV and
CMV during the first year post-transplant. Whether toler-
ant or over immunosuppressed, patients with active viral
disease need less immunosuppression and comprise a
category of individuals in whom reduction should be
considered as a matter of standard therapy.

Immunosuppression reduction/elimination
in the face of clinical stability

The rationale for immunosuppressive reduction in
patients who are clinically stable may seem less intuitive
than in patients with active viral infection, but the justifi-
cation for considering this is equally valid. First, even sta-
ble patients suffer serious consequences from chronic
immunosuppression. Thus, there should be an implied
benefit providing graft survival is not worsened. Secondly,
it is unlikely that any prescribed regimen is precisely the
right amount of immunosuppression for every patient.
There is room for error that can perhaps be minimized
by judicious drug withdrawal built into every regimen.
All agents commonly used in triple drug regimens have
been reduced in prospective trials with reasonable degrees
of success. However, it should be reiterated that all reduc-
tion regimens will be associated with increased acute
rejection, and should therefore be linked to heightened

clinical monitoring.
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Steroids reduction/elimination

Glucocorticosteroids have been proved to be adjuvant
immunosuppressants since the early 1960s [58] and their
usefulness in preventing allograft rejection has stood the
test of time. Their broad mechanism of action leads to
myriad side effects and contributes to morbidity and
mortality. However, most attempts to simply eliminate
steroids without some compensatory therapy have lead to
unacceptable rates of rejection exceeding 30% [59,60]. As
immunosuppressive agents with more defined spectra
have become available, compensated steroid avoidance
has become more easily achieved in even high-risk indi-
viduals. Recently reported steroid withdrawal or avoid-
ance using tacrolimus and sirolimus or extended
daclizumab are examples of compensatory steroid with-
drawal [61-63].

It is important to recognize, however, that many of the
chronic effects attributed to steroids, including osteopor-
osis, are likely better ascribed to chronic immunosuppres-
sion in general. There are no clear data demonstrating
that graft or patient mortality are improved when steroids
are removed but replaced with equally potent mainten-
ance immunosuppression. It is our current contention
that most of the beneficial effects of steroids are related
to inhibition of antigen presentation. Thus, their avoid-
ance may not mandate continuous replacement, but
rather compensation at the time of initial allograft recog-
nition. We thus favor induction strategies over steroid
replacement strategies to avoid steroid usage, and view
chronic compensatory replacement to be excessive.

Calcineurin inhibitor avoidance/elimination

The CNI CyA and tacrolimus have dramatically improved
renal transplantation. Despite a common mechanism of
action and shared relative T-cell specificity, they have
unique side-effect profiles (Table 1). Recently reported
prospective studies comparing the two agents have
revealed comparable graft and patient survival [64—67].
Tacrolimus is a more potent agent and cyclosporine thus
has more flexibility for incremental dosing. Tacrolimus
has a higher incidence of PTDM and worse neurotoxicity
and less cosmetic side effects. Substitution of one CNI for
another is an acceptable option for minimizing a domin-
ant side effect in selected recipients [68], but should not
be considered immunosuppression reduction per se. Both
acute and chronic nephrotoxicity are well described with
even judicious CNI use, and are the major dose-limiting
effects of these drugs [69,70]. Chronic CNI arteriolar
vasoconstriction is additive to other factors leading to
CAN and has provided the major impetus to reduce or
eliminate CNI [71-74].
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Several centers have evaluated cyclosporine withdrawal
with varied results. A meta-analysis of CNI withdrawal
showed an 11% increase in rejection in cyclosporine with-
drawal studies but no change in overall survival [75]. CNI
withdrawal remote from the time of transplantation is
generally well tolerated although the rate of rejection is
approximately fivefold higher than persons remaining on
triple immunosuppressive therapy. Randomized, con-
trolled studies evaluating CyA withdrawal versus standard
therapy have revealed an acceptable rejection rate of
approximately 10% versus 2% in nonwithdrawn arms
[74,76]. The majority of rejections have been mild and
reversible and a significant improvement in renal function
has been consistently seen. However, reports of higher
rejection rates approaching 25% and more severe rejection
scores continue to be reported when early withdrawal is
attempted without some compensatory induction [77,78].
Mycophenolate substitution for azathioprine may facilitate
CyA withdrawal [79]. Thus, late after transplantation it is
possible that as many as 90% of patients are over-immu-
nosuppressed, when considering short-term outcome. The
ultimate fate of CNI reduction will rely on long-term fol-
low-up. Even with equivalent outcome, the economic
benefit may be considerable.

The role of sirolimus in immunosuppressive reduction

The approval of sirolimus as a maintenance immunosup-
pressant has provided another potential option for CNI
avoidance — again, compensated drug elimination. Siroli-
mus binds to FK-binding protein remote from the tacrol-
imus-binding site inhibiting the mTOR and the signal
transduction  associated  with  interleukin-2.  This
accentuates the tendency of activated T cells to undergo
apoptosis [80], and might be beneficial in promoting
antigen-specific activation-induced apoptosis, a require-
ment for peripheral tolerance [81]. This potential effect is
likely only applicable in the absence of CNI. The fact that
many studies have been performed showing that sirolimus
can be combined with CNI to give acceptable results,
however is no evidence that combination use is less or
more specific immunosuppression [63,82-84]. Based on
the studies of cyclosporine withdrawal with mycopheno-
late, at least two groups have initiated similar protocols
with sirolimus. Two multicenter, randomized, controlled
studies demonstrated the safety of cyclosporine with-
drawal at 3 months followed by concentration-controlled
rapamycin levels and also found significantly improved
renal function and control of hypertension with worsen-
ing hyperlipidemia [85,86]. Sirolimus is specifically
approved in the US for achieving CNI withdrawal.

Use of sirolimus from the time of transplantation as a
base therapy to replace CNIs is attractive both in terms of
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reduced nephrotoxicity and potential pro-tolerant adapta-
tion. Improved renal function and blood pressure have
been demonstrated in a multicenter European trial repla-
cing CNI with sirolimus [87]. The rejection rate noted in
this study may be improved by substituting mycopheno-
late for azathioprine [88]. A more recent study performed
at Cleveland Clinic randomized sirolimus versus cyclospo-
rine with mycophenolate and steroids after basiliximab
induction and found excellent graft survival with
improved renal function [89]. Thus, sirolimus is a reason-
able compensatory strategy for CNI elimination for
patients in whom CNI toxicity is burdensome. However,
there is no evidence that immunosuppression with siroli-
mus is better than immunosuppression with CNI when
all cause morbidity or mortality is considered.

Common themes for compensatory immunosuppressant
elimination

Several common themes are identifiable in the literature
cited above and in the transplant literature in general. The
first is that patients clearly need less immunosuppression
late after transplantation than they do at the time of trans-
plantation. Although there is no objective way to assess this
need, there is general agreement that grafts do indeed ‘heal
in’ over time. Empirically, this seems to take approximately
6 months, as immunosuppressive reduction that takes
place prior to this is fraught with higher rates of rejection.
Another observation is that no trial has been shown to
actually improve patient outcome. Trials that reduce one
drug often improve the effects of that drug, but not graft
and patient survival. Thus, most trials exploring immuno-
suppressive reduction by altering maintenance medications
have merely taken advantage of the natural reduction in
immunosuppressive need that occurs following transplan-
tation, or have provided another means of supplying
immunosuppression. Indeed, it is increasingly clear that
most patients on triple immunosuppression do not need
this for life, and an argument can be made that the general
resistance to acknowledge this has been as much economic-
ally driven as it has been driven by biology. Furthermore,
most trials have not reduced immunosuppression so much
as they have eliminated over-immunosuppression — still a
laudable and important goal, but not one that is based on
altering the biology of alloantigen recognition. Thus, the
fundamental causes of allograft rejection should be consid-
ered to plot a new course on the road toward true immu-
nosuppressive minimization.

Considering the context of rejection

If one is to truly reduce immunosuppressive require-
ments below that which is routinely required, one must
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reconsider the fundamental causes of allograft rejection. It
is beyond the scope of this review to comprehensively
discuss this topic, and indeed this subject and the intro-
duction to ‘context-based therapy’ has recently been
reviewed in depth [90]. However, several general points
should be reinforced to construct a conceptual framework
around new strategies for maintenance minimization.

Clearly, alloantigens are targeted by the immune system
for elimination, and the pathways associated with alloan-
tigen recognition, namely the T-cell receptor and T-cell
transcriptional pathways, are ripe targets for inhibiting
alloimmunity. However autoantigens can also serve as
targets for counter adaptive immunity (as demonstrated
by patients with lupus or diabetes) but typically do not.
Thus, many factors other than the antigen itself shape the
immune posture toward an allograft, and this suggests
that pathways other than those associated with T-cell
activation should be taken into consideration when deter-
mining how much immunosuppression is required.
Indeed, the context in which an antigen is recognized and
the shear number of cells participating in the event must
have considerable influence on the direction of an
immune response apart from whether a T-cell can recog-
nize the antigen in question. As such, considering these
contextual aspects of immunity may illuminate many
methods for reducing immunosuppression.

In this light, we should consider that a human vascu-
larized allograft rejects not only because it is antigenic,
but also because it is transplanted into a recipient with a
nonphysiologically high antigen specific T-cell frequency
— a context of over-crowding [91,92]. Thus, physiological
mechanisms for controlling autoimmunity caused by low-
prevalence autoreactive cells are perhaps unable to control
high-prevalence alloreactive cells. Transplants are also
performed in a manner, surgically with ischemic injury,
that accentuates chemotaxis to the organ and the activa-
tion of tissue-based donor antigen presenting cells (APC)
[93,94]. This also increases the prevalence of cells at the
site by increasing the efficiency of allospecific T-cell acti-
vation and their homing to the allograft, again, likely
overwhelming local mechanisms for regulation that have
evolved to handle low prevalence cells with auto-reactivity
or specificity for a single viral antigen. Similarly, immune
responsiveness to the graft strongly skews the immediate
specificity of the acquired immune repertoire toward the
alloantigen. This is not likely a posture that is maintained
with time. As the immune system must subsequently
respond to other antigens and do so while maintaining
an immune system with a stable size, time and apoptosis
eventually reduces the cells available to respond to the
graft [reviewed in 95].

Although there can be some debate as to the import-
ance of each of these mechanisms relative to the source
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of the donor organ, it is clear that all of these processes
augment immune responsiveness to some extent. As the
discussion is not of tolerance, but rather of immunosup-
pressive reduction, the absolute contribution is not as
important as the fact that each contributes. Thus, atten-
tion to these processes can incrementally lessen the mag-
nitude of an alloimmune response, and in doing so,
reduce the immunosuppressive requirements. It is
important to point out, that alloimmune
responsiveness is not static. Immunity versus environ-
mental pathogens begets alloimmune cross-reactivity such
that states of quiescence can be broken by viral infection
and subsequent heterologous immunity [23,96].

The common feature of all of these factors is that they
are present at the time of transplantation, and wane with
time. Thus, we currently favor aggressive attention to
minimizing the pro-inflammatory aspects of the trans-
plant and reducing the initial magnitude of the immune

however,

response, rather than relying on sustained immunosup-
pression. The technique that best addresses this purpose
is lymphocyte depletion. This single maneuver reduces
the absolute number of cells responding to the graft, pre-
vents antigen recognition and interaction with APC in
the secondary lymphoid tissue, and delays the opportun-
ity for T-cell activation. This permits one to immediately
use immunosuppression that would typically be inad-
equate until late after transplantation, making low dose
immunosuppression the default.

Maintenance reduction/elimination strategies
using context-based concepts

The natural tendency to require less immunosuppression
relates either to a need for time to pass from the trans-
plant procedure or for the injury of the procedure to
abate. Induction with depletion antibodies offers the
opportunity to satisfy these requirements. Yet, depletion
induction has been used for decades without dramatic
impact on graft or patient survival [97]. It thus seems
that conventional induction does not serve the purposes
sought.

For depletion to segregate alloantigen from the context
of transplantation it must attenuate not just the periph-
eral lymphocyte burden (which we view as of minor
importance), but also the lymphocytes in the secondary
lymphoid tissues [reviewed in 98]. Indeed, it is clear that
depletion methods that leave detectible levels of T cells in
the periphery do little to alter the nodal architecture.
Studies have suggested that depletion can be dosed by fol-
lowing the peripheral T-cell count [99,100], and when
used solely as an immunosuppressant along with triple
therapy, this is prudent to avoid over-immuno-
suppression. However, when specifically used to foster
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maintenance minimization, the peripheral count should
be reduced as low as possible, as in our experience only
trace T-cell presence correlates with a reasonable impact
on the secondary lymphoid tissues [13].

Many animal studies have clearly shown that depletion
is, in and of itself, adequate to induce tolerance
[101,102]. However, the use of depleting agents in
humans has been limited by concerns for infectious and
malignant morbidity. When used clinically, depleting
antibody preparations are typically used sparingly and
generally do not achieve prolonged peripheral or nodal
depletion [97,103]. As such, aggressive T-cell depletion
has not wuntil recently been studied in humans
[8,10,12-14]. It is now clear, that when used aggressively,
maintenance therapy with single agents, either cyclospo-
rine, sirolimus or tacrolimus, is possible in most nonsen-
sitized patients.

A growing number of investigators have demonstrated
that lymphocyte depletion with either alemtuzumab or
rabbit anti-thymocyte globulin at the time of transplanta-
tion greatly reduces the need for maintenance immuno-
suppression and appears to be relatively well tolerated.
This is at first glance inconsistent with the literature
showing that depletion induction increases immunosup-
pressive morbidity [97,104]. Indeed, the use of aggressive
T-cell depletion in concert with full maintenance immu-
nosuppression will increase infectious morbidity. How-
ever, when employing depletion specifically to lessen the
need for immunosuppression, it appears to be acutely
safe, and effective to apply these temporary agents aggres-
sively.

We have recently investigated the nature of the postde-
pletion T-cell repertoire and found that not all T-cell
types are equivalently depleted [105]. Indeed, T cells with
certain memory phenotypes are relatively resistant to anti-
body-mediated depletion. This provides one explanation
for why depletion in the absence of aggressive mainten-
ance immunosuppression is well tolerated. Memory
responses are to some extent preserved, and we have
found no evidence that antibody or T-cell responses to
environmental pathogens are eliminated by depletion.
This also suggests that depletion and maintenance mini-
mization may not be a rational strategy for presensitized
individuals, as it is unlikely to erase allospecific memory.
In those patients with high panel reactive antibody in
whom we have applied alemtuzumab induction, we have
not seen a subsequent reduction in the degree of sensiti-
zation over time. Indeed, we have seen serious (but
reversible) vascular rejection in sensitized patients treated
with RATG (rabbit anti-thymocyte globulin) and siroli-
mus. Here it is important to re-state that testing for allo-
antibody does not predict cellular sensitization. As
alloreactive T cells are, in general, responding through
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cross-reactivity with environmental pathogens, some
patients will have alloreactive memory as a result of prior
viral exposure that will not be sufficiently controlled with
depletion. This is also likely the cause of rejection in the
minority of patients who are not adequately maintained
on sirolimus following alemtuzumab induction [12]. In
these instances, we find that CNI control memory activa-
tion better than mTOR inhibitors and we currently view
the combination of depletion and CNI to be the optimal
initial combination.

There is likely a role for mTOR inhibitors as they are
thought to foster activation-induced cell death and may
in fact permit pro-tolerant adaptation over time [81]. We
have seen a reduction in direct alloreactivity in patients
maintained on monotherapy sirolimus after several years.
Thus, a regimen that uses CNI early and switches to
mTOR inhibition after 6 months may be a suitable use of
both classes of agent. Further investigation along these
lines is warranted.

Altering central immune repertoire development

Depletion induction seems adequate for eliminating the
possibility of naive responses. However, it is likely that, in
the absence of central repertoire change, the requirement
for immunosuppression will continue. The use of donor
antigen, particularly donor bone marrow, has been sug-
gested as a means of skewing the T-cell repertoire toward
tolerance. Clinical studies conducted and reported over
the past 15 years evaluating the effect of donor bone mar-
row infusion in recipients of solid organ transplants give
cause for guarded optimism.

Early studies concentrated on the administration of
donor bone marrow as an adjuvant to conventional
immunosuppression. The first major controlled trial dem-
onstrating a modest benefit in cadaveric kidney graft sur-
vival and in vitro donor-specific hyporesponsiveness was
conducted by Barber [106]. Unfortunately, the poorer
than expected graft survival observed in the control arm
of this study tempered enthusiasm for this approach.
Subsequently, investigators at the University of Pittsburgh
infused donor bone marrow as an adjunct to a conven-
tional tacrolimus-based regimen [107]. No induction with
depleting antibodies was performed. The regimen was
applied to recipients of kidney, liver, lung and multiple
organ allografts. A significant reduction in the incidence
of acute rejection at 6 months was noted. The regimen
was also associated with a higher incidence of in vitro
donor-specific hyporesponsiveness and increased levels of
chimerism. In a separate study from the same group, the
effect of donor bone marrow infusion on pancreas allo-
graft survival was evaluated [108]. Again these authors
documented a reduced incidence of acute rejection
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episodes in the first year post-transplant and increased
donor chimerism by PCR analysis. Investigators at the
University of Miami have also reported on the beneficial
effects of the administration of donor bone marrow in
conjunction with conventional immunosuppression in
recipients of liver and kidney allografts. One-year graft
survival was improved and the rate of acute rejection was
reduced significantly in liver allograft recipients that
received donor bone marrow [109]. Kidney transplant
recipients that were infused with donor bone marrow
demonstrated a reduced incidence of CAN and improved
long-term graft survival [110]. Low but progressively
increasing levels of multilineage donor chimerism were
demonstrated by a combined in situ PCR flow cytometric
approach. Interestingly, these chimeric cells demonstrated
the ability to suppress anti-donor T-cell proliferation in
vitro [111].

More recently, emphasis has shifted toward using pro-
gressively more aggressive forms of recipient conditioning
prior to the infusion of donor bone marrow (or peripher-
ally mobilized stem cells) in order to effect a greater
therapeutic response. A report from Stanford described
their experience in kidney recipients using total lymphoid
irradiation, donor stem cell infusion, lymphocyte deple-
tion, and conventional immunosuppression that was
weaned approximately 1 year post-transplant [11]. While
a transient chimeric state was achieved and the majority
of patients were weaned off of immunosuppression, sub-
sequent rejection was common. Perhaps most promising
of all, the group at The Massachusetts General Hospital
has successfully adapted their long established protocol
for induction of a transient state of mixed chimerism and
tolerance into the clinic [112] . They administered human
leukocyte antigen identical donor bone marrow to kidney
transplant recipients with multiple myeloma and renal
failure. The patients were conditioned with a combination
of cyclophosphamide, thymic irradiation, lymphocyte
depletion, donor lymphoid infusion and a tapered course
of immunosuppression. These patients developed tran-
sient donor chimerism, resolution of their multiple myel-
oma and long-term kidney survival without the need for
maintenance immunosuppression.

Conclusion

Immunosuppression remains a necessary therapy for allo-
transplantation. However, most regimens that have been
adopted to optimize first year rejection rates appear
overly immunosuppressive late after transplantation.
Accordingly, judicious reduction in immunosuppression
over time, guided by indications of immunosuppressive
toxicity, monitored to detect burgeoning alloimmunity,
and cognizant of the needs of the individual patient, is
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becoming the accepted standard. Depletion-induction
protocols may allow for reduced immunosuppressive regi-
mens to be employed from the time of transplantation,
but will require longer follow-up to determine their ulti-
mate role in clinical practice.

References

1. Eggers PW. Effect of transplantation on the Medicare
end-stage renal disease program. N Engl ] Med 1988; 318:
223.

2. Hariharan S, Johnson CP, Bresnahan BA, et al. Improved
graft survival after renal transplantation in the United
States 1988-1996. N Engl | Med 2000; 342: 605.

3. Boubenider S, Hiesse C, Goupy C, Kriaa F, Marchand S,
Charpentier B. Incidence and consequences of post-trans-
plantation lymphoproliferative disorders. ] Nephrol 1997;
10: 136.

4. Fishman JA, Rubin RH. Infection in organ-transplant
recipients. N Engl | Med 1998; 338: 1741.

5. Rubin RH, Schaffner A, Speich R. Introduction to the
Immunocompromised Host Society consensus conference
on epidemiology, prevention, diagnosis, and management
of infections in solid-organ transplant patients. Clin Infect
Dis 2001; 33(Suppl. 1): SI.

6. Kirk AD. Transplant tolerance: a look at the non-human
primate literature in the view of modern tolerance theor-
ies. Crit Rev Immunol 1999; 19: 349.

7. Kirk AD. Crossing the bridge: large animal models in trans-
lational transplantation research. Imm Rev 2003; 196: 176.

8. Calne R, Friend P, Moffatt S, et al. Prope tolerance, peri-
operative campath 1H, and low-dose cyclosporin mono-
therapy in renal allograft recipients. Lancet 1998; 351:
1701.

9. Burlingham WJ, Jankowska-Gan E, VanBuskirk A, Orosz
CG, Lee JH, Kusaka S. Loss of tolerance to a maternal
kidney transplant is selective for HLA class II: evidence
from trans-vivo DTH and alloantibody analysis. Hum
Immunol 2000; 61: 1395.

10. Swanson SJ, Hale DA, Mannon RB, et al. Kidney trans-
plantation with rabbit antithymocyte globulin induction
and sirolimus monotherapy. Lancet 2002; 360: 1662.

11. Millan MT, Shizuru JA, Hoffmann P, et al. Mixed chi-
merism and immunosuppressive drug withdrawal after
HLA-mismatched kidney and hematopoietic progenitor
transplantation. Transplantation 2002; 73: 1386.

12. Knechtle SJ, Pirsch JD, Fechner JH Jr, et al. Campath-1H
induction plus rapamycin monotherapy for renal trans-
plantation: results of a pilot study. Am J Transplant 2003;
3: 722.

13. Kirk AD, Hale DA, Mannon RB, et al. Results from a
human renal allograft tolerance trial evaluating the
humanized CD52-specific monoclonal antibody Campath-
LH. Transplantation 2003; 76: 120.

Transplant International 18 (2005) 2-14 © 2004 Blackwell Munksgaard Ltd



Kirk et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Starzl TE, Murase N, Abu-Elmagd K, et al. Tolerogenic
immunosuppression for organ transplantation. Lancet
2003; 361: 1502.

Kirk AD. Less is more: maintenance minimization

as a step toward tolerance. Am ] Transplant 2003; 3:

643.

Suthanthiran M, Strom TB. Mechanisms and management
of acute renal allograft rejection. Surg Clin North Am
1998; 78: 77.

Baldwin WM III, Larsen CP, Fairchild RL. Innate immune
responses to transplants: a significant variable with cada-
ver donors. Immunity 2001; 14: 369.

Terasaki PI. Humoral theory of transplantation. Am |
Transplant 2003; 3: 665.

Valujskikh A, Lakkis FG. In remembrance of things past:
memory T cells and transplant rejection. Immunol Rev
2003; 196: 65.

Wang B, Maile R, Greenwood R, Collins EJ, Frelinger JA.
Naive CD8+ T cells do not require costimulation for pro-
liferation and differentiation into cytotoxic effector cells.

J Immunol 2000; 164: 1216.

Sindhi R, Berry V, Janosky J. Multiparametric effect: con-
centration analyses. Front Biosci 2004; 9: 1218.

United Network for Organ Sharing. 2002 Annual Report.
The U.S. Organ Procurement and Transplantation Net-
work and The Scientific Registry of Transplant Recipients.
United Network for Organ Sharing, US Department of
Health and Human Services 2002.

Adams AB, Pearson TC, Larsen CP. Heterologous immu-
nity: an overlooked barrier to tolerance. Immunol Rev
2003; 196: 147.

Keown PA. New concepts in cyclosporine monitoring.
Curr Opin Nephrol Hypertens 2002; 11: 619.

Sindhi R, Allaert J, Gladding D, et al. Modeling individual
variation in biomarker response to combination immuno-
suppression with stimulated lymphocyte responses-poten-
tial clinical implications. | Immunol Methods 2003; 272:
257.

Koziolek MJ, Riess R, Geiger H, Thevenod F, Hauser IA.
Expression of multidrug resistance P-glycoprotein in kid-
ney allografts from cyclosporine A-treated patients. Kidney
Int 2001; 60: 156.

Chamberlain CE, Kirk AD, Hale D, Swanson J, Cendales
L, Mannon R. Prednisone decreases sensitivity to siroli-
mus in kidney transplant recipients. Am ] Transplant
2003; 3(Suppl. 5): S354.

Gaston RS. Maintenance immunosuppression in the renal
transplant recipient: an overview. Am J Kidney Dis 2001;
38(Suppl. 6): S25.

Hariharan S. Long-term kidney transplant survival. Am |
Kidney Dis 2001; 38(Suppl. 6): S44.

Sijpkens YW, Doxiadis II, Mallat MJ, et al. Early versus
late acute rejection episodes in renal transplantation.
Transplantation 2003; 75: 204.

Transplant International 18 (2005) 2-14 © 2004 Blackwell Munksgaard Ltd

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Immunosuppression minimization

Racusen LC, Solez K, Colvin RB, et al. The Banff97 work-
ing classification of renal allograft pathology. Kidney Int
1999; 55: 713.

Ojo AO, Hanson JA, Wolfe RA, et al. Long-term survival
in renal transplant recipients with graft function. Kidney
Int 2000; 57: 307.

Kasiske BL, Chakkera HA, Roel J. Explained and unex-
plained ischemic heart disease risk after renal transplanta-
tion. J] Am Soc Nephrol 2000; 11: 1735.

Opelz G, Wujciak T, Ritz E. Association of chronic kidney
graft failure with recipient blood pressure. Collaborative
Transplant Study. Kidney Int 1998; 53: 217.

Cosio FG, Henry M, Pesavento TE, et al. The relationship
between donor age and cadaveric renal allograft survival
is modified by he recipient’s blood pressure. Am ] Transpl
2003; 3: 340.

Kasiske BL, Snyder JJ, Gilbertson D, Matas AJ. Diabetes
mellitus after kidney transplantation in the United States.
Am ] Transplant 2003; 3: 178.

Weir MR, Fink JC. Risk for posttransplant diabetes melli-
tus with current immunosuppressive medications. Am ]
Kidney Dis 2000; 34: 1.

Revanour VK, Jardine AG, Kingsmore BC, et al. Influence
of diabetes mellitus on patient and graft survival in recipi-
ents of kidney transplantation. Clin Transplant 2001; 15: 89.
Woodward RS, Schnitzler MA, Baty J, et al. Incidence and
cost of new onset diabetes mellitus among U.S. wait-listed
and transplanted renal allograft recipients. Am | Trans-
plant 2003; 3: 590.

Penn L. Cancers in renal transplant recipients. Adv Ren
Replace Ther 2000; 7: 147.

Zeier M, Hartschuh W, Wiesel M, et al. Malignancy after
renal transplantation. Am ] Kidney Dis 2002; 39: 1.
Cherikh WS, Kauffman HM, McBride MA, Maghirang J,
Swinnen LJ, Hanto DW. Association of the type of induc-
tion immunosuppression with posttransplant lymphopro-
liferative disorder, graft survival, and patient survival after
primary kidney transplantation. Transplantation 2003; 76:
1289.

Birkeland SA, Hamilton-Dutoit S. Is posttransplant
lymphoproliferative disorder (PTLD) caused by any speci-
fic immunosuppressive drug or by the transplantation per
se? Transplantation 2003; 76: 984.

Khanna R, Bell S, Sherritt M, et al. Activation and adopt-
ive transfer of Epstein-Barr virus-specific cytotoxic T cells
in solid organ transplant patients with posttransplant
lymphoproliferative disease. Proc Natl Acad Sci USA 1999;
96: 10391.

Smith SR, Butterly DW, Alexander BD, Greenbert A. Viral
infections after renal transplantation. Am J Kidney Dis
2001; 37: 659.

Abbott KC, Hypolite IO, Viola R, et al. Hospitalizations
for cytomegalovirus disease after renal transplantation in
the United States. Ann Epidemiol 2002; 12: 402.

1



Immunosuppression minimization

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

12

Randhawa PS, Finkelstein S, Scantlebury V, et al. Human
polyoma virus-associated interstitial nephritis in the
allograft kidney. Transplantation 1999; 67: 103.

Celik B, Shapiro R, Vats A, Randhawa PS. Polyomavirus
allograft nephropathy: sequential assessment of histologic
viral load, tubulitis, and graft function following changes
in immunosuppression. Am J Transplant 2003; 3: 1378.
Hirsch HH, Knowles W, Dickenmann M, et al. Prospect-
ive study of polyomavirus type BK replication and nephr-
opathy in renal-transplant recipients. N Engl ] Med 2002
347: 488.

Ramos E, Drachenberg CB, Papadimitriou JC, et al.
Clinical course of polyoma virus nephropathy in 67
renal transplant patients. ] Am Soc Nephrol 2002; 13:
2145.

Nickeleit V, Hirsch HH, Binet IF, et al. Polyomavirus
infection of renal allograft recipients: from latent infection
to manifest disease. ] Am Soc Nephrol 1999; 10: 1080.
Limaye AP, Jerome KR, Kuhr CS, et al. Quantitation of
BK virus load in serum for the diagnosis of BK virus-
associated nephropathy in renal transplant recipients.

J Infect Dis 2001; 183: 1669.

Nickeleit V, Klimkait T, Binet IF, et al. Testing for
polyomavirus type BK DNA in plasma to identify renal-
allograft recipients with viral nephropathy. N Engl | Med
2000; 342: 1309.

Agha TA, Brennan DC. BK virus and current immunosup-
pressive therapy. Graft 2002; 5: S65.

Nickeleit V, Steiger J, Mihatsch MJ. BK virus infection
after kidney transplantation. Graft 2002; 5: S46.

Mannon RB. Polyomavirus nephropathy: what have we
learned? Transplantation 2004; 77: 1313.

Hurwitz M, Desai DM, Cox KL, Berquist WE, Esquivel
CO, Millan MT. Complete immunosuppressive with-
drawal as a uniform approach to post-transplant lympho-
proliferative disease in pediatric liver transplantation.
Pediatr Transplant 2004; 8: 267.

Marchioro TL, Axtell HK, Lavia MF, Waddell WR, Starzl
TE. The role of adrenocortical steroids in reversing estab-
lished homograft rejection. Surgery 1964; 55: 412.

Ahsan N, Hricik D, Matas A, Steroid Withdrawal Study
Group, et al. Prednisone withdrawal in kidney transplant
recipients on cyclosporine and mycophenolate mofetil — a
prospective randomized study. Transplantation 1999; 68:
1865.

Hricik DE, O’Toole MA, Schulak JA, Herson J. Steroid-
free immunosuppression in cyclosporine-treated renal
transplant recipients: a meta-analysis. ] Am Soc Nephrol
1993; 4: 1300.

Hricik DE, Knauss TC, Bodziak KA, et al. Withdrawal of
steroid therapy in African American kidney transplant
recipients receiving sirolimus and Tacrolimus. Transplan-
tation 2003; 76: 938.

Sarwal MM, Yorgin PD, Alexander S, ef al. Promising
early outcomes with a novel, complete steroid avoidance

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Kirk et al.

immunosuppression protocol in pediatric renal transplan-
tation. Transplantation 2001; 72: 13.

McAlister VC, Gao Z, Peltekian K, Domingues J, Mahalati
K, MacDonald AS. Sirolimus—tacrolimus combination
immunosuppression. Lancet 2000, 355: 376.

Vincenti F, Jensik SC, Filo RS, et al. A long-term compar-
ison of Tacrolimus (FK506) and cyclosporine in kidney
transplantation: evidence for improved allograft survival
at five years. Transplantation 2002; 73: 775.

Gonwa T, Johnson C, Ahsan N, et al. Randomized trial of
Tacrolimus and mycophenolate versus cyclosporine and
mycophenolate mofetil after cadaveric kidney transplanta-
tion: results at three years. Transplantation 2003; 75: 2048.
Kaplan B, Schold JD, Meier-Kriesche HU. Long-term graft
survival with neoral and Tacrolimus: a paired kidney ana-
lysis. ] Am Soc Nephrol 2003; 14: 2980.

Bunnapradist S, Daswani A, Takemoto SK. Graft survival
following living-donor renal transplantation: a compar-
ison of Tacrolimus and cyclosporine microemulsion with
mycophenolate mofetil and steroids. Transplantation
2003; 76: 10.

Artz MA, Boots JMM, Ligentberg G, et al. Improved car-
diovascular risk profile and renal function in renal trans-
plant patient after randomized conversion from
cyclosporine to Tacrolimus. ] Am Soc Nephrol 2003; 14:
1880.

de Mattos AM, Olyaei AJ, Bennett WM. Nephrotoxicity
of immunosuppressive drugs: long-term consequences
and challenges for the future. Am J Kidney Dis 2000; 35:
333.

Solez K, Vincenti F, Filo RS. Histopathologic findings
from 2-year protocol biopsies from a U.S. multicenter
kidney transplant trial comparing tarolimus versus
cyclosporine: a report of the FK506 Kidney Transplant
Study Group. Transplantation 1998; 66: 1736.

Weir MR, Anderson L, Fink JC, Gabregiorgish K, et al. A
novel approach to the treatment of chronic allograft
nephropathy. Transplantation 1997; 64: 1706.

Bakker RC, Hollander AA, Mallat MJ, Bruijn JA, Paul LC,
de Fijter JW. Conversion from cyclosporine to azathiop-
rine at three months reduces the incidence of chronic
allograft nephropathy. Kidney Int 2003; 64: 1027.

Mourad G, Vela C, Ribstein J, Mimran A. Long-term
improvement in renal function after cyclosporine reduc-
tion in renal transplant recipients with histologically pro-
ven chronic cyclosporine nephropathy. Transplantation
1998; 65: 661.

Francois H, Durrbach A, Amor M, et al. The long-term
effect of switching from cyclosporine A to mycophenolate
mofetil in a chronic renal graft dysfunction compared
with conventional management. Nephrol Dial Transplant
2003; 18: 1909.

Kasiske BL, Chakkera HA, Louis TA, Ma JZ. A meta-ana-
lysis of immunosuppression withdrawal trials in renal
transplantation. ] Am Soc Nephrol 2000; 11: 1910.

Transplant International 18 (2005) 2-14 © 2004 Blackwell Munksgaard Ltd



Kirk et al.

76

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

. Abramowicz D, Manas D, Mieczyslaw L, et al. Cyclospo-
rine withdrawal from a mycophenolate mofetil-containing
immunosuppressive regimen in stable kidney transplant
recipients: a randomized, controlled study. Transplanta-
tion 2002; 74: 172.

Schnuelle P, van den Heide JH, Tegzess A, et al. Open
randomized trial comparing early withdrawal of either
cyclosporine or mycophenolate mofetil in stable renal
transplant recipients initially treated with a triple drug
regimen. ] Am Soc Nephrol 2002; 13: 536.

Smak Gregor PJ, de Sevaux RG, Ligtenberg G, et al. With-
drawal of cyclosporine or prednisone six months after
kidney transplantation in patients on triple drug therapy:
a randomized, prospective, multicenter study. ] Am Soc
Nephrol 2002; 13: 1365.

Thervet E, Morelon E, Ducloux D, et al. Cyclosporine
withdrawal in stable renal transplant recipients after
azathioprine-mycophenolate mofetil conversion. Clin
Transplant 2000; 14: 561.

Sehgal SR. Rapamune (rapa, rapamycin, sirolimus):
mechanism of action and immunosuppressive effect
results from blockade of signal transduction and inhibi-
tion of cell cycle progression. Clin Biochem 1998; 31:
335.

Li Y, Li XC, Zheng XX, et al. Blocking both signal 1 and
signal 2 of T-cell activation prevents apoptosis of alloreac-
tive T-cells and induction of peripheral allograft tolerance.
Nat Med 1999; 5: 1298.

Kahan BD, The Rapamune US Study Group. Efficacy of
sirolimus compared with azathioprine for reduction of
acute renal allograft rejection: a randomized multicenter
study. Lancet 2000; 356: 194.

MacDonald AS, Rapamune Global Study Group. A world-
wide, phase III, randomized, controlled, safety, and
efficacy study of a sirolimus/cyclosporine regimen for
prevention of acute rejection in recipients of primary
mismatched renal allografts. Transplantation 2001; 71:
271.

Kahan BD, Julian BA, Pescovitz MD, et al. Sirolimus
reduces the incidence of acute rejection episodes despite
lower cyclosporine doses in Caucasian recipients of mis-
matched primary renal allografts: a phase II trial. Trans-
plantation 1999; 68: 1526.

Gonwa TA, Hricik DE, Brinker K, et al. Improved renal
function in sirolimus-treated renal transplant recipients
after early cyclosporine elimination. Transplantation 2002;
74: 1560.

Oberbauer R, Kreis H, Johnson RWG, et al. Long-term
improvement in renal function with sirolimus after early
cyclosporine withdrawal in renal transplant recipients:
2-year results of the Rapamune maintenance regimen
study. Transplantation 2003; 76: 364.

Groth CG, Backman L, Morales JM, et al. Sirolimus
(Rapamycin)-based therapy in human renal transplanta-
tion. Transplantation 1999; 67: 1036.

Transplant International 18 (2005) 2-14 © 2004 Blackwell Munksgaard Ltd

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Immunosuppression minimization

Kreis H, Cisterne J-M, Land W, et al. Sirolimus in associ-
ation with mycophenolate mofetil induction for the
prevention of acute graft rejection in renal allograft recipi-
ents. Transplantation 2000; 69: 1252.

Flechner SM, Goldfarb D, Modlin C, et al. Kidney trans-
plantation without calcineurin inhibitor drugs: a prospect-
ive, randomized trial of sirolimus versus cyclosporine.
Transplantation 2002; 74: 1070.

Preston E, Kirk AD. Context-based therapy: a conceptual
framework for transplantation tolerance. Transplant Rev
2002; 16: 142.

Scollay R, Chen WF, Shortman K. The functional
capabilities of cells leaving the thymus. J Immunol 1984;
132: 25.

Golding H, Singer A. Specificity, phenotype, and precur-
sor frequency of primary cytolytic T lymphocytes specific
for class II major histocompatibility antigens. J Immunol
1985; 135: 1610.

Koo DD, Welsh KI, Roake JA, Morris PJ, Fuggle SV. Isc-
hemia/reperfusion injury in human kidney transplanta-
tion: an immunohistochemical analysis of changes after
reperfusion. Am ] Pathol 1998; 153: 557.

Hoffmann SC, Kampen RL, Amur S, et al. Molecular and
immunohistochemical characterization of the onset and
resolution of human renal allograft ischemia/reperfusion
injury. Transplantation 2002; 74: 916.

Jameson SC. Maintaining the norm: T-cell homeostasis.
Nat Rev Immunol 2002; 2: 547.

Nahill SR, Welsh RM. High frequency of cross-reactive
cytotoxic T lymphocytes elicited during the virus-induced
polyclonal cytotoxic T lymphocyte response. ] Exp Med
1993; 177: 317.

Szczech LA, Berlin JA, Feldman HI, Anti-Lymphocyte
Antibody Induction Therapy Study Group. The effect of
antilymphocyte induction therapy on renal allograft survi-
val. A meta-analysis of individual patient-level data. Ann
Intern Med 1998; 128: 817.

Lakkis FG. Where is the alloimmune response initiated?
Am ] Transplant 2003; 3: 241.

Midtvedt K, Fauchald P, Lien B, et al. Individualized T
cell monitored administration of ATG versus OKT3 in
steroid-resistant kidney graft rejection. Clin Transplant
2003; 17: 69.

Midtvedt K, Tafjord AB, Hartmann A, et al. Half dose of
OKTS3 is efficient in treatment of steroid-resistant renal
allograft rejection. Transplantation 1996; 62: 38.

Knechtle SJ, Vargo D, Fechner J, et al. FN18-CRM9
immunotoxin promotes tolerance in primate renal allo-
grafts. Transplantation 1997; 63: 1.

Thomas JM, Neville DM, Contreras JL, et al. Preclinical
studies of allograft tolerance in rhesus monkeys: a novel
anti-CD3-immunotoxin given peritransplant with donor
bone marrow induces operational tolerance to kidney
allografts. Transplantation 1997; 64: 124.

13



Immunosuppression minimization

103.

104.

105.

106.

107.

14

Peddi VR, Bryant M, Roy-Chaudhury P, Woodle ES,
First MR. Safety, efficacy, and cost analysis of Thymo-
globulin induction therapy with intermittent dosing
based on CD3+ lymphocyte counts in kidney and
kidney-pancreas transplant recipients. Transplantation
2002; 73: 1514.

Meier-Kriesche HU, Arndorfer JA, Kaplan B. Association
of antibody induction with short- and long-term cause-
specific mortality in renal transplant recipients. | Am Soc
Nephrol 2002; 13: 769.

Pearl JP, McCoy KL, Wakefield T, et al. Repopulating
cells after aggressive lymphocyte depletion are predomin-
antly memory phenotype. Am ] Transplant 2003; 3
(Suppl. 5): S446.

Barber WH, Hudson SL, Deierhoi MH, et al. Donor anti-
gen-specific immunosuppression in cadaveric and living-
related donor kidney allograft recipients. Clin Transplant
1990; 289.

Salgar SK, Shapiro R, Dodson F, et al. Infusion of donor
leukocytes to induce tolerance in organ allograft recipi-
ents. | Leukoc Biol 1999; 66: 310.

108.

109.

110.

111.

112.

Kirk et al.

Corry RJ, Chakrabarti PK, Shapiro R, et al. Simultaneous
administration of adjuvant donor bone marrow in pan-
creas transplant recipients. Ann Surg 1999; 230: 372.
Ricordi C, Karatzas T, Nery J, et al. High-dose bone mar-
row infusions to enhance allograft survival. The effect of
timing. Transplantation 1997; 63: 7.

Ciancio G, Miller ], Garcia-Morales RO, et al. Six-year
clinical effect of donor bone marrow infusions in renal
transplant patients. Transplantation 2001; 71: 827.
Mathew JM, Garcia-Morales R, Fuller L, et al. Donor
bone marrow-derived chimeric cells present in renal
transplant recipients infused with donor marrow. 1.
Potent regulators of recipient anti-donor immune
responses. Tmnsplantation 2000; 70: 1675.

Buhler LH, Spitzer TR, Sykes M, et al. Induction of
kidney allograft tolerance after transient lymphohemato-
poietic chimerism in patients with multiple myeloma and
end-stage renal disease. Transplantation 2002; 74: 1405.

Transplant International 18 (2005) 2-14 © 2004 Blackwell Munksgaard Ltd



