


Kidney Transplantation: Strategies to Prevent Organ Rejection



Contributions to Nephrology
Vol. 146

Series Editor

Claudio Ronco Vicenza



Kidney Transplantation:
Strategies to Prevent
Organ Rejection

Basel · Freiburg · Paris · London · New York ·

Bangalore · Bangkok · Singapore · Tokyo · Sydney

Volume Editors

Claudio Ronco Vicenza

Stefano Chiaramonte Vicenza

Giuseppe Remuzzi Bergamo

5 figures and 13 tables, 2005



Claudio Ronco Stefano Chiaramonte
Department of Nephrology Department of Nephrology

St. Bortolo Hospital St. Bortolo Hospital

I-36100 Vicenza (Italy) I-36100 Vicenza (Italy)

Giuseppe Remuzzi
Department of Medicine and 

Transplatation

Ospedali Riuniti Bergamo

I-24128 Bergamo (Italy)

Bibliographic Indices. This publication is listed in bibliographic services, including Current Contents® and

Index Medicus.

Drug Dosage. The authors and the publisher have exerted every effort to ensure that drug selection and

dosage set forth in this text are in accord with current recommendations and practice at the time of publication.

However, in view of ongoing research, changes in government regulations, and the constant flow of information

relating to drug therapy and drug reactions, the reader is urged to check the package insert for each drug for 

any change in indications and dosage and for added warnings and precautions. This is particularly important

when the recommended agent is a new and/or infrequently employed drug.

All rights reserved. No part of this publication may be translated into other languages, reproduced or

utilized in any form or by any means electronic or mechanical, including photocopying, recording, microcopying,

or by any information storage and retrieval system, without permission in writing from the publisher.

© Copyright 2005 by S. Karger AG, P.O. Box, CH–4009 Basel (Switzerland) 

www.karger.com

Printed in Switzerland on acid-free paper by Reinhardt Druck, Basel

ISSN 0302–5144

ISBN 3–8055–7856–3

Library of Congress Cataloging-in-Publication Data

Kidney transplantation : strategies to prevent organ rejection / volume

editors, Claudio Ronco, Stefano Chiaramonte, Giuseppe Remuzzi.

p. ; cm. – (Contributions to nephrology, ISSN 0302-5144 ; v. 146)

Includes bibliographical references and index.

ISBN 3-8055-7856-3 (hard cover : alk. paper)

1. Kidneys–Transplantation–Complications. 2. Graft

rejection–Prevention. 3. Immunosuppresive agents.

[DNLM: 1. Kidney Transplantation–immunology. 2. Graft

Rejection–immunology. 3. Graft Rejection–prevention & control. WJ 368

K463 2005]  I. Ronco, C. (Claudio), 1951- II. Chiaramonte, Stefano. III.

Remuzzi, Giuseppe. IV. Series.

RD575.K534 2005

617.4�610592–dc22

2004020573

Contributions to Nephrology
(Founded 1975 by Geoffrey M. Berlyne)



V

Contents

VII Preface
Ronco, C.; Chiaramonte, S. (Vicenza); Remuzzi, G. (Bergamo)

1 Renal Transplantation. Strategies to Prevent Organ Rejection – The Role of an
Inter-Regional Reference Center
Cardillo, M., et al.

11 Kidney Transplantation in the Hyperimmunized Patient
Gloor, J. (Rochester, Minn.)

22 Chronic Induction. What’s New in the Pipeline
Vincenti, F. (San Francisco, Calif.)

30 Steroid or Calcineurin Inhibitor-Sparing Immunosuppressive Protocols
Grinyó, J.M.; Cruzado, J.M. (Barcelona)

43 Steroid-Free Lymphocyte Depletion Protocols. The Potential for Partial Tolerance?
McCauley, J. (Pittsburgh, Pa.)

54 Chronic Graft Loss. Immunological and Non-Immunological Factors
Hernandez-Fuentes, M.P.; Lechler, R.I. (London)

65 Lymphocyte Depletion as a Barrier to Immunological Tolerance
Neujahr, D.; Turka, L.A. (Philadelphia, Pa.)

73 Monitoring of Immunosuppressive Therapy in Renal Transplanted Patients
Chiaramonte, S.; Dissegna, D.; Ronco, C. (Vicenza)



87 Chronic Allograft Nephropathy. A Multiple Approach to Target
Nonimmunological Factors
Ruggenenti, P. (Bergamo)

95 Transplantation Tolerance. A Complex Scenario Awaiting Clinical Applicability
Sayegh, M.H. (Boston, Mass.); Perico, N. (Bergamo/Ranica); Remuzzi, G. (Bergamo)

105 Dendritic Cells,Tolerance and Therapy of Organ Allograft Rejection
Raimondi, G.; Thomson, A.W. (Pittsburgh, Pa.)

121 Natural versus Adaptive Regulatory T Cells
Cassis, L.; Aiello, S.; Noris, M. (Ranica)

132 Reviewing the Mechanism of Peripheral Tolerance in Clinical
Transplantation
Suciu-Foca, N.; Cortesini, R. (New York, N.Y.)

143 The Goal of Intragraft Gene Therapy
Tomasoni, S.; Benigni, A. (Bergamo)

151 Author Index

152 Subject Index

Contents VI



Preface

Transplantation is now firmly established as the therapy of choice for end-

stage organ failure. Improvements in surgical techniques and medical man-

agement of posttransplant complications, and recent development of novel

immunosuppressive strategies has improved the outcome of organ transplanta-

tion. Interestingly, this improvement was seen mainly in recipients who never had

an acute rejection episode, emphasising the recipients’ alloimmune response as a

major determinant of overall outcome of the transplant. However, this therapy is

not without challenges and risks. Recipients need to continue to take immuno-

suppressive drugs for the rest of their lives to prevent allograft rejection, and this

trades the morbidity and mortality of organ failure for the risks of infection and

cancer. In addition, these drugs are likely to contribute to increased mortality

from cardiovascular disease, the major cause of premature death in kidney trans-

plant recipients. Moreover, there is the problem of chronic rejection or allograft

nephropathy, which arises at least in part because immunosuppressive strategies

do not completely inhibit alloimmune response and results in slow progressive

deterioration in graft function. These challenges together with the increasing

demand of organs for transplantation, create an urgent need for optimizing the

outcome of transplantation by achieving long-term, drug-free, graft acceptance

with normal organ function. Last year marks the 50th anniversary of Peter

Medawar’s classic description of acquired immune tolerance, an observation that

helped to usher in the modern era of transplantation science and that earned him

a share of the 1960 Nobel Prize in Physiology and Medicine. Our understanding

of the pathogenesis of transplant rejection and its prevention has progressed enor-

mously in the subsequent years. Since that time, a wealth of experimental data has

VII



Preface VIII

accumulated relating to strategies for extending allograft survival and function.

Recently, numerous insights into the dynamic inter-relationship of host immune

responses elicited by donor antigen presentation, either on the graft itself or on

specialized antigen-presenting cells have substantially broadened our under-

standing of the cascade of events that results in the acquisition of tolerance. Still,

the question remains of how near we are to the day when long-term tolerance of

engrafted organs or tissues is a clinical reality. With the pharmacopoeia of the

transplant biologist continually expanding, the potential treatment combinations

have become baffling and their impact on strategies to induce tolerance even

more complex. It is, therefore, timely to reassess where we stand on the road to

achieving clinical transplant tolerance, and highlight the challenges that face us,

so that we may choose the best direction in which to invest our efforts in basic

and clinical research.

In this ‘Course on Kidney Transplantation’ a group of world-renowned

experts in the field reviews what is new and what is hot in transplantation

focussing on novel insights in the pathways of acute rejection and their moni-

toring through molecular tests, on new immunosuppressive agents in the

pipeline, as well as on the most recent and promising approaches to induce tol-

erance that have emerged from experimental animal studies, with the purpose

of understanding whether and how close we are to clinical transplantation.

C. Ronco
S. Chiaramonte

G. Remuzzi
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Abstract
This paper summarizes the role of the Inter-Regional Reference Center (RC) of the

North Italy Transplant program (NITp), in coordinating a donor procurement and organ trans-

plantation network, with a special focus on the strategies to minimize immunological risk and

complications after transplantation. In the NITp, patients enrolled on the renal transplantation

(RT) waiting list are typed for HLA-A,B,DRB1 antigens with a genomic method. They are

periodically screened for the presence of lymphocytotoxic antibodies in their serum by the

RC and their suitability to receive the transplant is checked periodically. Cadaver kidney

allocation is ruled by a computerized algorithm, named NITK3, established in 1997, which

aims at ensuring quality, equity, transparency and traceability during all the phases of the

allocation decision-making process. NITK3 has been set up by the NITp Working Group on

the basis of biological, medical and administrative criteria and it is periodically reviewed after
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the analysis of transplant results. In this paper, we show the results of a preliminary analysis

of RTs performed from 1998 to 2002 in nine out of sixteen centers of the NITp area, which

demonstrates the general quality of the NITp program in terms of patients and graft survival

and the special attention to the patients at higher immunological risk.

Copyright © 2005 S. Karger AG, Basel

Background

RT is a successful therapy for an ever-increasing number of patients with

end-stage renal diseases. Italian data on RTs performed in the years 2000–2001,

published by the Centro Nazionale Trapianti (CNT), show a 93% one-year graft

survival, higher than that reported by major international registries (UNOS,

CNT) [1, 2]. These are the results of an activity, which started more than

30 years ago, with the decisive contribution of the transplant organizations. As

a matter of fact, in the 70s clinicians became aware of the importance of HLA

matching in RT [3], and of the selection of the most suitable recipient for each

donor. It soon became clear that kidney allocation could not be performed by

the clinicians responsible for the transplants, but it had to be committed to a

super partes facility, able to allocate kidneys according to defined and accepted

criteria. In those years, in Italy, Edmondo Malan, Piero Confortini and

Girolamo Sirchia founded the NITp, the first transplant organization in Italy.

The reference center was set in Milano, where the Blood Transfusion Center of

the Ospedale Maggiore Policlinico had already acquired knowledge on leukocyte

immunology [4]. On June 18th, 1972, the activity of the NITp began.

The NITp

At present, the NITp is one of the three transplant organizations operating in

Italy [5]. It serves an area of about 18 million inhabitants and includes 60 donor-

procuring hospitals, 41 transplant centers (16 of whom perform RT), 170 dialysis

centers and a single RC in Milano. The tasks of the RC are management of the

waiting list, immunological evaluation of recipients and donors, organ allocation,

transports organization, data collection, definition of protocols together with the

operative units, development of information campaigns, psychological support to

donor families and promotion of research and development in the field of organ

procurement and transplantation. The NITp serves a defined territory on the

basis of official contracts issued by the Regional Health Authorities; this means

that patients resident in the NITp regions have free access to the waiting list,

whereas nonresidents cannot exceed the 25% of the list in each RT center, which
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can enroll a maximum of 250 patients. From 1972 to 2003, 5,336 cadaver donors

were procured and 9,782 RTs were performed in the NITp area.

HLA Typing, Antibody Screening and Cross-Matching

In the NITp, cadaver donor and recipient HLA-A,B,DR typing is performed

using both microcytotoxicity and molecular biology methods [6, 7]. Only broad

antigens/alleles are used to assess the degree of donor-recipient mismatching.

Sera of the patients enrolled on the RT waiting list are collected every 3 months

and 15 days after sensitizing events and screened for the presence of lymphocy-

totoxic antibodies. Patient medical suitability to receive the transplant is checked

at the same time. Panel-reactive antibodies (PRA) are measured against a

selected panel of lymphocytes. All the RT recipients must have a negative pre-

transplant standard lymphocytotoxicity cross-match against donor T-lymphocytes

using the two most recent serum samples. For sensitized patients the current

serum plus the two most reactive historical sera are tested.

Renal Allocation

In 1997, the NITp Working Group for Renal Transplantation set up a kidney

allocation algorithm from cadaver donors [5], that was named NITK3, to indicate

the third algorithm used in the NITp. NITK3 works on the basis of donor and

recipients data, entered in the computer by the RC duty officer. Kidney allocation

criteria include donor/recipient ABO identity, with a derogation for group B or

AB patients at immunological risk (sensitized with PRA equal or above 30% or

waiting for a retransplant), who may receive group O or A donor kidneys, respec-

tively, HLA-A,B,DRB1 matching, waiting time on the list, immunological risk,

donor and recipient age matching, balance between organs retrieved and RT

performed in each center and region. Selected patients are ranked following the

above-mentioned biological, medical and administrative variables, and every step

of the selection process is registered by the computer in order to guarantee

transparency and traceability. NITK3 works as follows: one kidney is offered to

the patients belonging to the ‘local pool’, who are resident in the NITp area and

on the waiting list of the RT center in the retrieval zone where the donor has been

procured. The first two levels include patients at immunological risk with zero to

one and two mismatches with the donor, respectively. The third level includes

ordinary patients with zero to one mismatches with the donor and the fourth,

ordinary patients with two to four mismatches with the donor. At each level

patients are ranked according to the waiting time on the list, that is arranged in
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three classes (0–3 years, 3–10 years and �10 years), and inside each class

patients are listed following the donor-recipient age matching, with a priority for

pediatric recipient in the case of a donor below 40 years. If the center responsible

for the ‘local pool’ has no patients with the minimum level of four mismatches

with donor, the kidney is allocated to the whole waiting list and a payback is

scored. The other kidney is allocated following the rules adopted for the first, but

considering the entire waiting list, that includes patients residing outside the

NITp area, and a balance is computed among procured and transplanted kidneys.

The recipients are proposed to the RT centers strictly following the ranking

assuming that all the patients on the list are potentially suitable for transplanta-

tion. Pretransplant cross-match is performed following the indications reported

in the previous section and must be negative. The NITp duty officer registers all

the transactions.

Special Programs

One of the drawbacks in RT is the possibility of successful transplantation

in the case of sensitized recipients, as a consequence of previous grafts,

pregnancies or transfusions. The antibodies involved in patient sensitization are

often HLA-specific and they can be responsible for hyperacute rejection of the

graft. For these reasons, sensitized patients or those waiting for a second or

third RT are at immunological risk, and the chance of finding a compatible

kidney is lower as compared to that of ‘non-at-risk’ patients. These patients have

longer waiting times on the list and for the transplant organizations they are a

major problem to deal with. As previously reported, NITK3 kidney allocation

algorithm foresees that, among other restrictions, these patients may only receive

kidneys with a maximum of two HLA-A,B,DRB1 donor-recipient mismatches.

This criterion has been fixed to maximize the chances of a successful RT, but it

makes it difficult to find a compatible kidney. A special strategy developed in

the NITp for these cases is to identify acceptable donor-recipient mismatches

using recently developed laboratory techniques. Donor-recipient acceptable

mismatches are defined as donor HLA antigens not present in the recipient, but

unable to evoke an immunological response. In the past, the identification of

those mismatches by using the lymphocytotoxicity method was very difficult,

since it required large HLA-typed cell panels. Moreover this method is ineffec-

tive for patients with uncommon phenotypes. Recently, new laboratory methods

(Luminex technology [8]) have been developed, which allow the definition of a

specific antibody profile for a single patient. Moreover, recent studies have

shown that the structure of the HLA antigens can be defined at a molecular

level, and only some amino acid triplets in strategic positions on the molecule
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are presented for the antigen recognition by the host T-cell receptor, thus

different HLA antigens in the donor may be unable to be identified as different

by the recipient, who does not generate a specific immunological response

[9–11]. These assumptions are the basis of a new renal allocation strategy for

recipients at immunological risk in the NITp: the number of donor-recipient

HLA mismatches is no more an absolute limit for renal allocation, provided

that acceptable mismatches and the negativity of pretransplant cross-match are

respected. The aim of this program is to improve the transplant chances for the

patients at immunological risk without compromising results, and monitoring

recipients’ post-transplant antibody profile will complete the evaluation. 

A preliminary experience has been performed in pediatric patients: in the first

3 months, 6 ‘long waiting’ patients at immunological risk have been transplanted.

In all cases a good kidney functional recovery was observed. In a period ranging

from 1 to 14 days, only one patient showed evidence of vascular rejection,

successfully treated with anti-thymocyte globulins plus immunoglobulins.

A second program to be started in the next few months aims at the identifi-

cation of the role of anti-HLA antibodies in the development of chronic

nephropathy after RT. At present, chronic nephropathy, also defined as chronic

rejection, is the first cause of RT failure after one year, it is present in about

30–35% of cases after 5 years and it causes a progressive reduction of the

glomerular filtration rate. The presence of post-transplant anti-HLA antibodies in

the recipient serum is a negative prognostic factor for the development of acute

rejection episodes, and it is speculated that they may also play a role in the early

phases of immunological events correlated with the vascular injury typical of

chronic rejection [12]. The aim of the program is to investigate the post-transplant

humoral immunological response against donor HLA antigens and to evaluate the

importance of recipient anti-HLA antibodies for the development of late acute

rejection episodes and chronic nephropathy after RT.

The NITp RT Registry: Patients, Statistical Methods and Results

As previously reported, data collection is one of the main RC tasks, with

the aim of monitoring program quality and giving information to Health

Authorities. NITp Operative Units play a crucial role in the registry update, and

they are organized as a collaborating network; moreover, in the current year,

a safer and faster way to share data will be improved, by the production of a

dedicated web that will link together retrieval hospitals, RT centers and the RC.

Data quality control completes registry management at the RC. Using the RT

data of the NITp Registry, we have performed a statistical analysis to measure

the quality of the program in terms of patient and graft survival, and to identify
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the role of some donor and recipient variables. Patient and graft survival rates

were calculated using the actuarial method and the role of the following vari-

ables was evaluated by the log rank test: donor and recipient age and donor-

recipient gender match, donor-recipient blood group match, donor-recipient

body weight ratio, RT center, number of donor-recipient HLA-A,B,DRB1

mismatches, recipient (PRA), number of pretransplant transfusions, waiting

time on the list, type of organ utilization, number of previous RTs and cold

ischemia time. Patient death was considered as an end point of the graft sur-

vival curve regardless of the cause. Information on RT variables, recipient and

donor characteristics, graft functional recovery and patient follow-up have

been collected in a dedicated database at the RC. The independent contribu-

tion of several risk factors on patient and graft survival was evaluated by mul-

tivariate analysis (proportional hazard model – PHREG). Values of p � 0.05

were considered significant. All the statistical analyses were performed using

SAS (version 8, SAS Institute, Cary, N.C., USA) statistical package.

One thousand nine hundred and seventy seven RTs from cadaver donors,

performed in 1,799 patients from 1998 to 2002 in nine out of sixteen centers

of the NITp area have been included in the present study. six hundred and fifty

three patients were female (36%), their mean age was 44.8 � 14.5 years and

they were followed up for a mean period of 46.1 � 19.3 months. Table 1 shows

the overall 3-year graft survival and the results of the univariate analysis

including the impact of the variables under evaluation. Table 2 shows the

results of the multivariate analysis: donor and recipient age are the variables

significantly influencing graft survival and, in particular, RT performed with

kidneys from donors older than 60 years carry a more than double relative risk

of RT failure as compared with those performed with donors aged 19–40

years.

Conclusions

Data reported in the present paper show that RT can be considered one of

the greatest successes of the last century’s medicine. The preliminary analysis

carried out on more than half of the RTs performed in the NITp shows that

results are better than those reported by the major international registries. Donor

and recipient age are the only variables significantly influencing graft survival

in the multivariate analysis, but even when donors or recipients are older than

60 years, 3-year survival rates are above 75%. Though no data are shown on the

incidence of graft rejection in our series, no significant difference was demon-

strated by univariate and multivariate analysis in 3-year graft survival between

patients at immunological risk and ‘non-at-risk’ patients. Also, these results have
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Table 1. Actuarial graft survival

N % 3-year graft Standard error P (log rank)

survival (%) (%)

Overall 1.977 100 86.3 0.8

Donor age (years) �0.0001

0–18 214 11 92.5 1.9

19–40 553 28 91.1 1.3

41–60 800 40 86.6 1.2

�60 410 21 75.9 2.2

Recipient age (years) �0.0001

0–18 138 7 92.0 2.5

19–40 543 27 91.7 1.2

41–60 1.069 54 84.8 1.1

�60 227 12 77.0 2.9

Donor-recipient gender match 0.2763

M/M e F/F 1.018 52 87.4 1.1

M/F 417 21 85.7 1.8

F/M 542 27 84.7 1.6

Donor-recipient blood group match 0.2010

Identical 1.937 98 86.2 0.8

Compatible 40 2 92.5 4.2

Donor-recipient body weight ratio 0.3354

�0.8 217 11 87.5 2.4

0.8–1.2 1.076 54 84.8 1.1

�1.2 684 35 88.3 1.3

Transplant center �0.0001

A 340 17 85.1 2.0

B 301 15 91.0 1.7

C 262 13 83.1 2.4

D 249 13 90.9 1.9

E 238 12 84.8 2.4

F 188 10 85.6 2.6

G 182 9 78.4 3.1

H 100 5 92.4 2.8

I 60 3 84.4 5.2

L 57 3 91.0 3.8

Number of donor-recipient 0.3654

HLA-A,B,DRB1 mismatches

0–1 330 17 87.7 1.9

2–4 1.566 79 86.3 0.9

5–6 81 4 81.5 4.5
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Table 1 (continued)

N % 3-year graft Standard error P (log rank)

survival (%) (%)

Panel Reactive Antibodies 0.8836

(PRA) (%)

0–29 1.805 91 86.5 0.8

�30 172 9 84.8 2.9

Number of pretransplant 0.1319

transfusions

0 1.237 63 87.5 1.0

�0 740 37 84.3 1.4

Waiting time on the list (years) 0.0566

0–2 966 49 87.1 1.1

2–5 739 37 86.9 1.3

�5 272 14 81.8 2.4

Organ utilization 0.8993

Local 849 43 86.0 1.2

Shared 1.128 57 86.6 1.1

Number of previous 0.9001

transplants

0 1.799 91 86.4 0.8

�0 178 9 85.7 2.7

Cold ischemia time (hours) 0.0788

0–18 1.600 81 87.0 0.9

�18 377 19 83.3 1.9

been achieved thanks to the special immunological surveillance on the whole

process operated by the RC, from the patient enrollment on the waiting list to

the RT surgery and post-transplant follow-up. This surveillance consists in a

specific definition of patient immunological profile at the time of enrollment,

periodical medical and laboratory screening for sensitizing events, proper organ

allocation and constant monitoring of patient survival and rehabilitation. The

RC has also the task to assure that the whole transplant process respects the

principles of organ availability, equity, transparency, suitability, traceability and

efficacy: to this respect, the RC is perfecting a ‘Charta of Principles’, where

these purposes are declared and discussed. One of the main problems to deal

with now is the access to RT of some ‘penalized’ patients, such as those at

immunological risk: data from the NITp series under study show that the

waiting time before RT for the recipient at immunological risk is 78.8 versus
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30.3 months for ‘non-at-risk’ recipients. The RC is now considering new patient

evaluation and renal allocation strategies, with the aim of finding compatible

donor for these recipients and reducing their waiting time on the list. Last, it is

to be underlined that every strategy to prevent organ rejection in RT patients, no

matter if at immunological risk or not, should be shared among the ‘transplant

community’ providing a coordinated effort by every health worker (immunologist,

nephrologist, anesthesiologist, surgeons, coordinators, nurses) who takes part in

the transplant process with his specific role.
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Abstract
Individuals who have developed anti-HLA class I and II antibodies are said to be

immunized or sensitized. High levels of donor specific anti-HLA antibodies present at the

time of transplantation frequently result in early allograft loss due to humoral rejection.

Lower levels of donor specific anti-HLA antibodies (DSA) are also associated with poor

outcome. Technological advances in tissue typing permit the detection of low levels of DSA

not seen with standard cytotoxicity cross-match tests. These tests which previously were

used to screen patients to avoid transplantation of donor-immunized patients are now being

used to stratify patients based on their degree of donor alloreactivity. New protocols have

been developed which permit successful transplantation despite the presence of DSA. These

protocols utilize intravenous immunoglobulin infusions prior to transplantation, either alone

or in combination with plasmapheresis to block or remove DSA. Using these protocols many

persons previously considered essentially nontransplantable are now able to successfully

receive transplants. Improved recognition of the clinicopathological characteristics of

humoral rejection have allowed earlier diagnosis and treatment of antibody-mediated allo-

graft injury and improved the outcome. Although these advances have improved the outlook

for highly immunized kidney transplant candidates, more study is needed to delineate the

optimal approach to transplantation in this population.

Copyright © 2005 S. Karger AG, Basel

Definition of the Sensitized Patient

Individuals who have developed anti-HLA antibodies are said to be immu-

nized or sensitized. Typically, these antibodies occur following exposure to non-

self HLA antigens, often due to pregnancy, blood transfusion, or previous

transplant [1]. Patients who receive transplants in the presence of donor-specific

anti-HLA antibodies are at risk for the development of humoral rejection, either
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immediately upon reperfusion or in the first days to weeks post-transplant [2]. In

addition, immunized patients have poorer outcomes compared to nonimmunized

individuals even in the absence of donor-specific antibodies (UNOS 2003

annual report www.optn.org/AR2003/509b_can_cur_pra_ki.htm). In an attempt

to avoid humoral rejection, techniques have been developed to identify donor

specific anti-HLA antibodies (DSA). Initial assays were relatively insensitive,

including techniques based on leukoagglutination, and complement-dependent

cytotoxicity (CDC). Identification of DSA was considered to contraindicate

transplantation. Nevertheless, in some individuals humoral rejection occurred

despite negative pretransplant screening for DSA. In an attempt to identify lower

levels of DSA, these initial cross-match techniques have been altered in various

ways. Incubation periods have been lengthened, additional wash steps have been

added, and agents such as anti-human globulin have been incorporated into

cross-match assays, with a goal of increasing sensitivity and specificity [3]. In

addition to measures taken to increase the sensitivity of cytotoxicity-based cross-

match assays, flow cytometric techniques based on antibody adhesion to target

cell surface have been developed, and are in use in many transplant centers

[4–6]. These assays detect levels of DSA below the level of detection with even

sensitivity-enhanced cytotoxicity cross-matches.

In addition to the variability in sensitivity, techniques based on the interaction

of the antibody with the target cell membrane are inherently nonspecific, since

non-HLA antibodies irrelevant to kidney transplantation may produce a positive

cross-match [7, 8]. In an attempt to increase the specificity of anti-HLA antibody

detection, solid phase assays have been developed which utilize purified HLA

antigens bound to synthetic microparticles or wells [9–12]. These flow- or ELISA-

based systems detect HLA antibody activity only, eliminating any non-HLA anti-

gen effect. Importantly, the sensitivity of these antibody detection systems is

greater than that seen with complement-dependent cytotoxicity-based assays.

Separate from the level of sensitization against a particular donor, the breadth

of anti-HLA antibodies has extremely important implications for transplantation.

The panel reactive antibody (PRA) assay is a measure of the number of different

anti-HLA antibodies present in an individual at a given timepoint. In this assay,

the patient’s serum is tested for alloreactivity against a battery of HLA-typed lym-

phocytes from multiple individuals. The percent of samples exhibiting positive

reactions is defined as ‘% panel reactivity’. Elevated PRA% implies a wide array

of anti-HLA antibodies, and makes the likelihood of identification of an accept-

able cross-match-negative donor remote. The recognition of this fact has resulted

in implementation of a system whereby highly immunized transplant candidates

have increased priority with respect to deceased donor organ allocation. This has

several ramifications that are not immediately apparent. First, the assay used to

determine PRA% is not standardized from one transplant center to another, and
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the result can vary according to the sensitivity of the cross-match technique used.

Alloreactive individuals with PRA determined using less sensitive assays may

have lower reported percent positivity, and are thus disadvantaged with respect to

individuals studied in centers that use more sensitive assays. Second, the percent

PRA is a measure of the breadth of reactivity against a panel of different lym-

phocytes, but does not measure the specific level of antibody activity against any

specific individual. Transplant candidates with very elevated PRA are unlikely to

identify a negative cross-match donor. Nevertheless, when the actual antibody

activity level against a specific donor is measured by determining the titer of

cross-match positivity, frequently this antibody level is found to be very low [13].

Pretransplant Antibody Characterization

Historically, the goal of DSA screening has been detection. In cases in

which DSA are identified, that donor/recipient pair has been considered unac-

ceptable, and a different donor sought. The particular antibody detection tech-

nique used has been determined by the individual transplant center. Programs

that choose highly sensitive cross-match assays such as flow cytometric cross-

matching minimize the likelihood of humoral rejection, but some potentially

successful transplants may be precluded. Centers using less sensitive assays

based on cytotoxicity maximize the number of acceptable transplant pairings,

but accept the increased possibility of humoral rejection.

A novel use for cross-match testing is to stratify the degree of immuniza-

tion. Cross-match assays with different sensitivities and specificities can be

combined to provide a detailed assessment of the degree of reactivity between a

given donor-recipient pair. High DSA levels are detectable using less-sensitive

assays based on complement-dependent cytotoxicity. Lower DSA levels

undetected by relatively insensitive assays may be demonstrable with more

sensitive techniques such as flow cytometric cross-matching. Solid phase

antibody detection systems incorporating purified HLA molecules confirm 

anti-HLA antibody specificity, including reactivity against specific single HLA

antigens, and also exclude positive cell-based cross-match positivity due to

irrelevant non-HLA antibodies [14, 15]. This approach enables individuals to be

classified according to their level of donor-specific alloreactivity (table 1).

Peritransplant Desensitization

In recent years, techniques have been developed which allow successful kid-

ney transplantation despite the presence of DSA (‘positive cross-match kidney
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transplant’) [13, 16–19]. These protocols require pretransplant conditioning,

either using plasmapheresis (PP) followed by intravenous immunoglobulin

(IVIG) or high-dose IVIG alone. Although the optimum technique for abolishing

a positive cross-match is not yet determined, both approaches appear to be safe

and effective.

High-Dose IVIG
Living Donor Kidney Transplantation. Patients with high levels of DSA

based on positive CDC cross-match can be desensitized by the administration

of high-dose IVIG, typically 2 g/kg body weight immediately prior to trans-

plantation. Although not completely elucidated, the mechanism by which IVIG

abolishes a positive cross-match appears to depend on the interaction of anti-

idiotypic antibodies with DSA. This effect is demonstrable within minutes of

administration. In addition to the immediate anti-idiotypic effect on cross-

match, high-dose IVIG appears to have long-term modulating effects on donor-

specific alloreactivity. Patients successfully transplanted using high-dose IVIG

desensitization typically maintain negative cross-matches with their donors fol-

lowing transplant. Nevertheless, if this cross-match-negative serum is subjected

to interventions to inactivate IgM, the cross-match frequently reverts to posi-

tive. This suggests that the synthesis of IgM ‘blocking antibodies’ with donor

specificity plays a role in maintaining nonreactivity following transplant. Other

mechanisms have been postulated to explain the effect of high-dose IVIG in

preventing humoral rejection in positive cross-match kidney transplants.

Among these mechanisms are alterations in cytokine expression or activity,

Table 1. Donor-specific alloreactivity based on combining cross-match

techniques and antibody detection systems 

Antibody level* Antibody detection technique

High level DSA Complement-dependent cytotoxicity cross-match 

positive

Low level DSA CDC cross-match negative, flow cytometric 

cross-match positive

Historical DSA Currently all negative assays, historical serum 

positive for DSA

Nondonor sensitized Anti-HLA antibodies detected, but no DSA identified

Nonsensitized No anti-HLA antibodies detected

*Presence or absence of DSA determined with solid phase antibody detec-

tion system.
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inhibition of complement, induction of B-lymphocyte apoptosis, interference

with T-cell activation, and induction of the inhibitory receptor, Fc� [18]. IVIG

may also increase DSA catabolism through its interaction with the IgG trans-

port receptor, FcRn [20]. Although IVIG is frequently effective in neutralizing

donor reactivity, some donor/recipient pairs appear unresponsive. Jordan et al.

[18] have developed an in vitro assay which successfully predicts IVIG respon-

siveness. In this assay, recipient serum is incubated with exogenous IVIG, and

subsequently subjected to CDC crossmatching with donor T-lymphocytes.

In responders, positive cross-match serum exhibits an inhibition of the degree

of donor-specific cytotoxicity following incubation with IVIG. Jordan et al.

[18] report that 26 of 28 (93%) immunized living donor kidney transplant

candidates were characterized as ‘IVIG responsive’ on the basis of this assay,

and all 26 were successfully transplanted, although 2 required repeated doses of

IVIG. Immunosuppression consisted of anti-CD25 antibody, tacrolimus,

mycophenolate mofetil, and corticosteroids.

Deceased Donor Kidney Transplantation. High-dose IVIG is also an

effective tool in deceased donor kidney transplantation. In a prospective, mul-

ticenter, placebo-controlled trial comprising twelve transplant centers, serial

IVIG versus placebo infusions were administered over 3 years to 101 highly

immunized individuals awaiting deceased donor transplants [21]. IVIG

significantly lowered PRA and reduced the waiting time to transplantation,

compared to the placebo. Twice as many IVIG-treated as placebo-treated

patients were transplanted during the study period (37 vs. 17%). In another

study, Glotz et al. [16] report that periodic administration of IVIG effectively

reduced the PRA in 87% of sensitized patients awaiting transplantation,

permitting successful deceased donor transplantation in 11 patients. The mean

decrease in PRA in this group was 80%. Post-transplant immunosuppression

consisted of thymoglobulin induction, tacrolimus, mycophenolate mofetil, and

corticosteroids.

PP/IVIG
Individuals with high levels of DSA can also be transplanted following

desensitization with PP followed by low-dose IVIG (100 mg/kg body weight).

Serial PP treatments remove DSA, while post PP IVIG replenishes

immunoglobulin levels, preventing hypogammaglobulinemia as well as possi-

bly providing an IVIG-mediated immunomodulatory effect. Using this tech-

nique, Schweitzer et al. [19] successfully desensitized 11 of 15 positive

cross-match kidney transplant candidates. Immunosuppression consisted of

OKT3 induction, tacrolimus, mycophenolate mofetil, and corticosteroids. Four

of 11 (36%) were diagnosed with acute rejection, but were successfully treated,
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and patient and allograft survival were 100% after 3–26 months of follow-up.

Montgomery et al. [17] used PP/IVIG to successfully transplant 4 patients with

positive cross-matches against their living donors. Three of 4 patients had low

levels of DSA (CDC cross-match negative, flow cytometric cross-match posi-

tive), while one patient had a positive CDC cross-match with the living donor.

All 4 developed rejections that were successfully reversed and patient and graft

survival were 100% after a mean follow-up of 40 weeks. Notably, the immuno-

suppression used by this group included induction therapy with the anti-CD25

receptor antibody daclizumab, in addition to tacrolimus, mycophenolate

mofetil and corticosteroids. The use of this induction agent permitted them to

monitor DSA levels in the post-transplant period. At the time of diagnosis of

humoral rejection, DSA levels had increased, and disappeared with further

PP/IVIG treatments.

Gloor et al. [13] report a series of 14 anti-human globulin-CDC-positive

cross-match kidney transplants. Pretransplant conditioning consisted of

PP/IVIG to achieve a negative cross-match at transplantation as well as induc-

tion with the anti-CD20 antibody rituximab. Additionally, splenectomy was

performed at the time of transplantation. Immunosuppression consisted of

thymoglobulin induction, tacrolimus, mycophenolate mofetil, and cortico-

steroids. Patient and allograft survival were 93 and 79%, respectively, at a mean

follow-up of 448 days. Patients were monitored after transplant for humoral

rejection with protocol allograft biopsies. Humoral rejection was diagnosed in

44% of patients. In 14% the rejection was clinical (associated with allograft dys-

function), and in 29% it was subclinical.

Low Level DSA
Currently, the optimum technique for positive cross-match transplantation

is not clearly defined. Both high-dose IVIG and PP followed by low-dose IVIG

protocols are effective and well tolerated in the transplantation of individuals

with high levels of DSA. The role of PP may be to lower the circulating DSA

to a level below that which results in cellular injury. IVIG may have an

immediate, neutralizing effect on DSA-induced cytotoxicity as well as a

long term immunomodulatory action on DSA production. Pretransplant

conditioning has the goal of lowering circulating DSA activity to below the

level causing allograft injury in this group. Typically, this is considered to

be a negative CDC cross-match, although DSA may still be detectable using

sensitive assays such as flow cytometry, or solid phase assays for HLA

antibodies [14, 16, 18].

Individuals with low levels of DSA at baseline may represent a special

population. These patients have demonstrable DSA using highly sensitive
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assays such as flow cytometry, but negative cross-match using less sensitive

cytotoxicity-based assays. In this group DSA levels at baseline are already

below the goal targeted in published positive cross-match transplant protocols.

The function of the desensitization protocol in this population may be to pre-

vent the anamnestic memory response that results in the post-transplant pro-

duction of high levels of DSA. The risk that low-level DSA poses for patients

with positive flow cross-match/negative CDC cross-match is controversial,

with some groups reporting poor outcomes, and others reporting no advantage

to flow cross-match screening of CDC cross-match negative candidates [4, 22].

Nevertheless, there is an increasing body of evidence that low levels of DSA

represent an important risk factor for rejection in the absence of pretransplant

conditioning [23, 24]. Preconditioning with high-dose IVIG is effective in

preventing humoral rejection in patients with low levels of DSA at baseline

(flow cross-match positive/CDC cross-match negative) [25, 26].

Donor Specific Anti-HLA Antibodies following Positive 
Cross-Match Kidney Transplantation

In the months following a successful positive cross-match kidney transplan-

tation, recipients have negative cross-matches with their donors [13].

Nevertheless, highly sensitive solid phase antibody detection systems identify

DSA in the majority of these recipients [14, 27]. The mechanisms by which cir-

culating DSA is maintained at a low level are not clearly defined. Inhibition of

DSA production, either by the preconditioning regimen or by the maintenance

immunosuppressive regimen may play a role. Nevertheless, third party-specific

anti-HLA antibodies are not affected to the same degree as DSA in these patients,

implying that mechanisms other than nonspecific suppression of antibody pro-

duction are involved [14, 27]. The function of the renal allograft itself in main-

taining low DSA levels needs to be clarified. Both HLA- and non-HLA-specific

antibodies are known to be bound by renal allografts, raising the possibility that

antibody trapping and catabolism may occur [28].

Accommodation is the term that has been applied to the condition in which

donor-specific antibody coexists with its target antigen without resultant allo-

graft injury [29]. Although this phenomenon has been described predominantly

in ABO incompatible and xenotransplantation, there is evidence that exposure

of renal allograft endothelium to low levels of anti-HLA antibodies results in

the up-regulation of expression of protective genes such as Bcl-xL [30]. Using

microarray analysis, Park et al. [31] found significant differences in intragraft

gene expression in ABO incompatible and compatible kidney transplants, pro-

viding evidence that accommodation is a process occurring at the level of the
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allograft. Whether similar intragraft changes in gene expression occur in

response to exposure to anti-HLA antibodies with donor reactivity remains to

be determined.

Humoral Rejection

The clarification of the distinct clinical and histological characteristics of

humoral rejection represents an important advance in the management of immu-

nized kidney transplant recipients. Multiple factors have contributed to this

improved characterization. Increasing numbers of kidney transplants performed

across humoral barriers such as the ABO blood group as well as positive cross-

match transplantation has increased the frequency of humoral rejection.

Antibody-mediated injury is increasingly considered in the differential diagno-

sis of allograft dysfunction. Technological advances in histocompatibility testing

have significantly improved the ability of transplant centers to identify DSA.

More individuals who are alloimmunized from prior transplants are being

retransplanted. Finally, deposition of the complement degradation product C4d,

a component of the classical complement pathway, in peritubular capillaries has

been identified as a sensitive and specific marker for humoral rejection [32, 33].

Although humoral and acute cellular rejections frequently occur together,

there is a relatively specific constellation of clinical and histological findings

typical of antibody-mediated allograft injury. Trpkov et al. [34] identified

severe vasculitis, glomerulitis, fibrin thrombi in glomeruli, neutrophilic infil-

tration of peritubular capillaries, and fibrinoid necrosis as being more com-

monly detected in acute rejection when DSA are identifiable. Mononuclear cell

interstitial infiltrate and tubulitis typical of acute cellular rejection is not a

feature commonly associated with isolated antibody-mediated rejection.

Clinical features associated with acute rejection episodes with associated DSA

compared to non-DSA rejections include poorer function and lower allograft

survival 6 months after transplant, refractoriness to anti-lymphocyte therapy,

and higher incidence of steroid resistance [35]. The recognition of the distinct

clinical and morphological characteristics of humoral rejection has led to a

modification of the Banff 1997 classification of renal allograft rejection [36].

In this system three criteria are included in the diagnosis of antibody-mediated

rejection. These criteria include (1) morphological evidence of acute tissue

injury such as acute tubular necrosis, neutrophils and/or mononuclear cells or

thrombi in peritubular capillaries or glomeruli, or intimal arteritis, fibrinoid

necrosis, or intramural inflammation in arteries; (2) immunopathological

evidence for antibody action such as C4d deposition in peritubular capillaries,

or immunoglobulin and complement deposition in areas of arterial fibrinoid
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necrosis, and (3) serological evidence of circulating antibodies to donor HLA

or other anti-donor endothelial antigens. In the absence of identifiable DSA, or

peritubular capillary C4d deposition, light microscopic findings consistent

with humoral rejection are reported as ‘suspicious’ for antibody-mediated

rejection.

Treatment of Humoral Rejection

The diagnosis of humoral rejection is important for more than just theo-

retical reasons. Humoral rejection is frequently unresponsive to measures

directed toward acute cellular rejection [35]. Similar to pretransplant condi-

tioning regimens for positive cross-match kidney transplantation, high-dose

IVIG and PP followed by low-dose IVIG have been reported to be efficacious

in the therapy of humoral rejection [13, 17, 35, 37].

Conclusion

Alloimmunization represents a significant barrier to kidney transplantation.

Nevertheless, important technical advances in antibody screening and cross-

matching permit much more comprehensive characterization of DSA, both with

respect to sensitivity and specificity. New patient management protocols have

been developed which permit kidney transplantation across a positive cross-

match. Finally, new histopathological approaches permit more accurate diagnosis

of humoral rejection, and therapeutic interventions are available to reverse it.

These new developments have greatly improved the prospects for successful

transplantation in immunized individuals with end-stage renal disease.
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Chronic Induction
What’s New in the Pipeline

Flavio Vincenti

University of California, San Francisco, Calif., USA

Abstract
Induction therapy with biological agents was introduced the in the 1970s and the

rationale, concepts and approach have remained almost unchanged for 30 years. However,

the novel biological agents being developed for induction therapy are being designed for

chronic rather than short-term therapy with several objectives: reduce dependence on toxic

and nephrotoxic agents, improve outcome and ultimately facilitate the emergence of toler-

ance. The biological agents include efalizumab, a humanized anti-CD11a (anti-LFA1), anti-

CD154, anti-CD40, a number of agents targeting IL-15 and its receptor, and costimulation

blockade with humanized antibodies to CD80/CD86 and the fusion receptor protein

LEA29Y, a second generation CTLA4Ig. The past decade has witnessed an unprecedented

number of small molecules/oral drugs that have been developed and approved for renal

transplantation; the next decade, however, may witness the emergence of a new class of

biological induction agents that may displace some of the currently used drugs.

Copyright © 2005 S. Karger AG, Basel

Introduction

Historically induction therapy was conceived for the modification of the

host immune system at the time of antigen presentation. The purpose of induction

therapy with biological agents was to reorient the immune system by depleting

potentially alloreactive immune cells. While not conclusively proven, the eventual

re-emergence of re-educated T-cells was hypothesized to lead to graft tolerance

(i.e., graft acceptance) rather than rejection. This led to the use of a number of

agents such as the polyclonal anti-lymphocytes and the murine anti-CD3 OKT3

[1, 2]. The introduction of the anti-interleukin-2 receptor antibodies (anti-IL-2R

mAbs) with their long life, lack of side effects and prolonged biological effects

have not, however, resulted in a sustained effort to use these new biologics for
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chronic induction therapy [3, 4]. The newest entry, Campath 1H, a humanized

anti-CD52 mAb has been tested predominately in investigator-initiated nonran-

domized trials [5, 6]. While the function of CD52 is unclear, its expression on 

T and B cells results in the prolonged depletion after administration of one to two

doses of Campath 1H. This is a unique example of short-term induction therapy

with prolonged biological activity.

The pipeline for biological agents, however, is focused on chronic induction

therapy rather than immunosuppression coverage with a brief intervention

regimen. There are several reasons for this approach. The first is that the mech-

anism of action of the new agents make them more effective yet safe with

prolonged therapy. In addition, these novel biological agents are being utilized in

immunosuppression regimens that eliminate calcineurin inhibitors (CNIs) and/or

corticosteroids thus necessitating an extended period of therapy. Another impor-

tant reason for this approach is economic. The cost of clinical development of a

new biologic for transplantation can be justified only if it is designed for chronic

and prolonged (possibly indefinite) use. Two possible exceptions for the use of

biologics long-term include the biological agents being considered to prevent the

ischemia-reperfusion injury associated with delayed graft function. The other is

the use of anti-CD20 to deplete B cells to prevent humoral rejection or/and

interfere with antigen presentation at the time of transplantation.

Novel Agents for Chronic Induction

The novel agents being developed for chronic induction and repeated use

offer advantages for immunosuppression (table 1). The new agents, whether

chimeric, humanized monoclonal antibodies or fusion receptor proteins, have

long half-life and prolonged biological effects. They lack immunogenicity and

can be reused chronically. Their administration is not associated with acute

toxicities or cytokine release. The mechanism of action of these novel agents as

well as their use in protolerogeneic immunosuppression regimens can lead to

better graft acceptance and possibly tolerance. Table 2 lists the current biological

agents and their status in clinical development.

Efalizumab

Efalizumab is a humanized IgG1 monoclonal antibody targeting the

CD11a chain of LFA1. Efalizumab binds to LFA1 preventing LFA1-ICAM

interaction. Anti-CD11� has been shown to block T-cell adhesion, trafficking

and activation [7]. Pretransplant therapy with anti-CD11a prolonged survival of
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murine skin and heart allografts and monkey heart allografts [8]. Efalizumab

has been approved for use in patients with psoriasis. In a phase I/II open label,

dose ranging, multidose, multicenter trial, Efalizumab was administered sub-

cutaneously, weekly for 12 weeks following renal transplantation [9]. Table 3

shows the doses of efalizumab that were used in this study. Efalizumab was

used as chronic induction (for 3 months) with a maintenance regimen of full

dose or half dose of cyclosporine. At 3 months 7.8% of patients had reversible

rejection episodes and at 6 months there was one additional rejection for a

cumulative rejection rate of 10.4%. Pharmacokinetic and pharmacodynamic

studies showed that the lower doses of Efalizumab (0.5 mg/kg) produced

saturation and 80% modulation of CD11a within 24 h of therapy. In a subset of

10 patients who received the high dose Efalizumab (2 mg/kg) with full dose

cyclosporine, mycophenolate mofetil (MMF) and steroids, 3 of 10 patients

developed post-transplant lymphoproliferative diseases. While Efalizumab

appears to be an effective immunosuppressive agent, it should be used in a

lower dose (0.5 mg/kg) and with an immunosuppressive regimen that spares

calcineurin inhibitors.

Table 1. Potential advantages of chronic induction

therapy

• Antibodies and fusion-receptor proteins have long 

half-life and prolonged biological effects

• Lack immunogenicity

• Recurrent intermittent use

• Lack acute toxicities

• Targets can be readily saturated

• Pro ‘tolerance’ effects

• Can displace use of calcineurin inhibitors and steroids

Table 2. Novel biologics for chronic induction

Agent Pharma or Biotech Status

Anti-IL15/mIL15 Fc� Amgen-Roche Preclinical

Anti-CD154 Biogen-IDEC-Novartis On hold

Anti-CD40 Bristol Myers-Chiron Preclinical

Efalizumab (anti-CD11a) Xoma, Genetech Phase II

h1F1 and h3D1 (anti-CD80/CD86) Wyeth Phase I-on hold

LEA29Y (second generation CTLA4Ig) Bristol Myers Phase II → III
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Anti-IL-15 Therapy

A multicenter study with anti-IL-2 mAbs induction and MMF with steroids

(CNIs free) resulted in an incidence of acute rejection of 48% at 6 months [10].

The rejection was probably mediated by IL-15 as both circulating and intragraft

lymhocytes had fully saturated IL-2 receptor with the anti-IL-2 mAbs. IL-15 has

been shown to mediate the escape rejection during therapy with anti-IL-2 mAbs

[11, 12]. Anti-IL-15 mAbs, anti-IL-15 � receptor mAbs and a fusion receptor

mutant IL-15 may be developed for chronic induction for use with the anti-IL-2

mAbs in a CNI free regimen [13].

Costimulation Blockade

The CD154-CD40 pathway originally described in the activation of B-cells,

is also important in T cell activation. Following the impressive results of anti-

CD154 in nonhuman primates, a phase I study of Hu5C8 (humanized anti-CD154)

was initiated with chronic intermittent administration of Hu5C8 (short course of

steroid, but CNI free) [14, 15]. Unfortunately, the study was halted following the

occurrence of several thromboembolic complications [14].

Another humanized anti-CD154, IDEC 131, IDEC Pharmaceuticals was

in clinical trials in patients with autoimmune diseases. However, recent

thromboembolic events in several patients treated with IDEC 131 raised the

concern that antibodies that bind to CD154 may not be safe. This study has

been put on hold.

In fact, yet another mAb to CD154 from Novartis was also recently

found to result in thromboembolism in nonhuman primates [16]. While the

CD154-CD40 remains a promising therapeutic target, it is possible that

blockade of the CD40 receptor may prove a safer approach.

Table 3. Efalizumab dose and concomitant immunosuppression

Dose of Efalizumab Group I Group II 

0.5 mg/kg 2.0 mg/kg

A: 1/2 dose CsA � sirolimus � prednisone n � 9 n � 9

B: Full dose CsA � MMF � prednisone n � 10 n � 10

Totals (n � 38) n � 19 n � 19

CsA � Cyclosporine; MMF � mycophenolate mofetil.
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The most characterized costimulatory pathway is CD28-CD80/CD86

[17]. T-cell activation requires two signals: the first is delivered by allopep-

tides to the T-cell receptor (defining the specificity of the response) and the

second is mediated by CD28 following its ligation by CD80/CD86. Without

costimulation, the T-cell does not proliferate, does not produce cytokines,

becomes anergic and undergoes apoptosis. Several experimental models have

confirmed the potential of costimulation blockade in inducing either tolerance

or effective immunosuppression [18, 19]. Two approaches have been used to

block CD28-mediated T-cell activation. The first was to target CD80/CD86

with the humanized monoclonal antibodies h1F1 and h3D1 [20]. In vitro h1F1

and h3D1 were shown to block CD28-dependent T-cell proliferation and

decrease mixed lymphocyte reactions. The monoclonal antibodies need to be

used in tandem since neither CD80 nor CD86 are sufficient to stimulate 

T-cells via CD28. Anti CD80 and CD86 mAbs were shown to be effective in

renal transplantation in nonhuman primates, in monotherapy or in combination

with steroids or cyclosporine [18, 21]. Their use, however, did not result

in durable tolerance. A phase I study of h1F1 and h3D1 in renal transplant recip-

ients was performed in patients receiving maintenance therapy consisting of

cyclosporine, MMF and steroids [20]. Patients received a single pretransplant

dose ranging from 1.5 to 5 mg/kg of each mAb.

The preliminary results of this phase I study in 24 patients showed that

h1F1 and h3D1 were safe, but additional studies with chronic therapy are

required to determine their efficacy.

The second approach to block the CD28-CD80/CD86 pathway is to use

the fusion receptor protein CTLA4Ig (the extracellular portion of CTLA4

fused to the Fc fragment of IgG1). CTLA4 is homologous to CD28, is 

up-regulated after T-cell activation, has higher avidity to CD80/CD86 than

CD28. However, unlike CD28, CTLA4 transduces negative signals and inter-

rupts T-cell activation [17]. CTLA4 sequesters CD80/CD86 and blocks their

binding to CD28. LEA29Y is a second generation CTLA4Ig which has been

reengineered with two point mutations in the CTLA4 binding sites to

increase the avidity to CD80 (2-fold) and CD86 (4-fold). 21 LEA29Y is 

10-fold more effective than CTLA4Ig in vitro on a per dose basis in inhibiting

T-cell effector functions [22].

A phase III trial of chronic LEA29Y therapy with MMF and steroids in a

CNI-free regimen was recently presented at the American Transplant Congress

2004 [22]. The immunosuppression protocol and the LEA29Y regimen are

shown in figure 1. Two-hundred and seventeen primary or retransplants were

randomized to receive one of two regimens of LEA29Y or a cyclosporine-based

immunosuppression therapy. At 6 months, acute rejection was similar between

the LEA29Y-treated patients and the cyclosporine-treated patients [22]. Therapy
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*All patients received MMF, basiliximab, and corticosteroid-tapering regimen  

Clinical endpoint
(LEA29Y arms unblinded) 

Clinical
endpoint Randomization

1 month 3 months 6 months 1 year

LEA29Y*

15 29 43 57 71 85
10mg/kg

113 141 169

5mg/kg every 4 or 8 weeks

5mg/kg every 4 or 8 weeks

‘Low’

‘High’

10mg/kg

5Day 1

Day 0 
Transplant

12 M 24 M 36 M 48 M

Daclizumab – 2mg/kg at transplant, then 1mg/kg q 2 weeks � 4

Sirolimus (8–10ng/mL) for 12 months, then reduced 
by 33% per month until discontinued. Withdrawal 
must begin no later than 24 months.

Day 0 
Transplant

12 M 24 M 36 M 48 M

LEA29Y – 10mg/kg at day 0, 5, 14, 28, 42, 56, 
70, 84, month 4, 5, and 6. Then, 5mg/kg 
monthly until 12 months after sirolimus  
discontinuation ( TBD).

Fig. 1. LEA29Y phase II dose-finding study design.

Fig. 2. Immunosuppressive withdrawal regimen.

with LEA29Y was associated with better renal function, lower blood pressure

levels and lower LDL values when compared to cyclosporine-treated patients

[22]. This study demonstrated that chronic induction therapy of LEA29Y can

replace cyclosporine [23].
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Ultimately for chronic induction therapy to be widely accepted it may have

to facilitate the elimination of both CNIs and steroids and deliver improved

outcome (i.e., less toxicity) with immunosuppression drug simplification.

A prototype of this approach is a primate study reported by Adams et al.

[24]. In this trial pancreatectomized nonhuman primates had prolonged allogeneic

islet cells survival with therapy with LEA29Y and sirolimus. Based on this study,

we plan to conduct a trial (in collaboration with Dr. Chris Larsen at Emory

University) supported by the Immune Tolerance Network in recipients of living

donor kidneys with chronic induction with LEA29Y (and a brief anti-IL-2 mAb

induction) and sirolimus monotherapy as shown in figure 2. Patients with no

evidence of rejection and a quiescent anti-donor immunological profile may be

withdrawn of sirolimus at one year and LEA29Y at 2 years after transplantation.

This immunosuppression regimen allows complete withdrawal in selected

patients that exhibit tolerance to the allograft.

In summary, chronic induction therapy offers a wide range of therapeutic

opportunities to decrease dependence on toxic drugs, improve outcome, allow

drug minimization and simplification and ultimately facilitate induction of

tolerance.
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Abstract
Steroids have accompanied other immunosuppressants throughout the history of renal

transplantation. However, its permanent use has been associated with a myriad of adverse

effects, which especially increase the already high cardiovascular risk of renal transplant

patients. Nevertheless, steroid-sparing strategies may increase the risk of acute and chronic

rejection that may worsen the fate of transplant recipients. The advent of new immunosuppres-

sants have renovated the interest on steroid-sparing protocols, and the results of the new trials

suggest that these strategies may be safe enough in view of the low rates of acute rejection and

stable renal function reported.

On the other hand, calcineurin inhibitors (CNIs) have been considered the cornerstone

of transplant immunosuppression though their nephrotoxicity has been one of the major clin-

ical problems in the use of these immunosuppressants. The balance between preventing

immunological allograft losses and the management of CNI-related nephrotoxicity is still an

issue in renal transplantation. CNI reduction or elimination may increase the risk of acute

and chronic rejection. Because of these concerns, in most instances CNI have been used at

conventional doses in induction and maintenance therapy. As in the case of steroid-sparing

strategies, the new therapeutic arsenal has provided a new impulse in CNI-sparing regimens,

with an acceptable low rate of acute rejection, well-preserved renal function and without an

apparent increased risk of chronic rejection, which may pave the way for a new era in

immunosuppression.

Copyright © 2005 S. Karger AG, Basel

In the last years the aim in the majority of immunosuppressive regimens

was to reduce the incidence and severity of acute rejection, because it was con-

sidered a deleterious prognostic factor for graft outcome. In the last decade,

triple therapy consisting of a CNI, anti-metabolite, and steroids was widely used
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in many renal transplant centers, as induction and maintenance regimens. In this

period, nearly all kidney transplant recipients received corticosteroid therapy

prior to discharge, although the proportion of patients receiving steroids

declined slightly at the end this period [1]. This tendency may reflect the con-

cern in the transplant community of the importance of steroid-related morbid-

ity in transplant patients. On the other hand, the permanent use of the

nephrotoxic CNIs may induce chronic renal failure, even in transplant recipi-

ents of nonrenal solid allografts [2], apart from other well-known adverse

effects of these agents such as hypertension and hyperlipidemia, which may

increase the cardiovascular risk of the transplant population. As a consequence

different attempts have been undertaken to spare steroids and CNIs to reduce

comorbidity in kidney transplant patients.

Steroid-Sparing Protocols

The main questions that arise in steroid-sparing protocols are patient’s selec-

tion, the timing after transplantation and the concomitant immunosuppression.

Initial reports, in the so-called cyclosporine (CsA) era, alerted on the

increased risk of acute rejection and after steroid withdrawal in renal transplan-

tation in patients treated with calcineurin-inhibitor (CNI) and azathioprine

(AZA) [3]. In pediatric patients receiving CsA, stopping steroids was followed

by 56% rate of acute rejection episodes [4]. In a single center experience with

100 patients, early discontinuation, black race, and renal function were identi-

fied as risk factors for subsequent rejection episodes after steroid withdrawal

[5]. In a multicenter randomized and double-blind, placebo-controlled Canadian

trial in 523 patients under CsA therapy, prednisone discontinuation at 90 days

after transplantation significantly reduced actuarial 5-year graft survival rates to

73% in comparison to 85% in patients who remained with prednisone [6].

Results of a meta-analysis suggested that avoiding steroid therapy from the time

of transplantation or withdrawing steroid therapy at some time after transplanta-

tion increased the risk of acute allograft rejection without adversely affecting

patient or graft survival [7]. As expected, the beneficial effects of maintenance

immunosuppression off steroids were catch-up growth in children [8] and

reduced incidence of hypertension, improved glycemic control, and reduced

total levels of serum lipids, although the long-term consequences of steroid-free

CsA-based immunosuppression in renal transplantation were not clear in these

studies reported in the mid nineties [9]. In a prospective and randomized trial in

100 established patients 1–6 years after transplantation treated with CsA and

AZA, steroid discontinuation, over about 4 months, resulted in a rise in mean

plasma creatinine at the end of the withdrawal period and at 2 and 3 years from
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trial entry. Changes in several clinical and metabolic indices were also observed

in association with steroid withdrawal. Blood pressure declined but the reduc-

tion was incompletely sustained, being more evident immediately after steroid

withdrawal than at one year. The data from this trial indicated that steroid

withdrawal was feasible in most patients with stable graft function on triple

immunosuppression and had potential beneficial metabolic effects although a

substantial proportion of patients showed a reduction in graft function, indicating

a need for caution in considering the long term outcome [10]. In another prospec-

tive trial comparing CsA monotherapy with AZA-prednisone maintenance therapy

from 3 months after transplantation, the incidence of rejection within 3 months

after the start of steroid withdrawal or conversion from CsA to AZA was 30 and

25% respectively, but at 2 years after transplantation, serum creatinine levels

were significantly lower in the AZA-prednisone group than in the CsA group,

although there were no differences in graft survival at 5 years after transplanta-

tion [11]. Late steroid withdrawal in patients treated with CsA with stable renal

function at least one year after kidney transplantation showed that acute rejec-

tion was the main cause of withdrawal failure (26%), although no grafts were

lost due to rejection [12]. Beneficial effects were found regarding hypertension,

hypercholesterolemia, hyperglycemia, and appearance. In an Italian prospective

study [13], the efficacy of AZA adjuncts to CsA at the time of steroid with-

drawal, 6 months after transplantation, versus CsA monotherapy, in preventing

acute rejection was compared. Steroid resumption because of acute rejection

was significantly higher in the CsA monotherapy group than in the CsA-AZA

group (57 vs. 29%), although serum creatinine did not differ, and graft survival

was similar in both groups. Other studies on gradual withdrawal of steroids in

the course of 6 months in patients receiving therapy with CsA and AZA, was

associated with a low rate of acute rejection [14]. These results suggest that the

addition of an anti-metabolite to a CNI may allow patients to remain steroid

free. In a meta-analysis on randomized, controlled trials of immunosuppression

withdrawal that comprised studies reported during the nineties with more than

1,400 patients, prednisone withdrawal entailed an increased risk of rejection by

14% and of late graft failure by 40% [15]. In contrast, CsA withdrawal in

selected patients seemed to impart little risk of long-term graft failure. The con-

clusions of this meta-analysis may raise concerns about the safety of steroid-

sparing strategies. In accordance, the published European Best Practice

Guidelines for Renal Transplantation on late steroid or CsA withdrawal empha-

sized that steroid withdrawal is safe only in a proportion of graft recipients and

is recommended only in low-risk patients, and the efficacy of the remaining

immunosuppression should be considered (B). Moreover, the Guidelines also

recommend that after steroid withdrawal, graft function has to be monitored

very carefully because of the risk of a delayed but continuous loss of function
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due to chronic graft dysfunction, and that in the case of functional deterioration

or dysfunction, steroids should be readministered (C) [16].

Nevertheless, the introduction of new xenobiotic immunosuppressants,

such as mycophenolate mofetil (MMF) and biological agents, able to reduce to

very low rates the incidence of acute rejection in conjunction with CNIs, has

renovated the interest for steroid-sparing strategies in the recent years. In an

open pilot study in our center with a small number of low-risk patients treated

with CsA and steroids, prednisone elimination was not accompanied by rejec-

tion episodes, and renal function remained stable, suggesting that corticosteroids

could be safely and successfully withdrawn from renal allograft recipients

receiving CsA and MMF [17]. The feasibility of steroid-sparing strategies in

patients treated with MMF has been intensively explored in the last few years.

Following the criteria that a later steroid withdrawal was safer than an early

elimination, steroid withdrawal under MMF therapy in prospective and

controlled trials was initially attempted beyond 3 months after transplantation.

More recently steroids have been stopped the first few days after transplantation

or even completely avoided.

In an European multicenter, randomized, double-blind, 6-month, con-

trolled steroid dose-reduction study in 500 renal transplant recipients with an

unblind 6-month follow-up with a low/stop arm, corticosteroids were given at

half the dosage of control for 3 months from the date of transplantation, and

then withdrawn [18]. The comparator group received conventional doses of

steroids. Both arms were given CsA and MMF. At 6 months the low/stop group

had significantly more biopsy-proven acute rejection episodes than the control

(23 vs. 14%) and at 12 months this increased to 25 vs. 15%. However, most

rejections were Banff grade I, and renal function remained similar in both

groups, and graft loss at month 12 was 5% in the low/stop group versus 4% in

the control. The lipid profile, bone mineral density and blood pressure were

better in patients off steroids. This first large study with MMF indicated that

reduction and withdrawal of the prophylactic corticosteroid dose was feasible

without an unacceptable increase in serious rejection episodes. In contrast, in a

similar trial conducted in the USA, with a similar sample size, the recruitment

was stopped after half of the patients were enrolled, because of excess rejection

in the steroid-withdrawal group [19]. A careful review of this study showed that

the high incidence of acute rejection was mainly restricted to African American

patients, and that Caucasians had a similar rate of rejection to that observed in

the previous European study. In a recently published uncontrolled study in which

African American transplant patients were initially treated with sirolimus,

tacrolimus, and corticosteroids, prednisone was withdrawn from eligible patients

free of acute rejection beginning as early as 3 months post-transplant [20]. 7% of

these patients developed acute rejection and at last follow-up, 27 of 30 patients
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(90%) remained steroid free. However, there was a statistically insignificant

trend toward an increased serum creatinine concentration before and after

steroid withdrawal, which maintains the concerns on steroid withdrawal in

African American patients despite the potent immunosuppressive regimen used

in this trial consisting of these two macrolides.

The use of MMF may give the opportunity to compare CNI withdrawal

and steroids cessation in the same trial. This innovative approach has been

explored in a Dutch study [21]. At 6 months after transplantation, 212 patients

were randomized to stop CsA, stop prednisone, or continue triple drug therapy

with these two agents and MMF. Interestingly, patients off steroids experienced

a similar incidence of acute and chronic rejection than the triple therapy group

and less than those without CsA 2 years after transplant surgery.

Biological immunosuppressants, anti-IL-2-R monoclonal antibodies or

polyclonal preparations may also help to design steroid-sparing strategies.

Aiming to minimize the toxicity of steroids and CNIs at the same time, in a

single center study, daclizumab, low tacrolimus exposure, MMF and steroid

discontinuation was compared to a conventional regimen with tacrolimus, MMF

and steroids [22]. In this trial, patients free of steroids experienced significantly

less acute rejections, and graft function at one year was significantly better than

those in the triple therapy group. In 51 living related kidney transplantation,

polyclonal rabbit anti-thymocyte globulin has been employed in conjunction

with MMF and CsA for rapid discontinuation of steroids 5 days after transplan-

tation. With this immunosuppressive protocol, 87% of the patients evolved free

of acute rejection at 12 months after transplantation, with an acceptable renal

function and no differences with respect to historical controls treated with triple

therapy without induction [23]. In a similar approach, basiliximab added to a

maintenance regimen consisting of CsA and MMF mofetil was studied for its

effectiveness in allowing early corticosteroid withdrawal at 4 days after trans-

plantation in de novo renal allograft recipients. The incidence of biopsy-proven

acute rejection at 12 months was not significantly different between the steroid-

withdrawal group (20%) and the standard treatment group (16%), and renal

function remained stable and similar in both groups at the end of the first year

[24]. In the same direction, a prospective multicenter study investigated whether

it is feasible to withdraw steroids early after transplantation with the use of 

anti-IL-2-R � induction, tacrolimus and MMF [25]. A total of 364 patients were

randomized to receive either two doses of daclizumab and, for the first 3 days,

high doses of prednisolone or steroids (tapered to 0 mg at week 16). All patients

received tacrolimus and MMF. The incidence of biopsy-confirmed acute

rejection at 12 months was not different between the daclizumab group (15%)

and the controls (14%) and graft survival at 12 months was comparable in the

two groups. These last studies suggest that regimens without steroids are close
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in renal transplantation. This therapeutic alternative has been investigated in

pediatric population that could benefit most of steroid-free protocols. In a

complete steroid-free immunosuppressive regimen in 100 children with an

initial 10-day anti-thymocyte induction, and maintenance therapy with CsA and

MMF, the rate of acute rejection was low (13%), and 4-year graft survival of

82% [26]. In a small single center study with 10 low-risk pediatric transplant

recipients, steroids were substituted with extended daclizumab use, in combina-

tion with tacrolimus and MMF and compared to steroid-based historical controls

[27]. In this preliminary report, there were no clinical acute rejection episodes

and protocol biopsies did not display signs of chronic rejection. Besides the

benefits on metabolic profile and cosmetic appearance, patients in the steroid-

free regime did not require anti-hypertensive drugs and optimized renal function

and growth.

Steroid discontinuation may also affect the pharmacokinetics of MMF.

Steroid withdrawal is followed by an increase of mycophenolic acid exposure

due to a decrease in its clearance. This is attributed to the reversion of the

enhanced activity of uridine diphosphate-GT, responsible for mycophenolic

acid metabolism, induced by steroid [28]. This increased exposure to the acid

could compensate the interruption of steroid treatment.

CNI-Sparing Protocols

The balance between preventing immunological allograft losses and the man-

agement of CNI-related nephrotoxicity is still an issue in renal transplantation.

CNI reduction or elimination may increase the risk of acute and chronic rejection.

Because of these concerns, in most instances, CNI have been used at conventional

doses in induction and maintenance therapy. However, historical reports from the

first times of the CsA era showed that conversion from CsA to AZA at one year

after renal transplantation resulted in improvement in both blood pressure control

and renal allograft function, and was not associated with significant adverse

effects on long-term patient or graft survival, despite an increased incidence of

acute rejection within the first few months after conversion [29].

With the introduction of potent xenobiotic and biological immunosup-

pressants, three main CNI-sparing strategies have been investigated: CNI

minimization, CNI withdrawal and complete avoidance of CNI.

CNI Minimization
The advent of MMF enhanced CsA doses reduction to ameliorate renal

function in established patients with chronic renal allograft dysfunction. In

patients with progressive deterioration of renal function, the addition of MMF
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and the reduction of CsA doses by 50% resulted in a short-term improvement

in renal function [30]. In our center, we did a similar therapeutic maneuver tar-

geting CsA levels between 40–60 ng/ml, which was followed by improvement

in renal function, reduction of TGF-�1 production, and improved the control of

hypertension, without increasing the incidence of acute rejection [31], in the

short term. In another trial, in 118 renal transplant recipients with declining

kidney function and biopsy-proven chronic allograft nephropathy, CNIs (CsA

or tacrolimus) dose was reduced or discontinued with either the addition or

continuation of MMF and low-dose steroids. The long-term evaluation of these

treatment changes showed that 72.2% of the CNI-withdrawal patients, 54.4%

of reduced-dose CsA group, and 40% of the reduced-dose tacrolimus group

had improved the slope of decay of renal function or lack of deterioration, sug-

gesting that the reduction and possible withdrawal of CNIs may be necessary to

slow the rate of loss of renal function in patients with chronic allograft

nephropathy and deteriorating renal function [32].

CNI Withdrawal
CNI withdrawal has been attempted in regimens containing MMF or

sirolimus (SRL). In a large prospective and randomized trial, in stable patients

treated with MMF, CsA and steroids, CsA discontinuation was accompanied

by a modest amelioration of renal function in the short term, and a better lipid

profile, although the incidence of acute rejection after CsA withdrawal was

11% in comparison to 2.4% in patients who remained under CsA, but without

graft losses [33]. The effect of adding MMF to the maintenance immunosup-

pression followed by CsA withdrawal was studied in 143 unstable recipients

with deteriorating renal function and biopsy proven chronic allograft dysfunc-

tion in a multicenter randomized controlled trial [34]. In patients treated with

MMF and CsA withdrawal, renal function stabilized or significantly improved

in 58% of them, compared to 28% in the CsA-treated patients. In contrast with

the previous study, only 1.5% of MMF patients experienced acute rejection,

and 3% in the CsA-treated patients at 34 weeks after the initiation of the study.

These preliminary results indicate that in patients with creeping creatinine, the

substitution of CsA with MMF may be a safe therapeutic option. In a smaller

single center trial recently reported, the potential benefits on graft function by

the introduction of MMF with or without CNI withdrawal has been studied

in long-term transplant recipients with histologically proven chronic allograft

nephropathy and deteriorating renal function [35]. Renal function signifi-

cantly improved in 19 patients with MMF/CNI withdrawal compared with

20 with MMF/CNI continuation, with a better control of blood pressure in the

former group, and no rejections occurred during the 34-month follow-up

period.
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SRL, an m-TOR inhibitor, is a potent immunosuppressant that inhibits cell

proliferation driven by growth factor. When associated with CNI, SRL greatly

reduces the incidence of acute rejection [36], and associated with anti-metabolites,

either AZA or MMF, prevents acute rejection to similar rates than CNI [37, 38].

Considering the potency of SRL, two multicenter trials were conducted to evaluate

the efficacy and safety of CsA withdrawal 3 months after transplantation in com-

parison with a maintenance immunosuppression based on CsA, SRL and steroids

[39, 40]. CsA withdrawn was accompanied by a concentration-controlled

increase in SRL doses. In the first study with 197 patients, in the intention-to-

treat population, rates of biopsy-confirmed acute rejection at 12 months were

not significantly different between groups with or without CsA (18.6 vs. 22.0%,

respectively). In the second larger study, in 430 eligible patients treated with

SRL, CsA discontinuation was followed by a sustained improvement in renal

function at 3 years, although numerically more biopsy-proven acute rejections

occurred after CsA elimination in comparison with the continued use of CsA

and SRL (5.6 vs. 10.2%) but without a negative impact on graft survival [41].

Moreover, in protocol-mandated biopsies at engraftment and at 12 and 36 months,

it was observed that the histological score at 36 months among patients with serial

biopsies was significantly lower with SRL-steroids than with SRL-CsA-steroids,

and inflammation and the tubular atrophy scores decreased significantly in the

SRL-steroid group between 12 and 36 months [42]. These histological findings

reveal that the elimination of CsA in SRL-treated recipients does not increase the

risk of chronic rejection. In a multicenter trial with a similar design than these CsA

withdrawal studies, this maneuver was compared with CsA dose minimization in

conjunction with SRL. As in the previous studies the better renal function was

obtained in the CsA-withdrawal patients [43]. Tacrolimus elimination has also

been assayed in SRL-based regimens. We recently performed a randomized

trial to compare two regimens in 87 low-risk kidney allograft recipients in the

first year after transplantation [44]. Both regimens initially included sirolimus,

tacrolimus and steroids; one with long-term maintenance with these drugs

versus tacrolimus withdrawal. Both macrolide doses were adjusted to reach

target levels. In one group, SRL was used at reduced doses and levels and

tacrolimus at conventional doses, and vice versa in the other group with

tacrolimus elimination beyond 3 months after transplantation. Both groups

displayed a low rate of acute rejection and the analysis of patients on therapy

showed better renal function, and lower blood pressure in patients who with-

drew tacrolimus.

CNI Avoidance
Because suboptimal organs may be more susceptible to CNI nephrotoxicity,

pilot studies free of these agents with polyclonal antibodies and MMF were
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conducted in the second half of the nineties. Twelve patients older than 50 years,

and receiving a renal graft from a donor older than 50 years, were treated

primarily with MMF combined with steroids and an induction therapy using 

anti-thymocyte globulin, and without the addition of CsA [45]. With this regimen

the incidence of acute rejection was low (8.3%), renal function was preserved at

6 months, although the rate of cytomegalovirus infections was high (41%). In an

attempt to avoid the use of cyclosporine, we carried out a prospective study in

low-immunological risk recipients of suboptimal kidneys, using an immunosup-

pressive protocol combining rabbit anti-thymocyte globulin in induction with a

bi-therapy of MMF and steroids [46]. Half of the patients received CNI, 7 (24%)

out of 30 patients developed acute rejection, and renal function was acceptable

at 5 years, but the rate of opportunistic infection and neoplasia was high with

this regimen.

A refinement of the CNI-free polyclonal-based regimens would be the use

of anti-IL-2-R monoclonal antibodies. However, avoidance of CNI in a single-

arm study with MMF daclizumab and steroids resulted in an unacceptable high

incidence of acute rejection, although with a good renal function and patient and

graft survival [47]. The addition of SRL to this immunosuppressant combination

has greatly reduced the incidence of acute rejection. In a single center experience

[48], the association of basiliximab, MMF and CsA or SRL, efficiently prevented

acute rejection, but the SRL-treated patients had a significantly higher creatinine

clearance than patients given CsA and in 2-year protocol biopsies a much lower

rate of chronic allograft nephropathy (37 vs. 78%).

CNI-free regimens may reinvigorate in tolerogenic protocols, because in

contrast with SRL, the treatment with CsA abrogates the tolerogenic effect of

costimulation blockade by inhibiting T-cell proliferation and apoptosis [49]. The

use of Campath, a chimeric anti-CD52 monoclonal antibody, that depletes lym-

phocytes B cells and monocytes, in combination with rapamycin maintenance

monotherapy, have been studied in a pilot study with 29 patients. Twenty seven

per cent developed acute rejection, and a high proportion had pathological

evidence of a humoral component of their rejection.

Finally, costimulation blockade with second generation CTLA4Ig fusion

proteins (LEA29Y), with a high avidity for CD86 and CD80, may help in the

development of safe CNI-free regimens. In a multicenter trial, a therapy with

CsA, MMF, steroids plus basiliximab was compared to LEA29Y in conjunc-

tion with MMF, steroids and basiliximab. Both treatment arms had a similar

low incidence of acute rejection (18 and 19%) at 6 months, and with a more

favorable cardiovascular risk profile in the costimulation blockade arm without

CsA [50, 51].

In summary, the new therapeutic arsenal in renal transplantation has allowed

to enter in a new era of low comorbidity protocols aimed to avoid drug-related
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adverse effects and improve graft and patient survivals. The next challenge would

be to conciliate in the same protocol steroid and CIN-sparing strategies. The real

impact of steroid-sparing or CNI-sparing regimens on graft and patient outcome

will need a close follow-up in the long term.
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Abstract
Induction of tolerance has been a longstanding goal in transplantation. Recent preliminary

studies using a steroid-free lymphocyte depletion strategy have been met with great excitement

and an equal degree of skepticism. Current studies in this area suggest that immunosuppression

can be reduced substantially but acute rejection develops at a rate approximately twice that of

standard triple drug protocols. None of the lymphocyte-depleting protocols has resulted in full

tolerance as evidenced by patients attaining a maintenance drug-free state. Workers in the field

have suggested that a degree of tolerance is achieved and they have coined a growing number

of terms to describe this state: prope tolerance, metastable tolerance, and partial tolerance. To

date, patient follow-up has been relatively short leaving many unanswered questions about graft

survival, chronic allograft nephropathy, and the minimally effective maintenance immunosup-

pression. Despite these limitations, steroid-free lymphocyte depletion may offer an exciting new

treatment paradigm.

Copyright © 2005 S. Karger AG, Basel

Introduction

The advent of highly effective immunosuppressant agents over the past

two decades has made renal transplantation the treatment of choice for patients

with end-stage renal disease. Recent United Network of Organ Sharing reports

in the USA documented one-year graft survival rates of approximately 88% for

deceased donors and 95% for living donors [1]. Despite these encouraging

results, patients have continued to experience transplant-related infections and

other side effects of profound nonselective immunosuppression in addition to

the side effects of the drugs themselves. Animal models of renal transplantation
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have demonstrated that long-term function of grafts without the need for

immunosuppression (tolerance) is possible. Attempts at inducing tolerance in

human subjects have frustrated the efforts of many workers. Brent [2] has

described the quest for tolerance in humans as ‘the search for the holy grail.’

The topic of immunological tolerance has been reviewed recently by Brent [3, 4],

Starzl et al. [5–7], Cosimi and Sachs [8] and others. Since this is a vast topic,

this review will concentrate on those aspects directly germane to lymphocyte

depletion as a strategy to induce tolerance.

Rationale for Use of Lymphocyte Depletion Protocols

Lymphocyte depletion as a method of inducing tolerance in renal trans-

plantation is based upon extensive experimental studies in animals coupled

with new strategies of immunosuppressant use after transplantation. Although

lymphocyte depletion has played an important role in experimental tolerance

induction over much of transplantation history, work by Knechtle et al. [9] was

central in stimulating the recent flurry of clinical activity in this area. An anti-

CD3 lymphocyte-depleting immunotoxin (FN18-CRM9) was administered to

MHC-mismatched rhesus monkeys one week prior to renal transplantation.

T lymphocyte depletion (by 2–3 logs) developed in peripheral and lymph nodes

when measured 1–3 days later. These animals enjoyed graft survival greater

than 100 days without any other immunosuppression. When donor skin grafts

were placed 6 months later 5 of the 6 animals accepted the grafts but rejected

third-party grafts. However, when one of the animals received a donor skin

graft at 140 days (the earliest graft) it stimulated both rejections of the skin

graft and the renal allograft. This experience demonstrated that lymphocyte

depletion could induce tolerance but that it may be unstable and can be lost by

an immunological stimulus administered early in the transplant course. This

study stimulated human trials by Calne et al. [23–25] using Campath-1H

described below.

In addition to the availability of agents capable of profound lymphocyte

depletion, Starzl et al. [5–7] and Calne [13] have emphasized the importance of

timing and intensity of immunosuppression as important factors in clinical

tolerance induction. Since the initial studies of Cannon et al. [10] and Medawar

and coworkers [11] in neonatal tolerance, a ‘window of opportunity’ for toler-

ance induction has been appreciated. For neonatal chicks receiving skin grafts,

tolerance was induced only in animals transplanted within 3 days of birth.

These pivotal studies generated the field of tolerance in transplantation. In

adults receiving whole organ transplants, an early period in which tolerance

may be easily induced may also exist.
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Starzl et al. [5] has formulated a clinical approach to tolerance induction

based upon lessons he learned during his vast experience in transplantation. His

concept of mutual immunological engagement between donor and recipient

was documented in a recent review [6]. Immunosuppression administered

before transplantation may reduce the antigraft response by decreasing

passenger leukocytes to a range in which clonal deletion may occur. Historical

examples include the twin transplants by Murray and Hamburger using total

body irradiation and other procedures such as thoracic duct drainage, and con-

ventional antilymphocyte antibody preparations. In addition to pretreatment,

avoidance of intense postsurgical immunosuppression is felt to be important in

allowing donor-specific clonal deletion and tolerance. The early post-transplant

period (the first, approximately 2 months) is theoretically vital in allowing

tolerance to proceed [12]. These principles were the basis for his protocols of

lymphocyte depletion described below.

Calne [13] has also developed a theoretical framework for clinical tolerance

induction, which resulted in recent clinical efforts at tolerance induction with

lymphocyte-depleting protocols. He argues that nonspecific immunosuppres-

sion impaired the mutual engagement between immunocompetent donor and

recipient cells which was earlier described by Starzl. A ‘window of opportunity

for immunological engagement (WOFIE)’ was proposed. From this approach, a

short period (1–3 days) after surgery should be essentially free of immunosup-

pression to allow donor and recipient to engage. This approach has been tested

in animal and human studies with encouraging results [14–17]. Calne suggests

that ‘… elimination of aggressive T cell function should tip the balance in favor

of a tolerant state’ [13]. Lymphocyte depletion was proposed as the tool to tip

the balance.

Both Starzl and Calne agree that minimization of immunosuppression after

surgery may be important in clinical tolerance induction. Both also agree to the

concept of a ‘window of opportunity’ although the timing appears to be some-

what different. These concepts in addition to robust depletion of lymphocytes

form the basis for clinical studies described below.

Clinical Experience with Lymphocyte Depletion

Campath-1H
Campath-1H (Alemtuzumab), a CD52-specific monoclonal antibody, has

become the most exciting agent in the growing clinical experience of steroid-

free lymphocyte depletion protocols aimed at inducing some degree of

tolerance. It profoundly depletes T-lymphocytes and reduces B cells and

monocytes to a lesser degree [18]. This agent has been extensively studied in
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bone marrow transplantation and is indicated for the treatment of chronic

lymphocytic leukemia [19–21]. Knechtle [22] has recently reviewed the clinical

development of this agent.

Calne et al. [23, 24] generated the first clinical experience with Campath-

1H in an attempt to induce tolerance. This experience was initially published as

a research letter in Lancet in 1998 and subsequently his experience was

expanded from the first 13 patients to 31 primary kidney transplant recipients.

Two 20-mg doses of Campath-1H was administered to all patients. Five

received the first dose before surgery and the remainder postoperatively. All

patients received the second dose 24 hours after the initial dose. Twenty-four

hours after surgery, all patients were given cyclosporine (Neoral) at a dose

designed to reach targeted maintenance trough concentrations of 75–125 ng/ml.

No maintenance steroids were planned but all patients were given 500 mg of

methylprednisolone 30 min before the first Campath-1H dose to minimize

cytokine release symptoms. Acute cellular rejections developed in 6 of 31

patients (19.4%) from 28 days to 13 months after surgery. Three patients

required maintenance prednisolone and azathioprine due to rejection. Despite

the high rejection rate most patients attained stable renal function with a

steroid-free low dose cyclosporine monotherapy protocol. These results

prompted Calne et al. to suggest that the patients had developed partial toler-

ance and he subsequently coined the term ‘prope tolerance’ which is a Latin

term for almost. Watson et al. [25] provided the most recent update on this

study at the American Transplant Congress in May 2004. The number of

Campath-1H-treated patients had increased to 33 and a contemporaneous triple

drug therapy group (cyclosporine, prednisone with Cellcept or sirolimus) was

included as controls. One and 5-year graft survival was 94 and 79% for

Campath-1H patients compared to 83 and 75% for controls (not significant).

One patient in both groups had died from post-transplant lymphoproliferative

disease. There was no difference in renal function or acute rejection but rejections

developed later in the Campath-1H group compared to controls (170 vs. 16 days).

No attempts were apparently made to wean or withdraw immunosuppression.

After the initial experience of Calne et al. two groups led by Knechtle from

the University of Wisconsin and Kirk from the National Institute of Health in the

USA designed studies to investigate different aspects of the potential of

Campath-1H to induce tolerance. Kirk et al. [26] performed a study to specifi-

cally determine if depletion of peripheral and secondary T lymphocytes with

Campath-1H was capable of inducing tolerance. Seven primary live-donor

kidney transplant recipients were treated with Campath-1H without additional

maintenance immunosuppression. Campath-1H was given intravenously at a

dose of 0.3 mg/kg over a 3-hour period. Four patients received treatments

on days �5, �3, and �1 and 2 patients were treated on days �3, �12, and �2.
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One patient received pretreatment on days �1, �1, �3, and �5.

Methylprednisolone (500 mg before dose 1, 125–250 mg before dose 2, and

60–125 mg before dose 3) was given to decrease cytokine release but all patients

developed mild self-limited symptoms. Steroids were not planned thereafter.

Follow-up at the time of this report was between 1.2 and 2.6 years.

This group has extensively studied the details of lymphocyte depletion in

various cellular subsets. Peripheral lymphocyte depletion began within one hour

of drug administration and repopulation of lymphocytes began at one month.

Absolute lymphocyte counts failed to reach pretreatment levels at 18 months

although at 6 months they had returned to normal values. Monocyte depletion

was less severe and repopulation began within 3 weeks. Secondary lymphoid

tissue clearance developed over 3–5 days and iliac lymph nodes revealed sparse

medullary T cells. Previously activated (memory) cell phenotypes (CD3�, HLA

DR�, CD45RO�) were less depleted than naïve cells. Nodal monocytes

and B cells were unaffected. Natural killer cells were reduced but remained

significantly present. Rejection and reperfusion prompted acute increases in

monocytes. Neutrophils and platelet counts were not changed by therapy.

All the patients experienced acute rejection; 6 had clinical rejections 3–4

weeks after surgery and one had a subclinical rejection during this period. There

was no change in absolute lymphocyte count preceding or during rejection. Five

patients required bolus methylprednisolone followed by sirolimus therapy, one

required OKT3 followed by sirolimus and one was treated with sirolimus alone.

None of the patients remained off maintenance immunosuppression in the long

term. The histology of rejection was characterized by primarily monocytic infil-

tration with a sparse contribution by the typical lymphocyte population. This

study, in a very low immunological risk group, revealed that full tolerance was

not achievable with Campath-1H pretreatment alone.

The Knechtle et al. [27, 28] approach was to use Campath-1H without

steroids or calcineurin inhibitors but to use only low-dose sirolimus as mainte-

nance therapy. This approach conceded that full tolerance was unlikely but

attempted to minimize long-term use of immunosuppression. In this study, 29 pri-

mary renal transplant recipients were treated with Campath-1H and sirolimus

without maintenance steroids. The first 24 patients received 20 mg of Campath-

1H intravenously on the day of transplant (day 0) and a second 20 mg dose on day

1. All patients were treated with methylprednisolone 500 mg intravenously 30 min

prior to Campath-1H. Sirolimus (2 mg orally) was given on the day after surgery

and levels subsequently adjusted to reach targeted levels of 8–12 ng/ml. The last

5 patients were treated with Campath-1H on day �1 and were given one dose of

Thymoglobulin (1.5 mg/kg i.v.) on day 1. A tapering dose of steroids was added

to the latter patients with total daily doses beginning at 1,000 mg beginning on

day �1 and discontinued by day 15. The sirolimus dosing was unchanged.



McCauley 48

This study illustrated the limitations of lymphocyte depletion with

Campath-1H when sirolimus is coadministered. The patients again experienced

relatively high rates of acute rejection. Eight of 29 (28%) experienced acute

cellular rejections and 5 of these had C4d� humoral components. One graft was

lost to rejection and the others with humoral components required combinations

of plasmapheresis, Thymoglobulin, prednisone and rituximab to obtain control.

Three of the 4 surviving grafts with humoral rejection were left with higher

creatinine values compared to prerejection values. These investigators observed

that recovering T cells were primarily CD52 negative (in normal subjects only

1–3% are CD52 negative). After the latter observation and the unacceptably

high rejection rate, Thymoglobulin was added to the last 5 patients in an attempt

to target the CD52 negative cells. Two of the 5 (40%) patients developed rejec-

tion; the first was Banff grade 1B (C4d negative) which required bolus steroid

therapy, Thymoglobulin, plasmapheresis and IVIG to control. The second

developed Banff IIA cellular rejection with thrombotic microangiopathy and

was C4d positive. This patient required bolus steroids, Thymoglobulin and

plasmapheresis and was later converted to tacrolimus, Cellcept and prednisone

maintenance therapy. This group has recently reported preliminary results of an

altered protocol using Campath-1H in kidney recipients with delayed graft

function at the American Transplant Congress 2004 [29]. They compared

patients treated with Campath-1H (30 mg given on the day of surgery and day 1)

to a contemporaneous control group given various induction agents. All patients

were treated with triple therapy maintenance (calcineurin inhibitor, Cellcept and

steroids). At 3 months the Campath-1H patients had experienced 12.5% rejec-

tion, the anti-CD25 group 35%, the Thymoglobulin induction group 36%, and

those categorized as ‘other’ 61%. Graft survival was significantly better in the

Campath-1H group without a difference in infection rate, or patient survival.

The promising early reports using Campath-1H to minimize immunosup-

pression and potentially induced tolerance has stimulated several other groups

to incorporate it in a variety of treatment strategies. The group at the University

of Pittsburgh, after their initial experience with a Thymoglobulin-based tolero-

genic immunosuppression protocol, has now substituted Campath-1H. The

principles of immunosuppression have been outlined in detail by Starzl and

colleagues [30]. Preliminary results of their experience with Campath-1H were

reported at the American Transplant Congress in 2004. This group has pursued

a strategy of pretreatment with Campath-1H, low dose tacrolimus and a pro-

gressive weaning of the tacrolimus. Campath-1H (one dose of 30 mg) was given

prior to surgery and tacrolimus monotherapy was started on day 1 with early

target levels of 10 ng/ml. Ninety-six patients were included in this trial which

included cadaveric (59 patients, 61.5%) and living donors (37 patients, 38.5%).

Mean follow-up was 4.8 � 2.3 months. One patient developed rejection before
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weaning commenced and one patient developed rejection following weaning

attempts. None of the patients developed CMV disease (all were treated with

ganciclovir prophylaxis), new onset diabetes or post-transplant lymphoprolifer-

ative disease. One patient developed a BK virus infection. At the time of this

report none of the patients had been completely weaned from tacrolimus. These

promising preliminary results suggest that Campath-1H may play a major role

in minimizing immunosuppression if an effective strategy can be developed.

Other groups reported preliminary results using Campath-1H in steroid-

free protocols at the American Transplant Congress of 2004. Vathsala et al. [31]

presented preliminary results of a pilot randomized trial comparing Campath-1H

to a standard cyclosporine-based protocol. This study attempts to directly com-

pare the protocol previously reported by Calne et al. [22] with standard therapy

in a group of Asian patients. Campath-1H (20 mg i.v.) was administered 6 h after

surgery and 24 h postoperatively. Cyclosporine was given 72 h after the first

Campath-1H dose and targeted blood levels were 90–110 thereafter. Steroids

were given prior to each Campath-1H dose only. The standard treatment group

received prednisone, Cellcept and cyclosporine with targeted blood levels of

180–225 ng/ml. This group reported the results of 30 renal transplant recipients

with 6-month follow-up. Chinese patients comprised 36.7% and Filipinos 16.6%

of the population. At the latest follow-up 22.2% of the standard treatment group

developed acute rejection compared to 27.8% of the Campath-1H patients.

Campath-1H patients developed 16.7% steroid-resistant rejections compared to

11.1% in standard treated patients and 5.6% of Campath-1H patients developed

recurrent rejections versus none in the standard group. Treatment failures were

reported in 27.8% of Campath-1H versus 11.1% in the standard treated patients.

‘Serious adverse events’ were reported in 33% of the Campath-1H patients com-

pared to 22.2% of the standard group. None of the above findings were statisti-

cally significant perhaps owing to the small sample size. Maintenance steroids

were required in 22.2% of the Campath-1H patients at the latest reported follow-

up. Although this is a preliminary report, the rejection rate appears to be very

high by current standards for the Campath-1H and standard group as well. This

report appears to echo the experience of Kirk and Knechtle in that rejection is

not prevented by lymphocyte depletion and develops at an equivalent if not

higher rate with Campath-1H induction.

Potdar and colleagues [34] also reported preliminary results of Campath-1H

induction (30 mg i.v. preoperatively) followed by either tacrolimus (targeted

trough level 10 ng/ml) or Cellcept (in extended donors or patients with long-cold

ischemia times) in 20 cadaveric renal transplant recipients. In addition all patients

received prednisone 20 mg/day followed by a weaning schedule of 2.5 mg/week.

This group reported one rejection in 20 (5%) cadaveric renal transplants with

follow-up between 40 and 240 days after surgery. At the latest follow-up,
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11 (55%) patients were receiving tacrolimus monotherapy and 9 (45%) Cellcept

alone. Additional follow-up will be needed to determine if the addition of steroids

to lymphocyte depletion is safe and capable of inducing any degree of tolerance.

Thymoglobulin
Most studies of lymphocyte depletion related attempts at tolerance induction

have been conducted with Campath-1H but one group has used Thymoglobulin.

Thymoglobulin is a rabbit polyclonal, anti-thymocyte antibody, which is a potent

T cell depleting agent and has been used in clinical transplantation for over

30 years [32]. Unlike Campath-1H, it has broad antibody specificities and recent

studies suggest that its many effects may be permissive to cell chimerism [31].

Starzl et al. [33] reported their experiences in 82 recipients of kidney, liver,

pancreas or intestinal transplants who were induced with a 5 mg/kg intravenous

dose of Thymoglobulin. This protocol was designed based upon two principles:

recipient pretreatment and minimum use of immunosuppression after trans-

plantation. To this end, patients underwent progressive dosage reduction in

maintenance immunosuppression to the absolute minimum required to prevent

progressive allograft destruction. Methylprednisolone (1–2 g i.v.) was given

concomitantly to avoid cytokine release and steroids were not planned there-

after. Tacrolimus (targeted levels initially 10 ng/ml) was used as maintenance

immunosuppression and attempts at weaning it began at approximately

3 months after surgery in some patients. Fifty kidney transplant recipients were

treated under this protocol and 39 underwent tacrolimus dose weaning.

Weaning was not attempted in early graft failures or when physician noncom-

pliance with the protocol resulted in the addition of other immunosuppressants.

At 14–17 months the dose intervals in the patients were every other day (n � 1,

3%), three times per week (6, 15.4%), two times per week (11, 28.2%), and

once per week (7, 17.9%). For all organs, 43 patients were on spaced dosing

at the latest follow-up: 6 patients every other day, 11 three times per week,

15 twice per week and 11 once per week.

Shapiro et al. [34] updated the University of Pittsburgh experience in 150

kidney transplant recipients receiving Thymoglobulin pretreatment. One-year

graft and patient survival was 97 and 92%. Acute rejection developed in 37% of

the patients prior to weaning. Weaning was initiated in 113 of the 150 patients.

Of these, 23% developed acute rejection subsequently. Rejection treatment

ranged from steroid boluses to antibody therapy with OKT3 or Campath-1H. At

the latest follow-up, 94 patients (63%) of the 150 were undergoing spaced wean-

ing; 35 (23.3%) every other day, 29 (19.3) three times per week, 19 (12.7%)

twice per week and 11 (7.3%) once per week of tacrolimus. Despite these

encouraging results, this group has terminated Thymoglobulin induced in pref-

erence to Campath-1H. As with most lymphocyte-depleting protocol reports,
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this study has a limited follow-up and much longer observation will be required

before the risk of chronic allograft nephropathy (CAN) or late acute rejections

leading to graft loss can be evaluated.

Conclusions

The recent excitement over steroid-free lymphocyte-depleting protocols

aimed at inducing tolerance has ushered in the possibility of a new era in

transplantation. Early hopes of generating and sustaining full tolerance have

been tempered by the relatively high rate of rejection in many studies and the

consistent requirement for some degree of maintenance immunosuppression in

all studies. To date, none of the patients in these protocols have become drug

free for a sustained period. Most workers in this field have now resigned them-

selves to the fact that, if tolerance exists at all, it must be partial and relatively

unstable. This has resulted in the use of a growing number of terms to describe

this state. Calne calls it ‘prope tolerance’, Knechtle calls it ‘metastable’ and

Starzl has recently described it as ‘partial tolerance’ [5, 22, 35]. Brent [3] has

recently concluded in reference to the work by Calne et al. ‘… but in the

absence of compelling experimental evidence or the total withdrawal of

cyclosporin, it is (in my view) premature to conclude that tolerance, or even

prope tolerance, was induced’. Starzl and Knechtle have reframed this argu-

ment by suggesting that partial tolerance has been present in all long-surviving

transplant recipients from the beginning of modern transplantation [5, 34].

Calne [36] has favored a redefinition of tolerance to one which includes an

‘operational tolerant state’. He suggests that ‘a useful working definition would

be long-term functional graft survival in a patient not requiring maintenance

immunosuppression’ [35]. He further suggests that tolerance may be analogous

to happiness and can be complete or partial.

These protocols have demonstrated that immunosuppression can be min-

imized but the long-term consequences of possibly inadequate immunosup-

pression must be addressed by a much longer follow-up. Most reported studies

do not have one-year follow-up in all patients and none of them have quanti-

tated the frequency and severity of CAN. The high rates of clinical rejection

seen in most studies might increase the risk for CAN and subclinical rejection

(which has not been evaluated in these studies) and has recently been con-

firmed as a risk factor for CAN [37]. Eventually these protocols should be

tested in randomized studies against standard immunosuppression protocols.

Since they remain in relatively early exploratory stages, comparisons against

the prevailing standard therapy should await better definition of dosing and

timing of immunosuppression and complete evaluation of the minimum safe
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maintenance dose requirements. Despite the many unanswered questions,

these novel treatment strategies may play an important role in advancing the

care of transplant recipients.
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Abstract
Aims: Late loss of kidney grafts is an ongoing problem in the field of transplantation.

This is caused by immunological and non-immunological factors, the main immunological

driver of rejection is the immune response against HLA molecules that differ between donor

and recipient. Methods: To measure the anti-donor responses that a recipient can mount, we

have been quantifying anti-donor T-cell frequencies in recipients of renal transplants for

several years. Anti-donor direct and indirect pathway frequencies have been measured in vitro

in kidney and heart transplant patients by Limiting dilution analysis and other methods.

Further, to elucidate the role of CD4�CD25� regulatory T-cells, these cells have been

depleted in ex vivo assays of cellular function. Antigen specific CD4�CD25� cell lines are

being expanded in vitro with a view to using them in immunotherapeutic strategies. Results:
Frequencies of T-cells with direct pathway anti-donor specificity decline in most patients, while

those with indirect anti-donor specificity increase in frequency in patients with late graft failure.

In keeping with results from experimental models of transplantation tolerance, evidence for

allospecific regulatory cells was found in some patients with good, stable transplant function.

Interestingly, the regulatory cells appeared to have indirect allospecificity, and no evidence of

direct pathway regulation was observed. Conclusions: The indirect pathway anti-donor allore-

sponse poses the major threat to long-term transplant survival. Indirect pathway regulatory 

T-cells arise in some patients. These data are consistent with the hypothesis that tolerance

strategies require shrinkage of the direct, and regulation of the indirect, anti-donor response.

Copyright © 2005 S. Karger AG, Basel

Renal transplantation is a successful therapy for end-stage renal failure.

With the increase in patients entering the waiting lists and the lack of similar

increase in donor availability the long-term success of transplantation is a

pressing clinical need. This will help to reduce the number of patients entering

the waiting list due to the failure of a first transplant. New immunosuppressive
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drugs have been very successful in improving short-term allograft survival and

there is emerging data on some improvement in long-term survival [1].

Nonetheless, late deterioration of allografts remains an important problem, par-

ticularly in view of the increasing demand for transplants. Kidney and hearts

allografts currently fail at a rate of 5% each year post-transplantation [2].

Several factors contribute to the pathogenesis of late graft loss. To better

understand the mechanisms involved in this process, the terminology is being

redefined. Chronic rejection was used in the initial years to describe slow, late

deterioration of graft function. Recently, the term is limited to mean late graft

loss caused by a host-anti-graft immune response [2–4]. The array of changes

found in biopsies of grafts with progressive dysfunction is referred to as chronic

allograft nephropathy or CAN. This is characterized by chronic interstitial

fibrosis, tubular atrophy, vascular occlusive changes and glomerulopathy [5, 6].

We will review in this chapter, the immunological and non-immunological

factors that contribute to chronic allograft nephropathy, the latter having grown

in importance lately due to the better control of rejection [3].

Immune Allorecognition of Graft Tissue

Alloantigens in the graft tissue are recognized by T-cells in different forms.

Intact allogeneic HLA molecules on the surface of donor tissue are able to

directly activate T-cells, this is referred to as the direct pathway of allorecogni-

tion [7, 8]. This is a very powerful response, as a high frequency of T-cells are

activated in this manner, and it is thought to trigger early graft rejection. Direct

pathway T-cell activation is most efficiently achieved by donor bone marrow-

derived antigen presenting cells, most importantly, tissue dendritic cells that

migrate to draining lymphoid tissue shortly after transplantation. The second

pathway of MHC allorecognition is referred to as the ‘indirect’ pathway and

involves the internalization, processing, and presentation of alloantigens as

peptides bound to recipient MHC molecules (fig. 1).

The involvement of this latter pathway in transplant rejection was first

proposed on the basis of observations in a rat kidney transplant model [9].

Since those early observations, we, and others, have provided evidence that

indirect allorecognition is an important driver of late transplant rejection

[10–12]. In addition it has been shown that T-cell help for B-cell IgG alloanti-

body production after skin transplantation in mice depends on the ability to

generate an indirect response [13].

Experiments from our group and from other labs have provided substantial

evidence, in both rodent and human models, that after the efflux of highly

immunogenic antigen presenting cells from a solid organ graft, the strength of
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Direct allorecognition

Class I Class II

Recipient 
CD4�

Allogeneic APC
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Recipient 
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Recipient APC 
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Fig. 1. Direct and indirect pathways of allorecognition. Direct allorecognition: Intact

allogeneic MHC molecules being recognized by recipient T-cells. CD8� T-cells are activated

by recognition of class MHC I molecules, whereas CD4� cells are activated by the recogni-

tion of class II molecules. In the indirect pathway allogeneic MHC molecules are shed from the

graft and these molecules are taken up and processed by the recipient antigen presenting cells

(APCs). Peptides derived from the allogeneic molecules are presented in the context of the

appropriate restriction elements. Indirect pathway CD4� T-cells are able to provide help to

direct pathway CD8� T-cells.
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the direct response diminishes with time after transplantation [9, 14–16]. The

implication is that then the indirect response becomes predominant [10, 17, 18].

Early Types of Rejection

Hyperacute Rejection (HAR)
Hyperacute rejection is the term applied to very early graft loss, usually

within the first 48 h. It occurs when preformed antibodies are present in the recip-

ient’s serum, specific for donor antigens expressed on graft vascular endothelial

cells. Such antibodies fall into two main categories. Low affinity IgM antibodies,

which are specific for ABO blood group antigens, form the first group and they

mandate ABO blood matching in solid organ transplantation. Similar antibodies

exist in humans against the galactose-�-1–3-galactose epitope present in all

other mammals and constitute one of the major impediments to successful

xenotransplantation [19]. The second group of antibodies consists of high affin-

ity IgG antibodies directed against HLA class I antigens. These usually occur as

a result of previous immunization, by blood transfusions, pregnancies or failed

allografts. They also occur in 1% of the population for no obvious reason [20].

The binding of these antibodies triggers activation of clotting, complement and

kinin cascades leading to intravascular thrombosis, ischemia and subsequent

necrosis. The different pretransplant cross-match techniques (cytotoxic Ab detec-

tion, ELISA, FlowPRA) have proved to be successful at virtually eliminating

unexpected hyperacute rejection from clinical practice.

Acute Rejection
In the absence of any preformed antibodies, solid organ grafts can still be

rapidly rejected after a few days. In the clinical situation, with immunosuppres-

sion, this form of rejection usually occurs between 5 days and 3 months after

transplantation. The histological findings reveal a diffuse interstitial cellular

infiltrate composed of both CD4� and CD8� T-cells. This picture is dominated

by CD8� T-cells with an activated or memory, CD45RO�, phenotype [21].

Macrophages are also present to a lesser extent. Initially it was thought that the

CD8� T-cell was foremost in the acute rejection process, as it was demonstrated

that they were directly cytotoxic to allogeneic tissue in vitro [22]. There is

evidence that donor-specific precursor frequencies rise at the time of acute rejec-

tion and drop again when it resolves [23, 24]. CD8� cytotoxicity is mediated by

perforin, granzyme B and Fas-mediated pathways [25–27]. In some animal

models it is notable that both CD4� T-cell and CD8� T-cell populations can

reject solid organ allografts independently, while in others there is some evidence

that CD4� cells are an absolute requirement [28, 29]. In the clinical setting it is
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likely that both cell subtypes are involved in the rejection process. In summary, it

appears that the acute rejection process is a complex event composed of many

effector cells including CD4� T-cells, CD8� T-cells and macrophages.

Chronic Rejection

Despite limiting the term ‘chronic rejection (CR)’ to describe the immune-

mediated chronic changes present in late graft dysfunction, there are disagree-

ments about the histological changes that constitute CR. The Banff criteria

include extension of interstitial fibrosis, tubular atrophy, mesangial matrix

increase, chronic glomerular changes (presence of ‘double contours’ in capillary

loops thought to be secondary to basement membrane duplication) and chronic

vascular changes. The vascular features of CR are disruption of the elastic lamina,

the presence of inflammatory cells in the intima (endothelialitis) and fibrous

intimal thickening due to the proliferation of myofibroblasts [5]. A similar

description is given by two recent studies [6, 30]. Some authors claim that the

specific changes related to immune-related responses are endothelialitis, tubuli-

tis and complement (C4d) deposition in peritubular capillaries [3, 4]. Others

argue that the vascular changes are the primary immunological insult and the

parenchymal fibrosis changes are secondary to the ischemia [2]. There is com-

mon consent that the detection of C4d deposits in the presence of donor-specific

alloantibodies in the circulation implies a B-cell involvement in CR [3, 4, 31].

These findings suggest that antibody-mediated rejection is important [32].

Certainly if anti-donor antibodies are transferred into mice that have a function-

ing cardiac allograft and no native antibodies, then graft atherosclerosis can be

induced [33]. Indeed, it has been shown in human recipients of renal, cardiac and

lung allografts that the development of anti-HLA antibodies is linked to the

development of CR [34, 35]. Although common consent has not yet been reached

concerning the histology of CR, it is clear that there are risk factors linking

chronic transplant dysfunction and the anti-donor immune response.

Immunological Factors Influencing Late Graft Loss

First, independently of other factors, good HLA matching has a significant

impact on graft survival rates and increases the half-life of kidney grafts

[36–38]. In addition, CR is less common in grafts that are better matched,

whether they be from live related or cadaveric donors [39]. Secondly, it has

been shown that episodes of acute rejection strongly predict the development of

CR, implying that the two processes may share common etiologies [37, 40–42].
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Even subclinical acute rejection found in protocol biopsies is related to worse

long-term kidney function [43]. The fact that increased frequencies of T-cells

activated through the indirect pathway are associated to chronic graft failure

also suggests involvement of the immune system in this process. Furthermore,

the induction of tolerance in this pathway is a requirement for long-term

transplant survival in experimental models [44, 45]. Thirdly, alloantibodies can

also cause allograft rejection [46, 47]. Their influence on the transplant

outcome has long been recognized and they are routinely determined in

transplant recipients whose graft function starts to deteriorate. Such antibodies

generally recognize the MHC molecules expressed on the graft [46, 48]

but anti-endothelial non-MHC antibodies have also been associated with CR

[49, 50].

Three effector mechanisms have been recently reviewed implicated in

chronic vascular rejection: (1) a CD4� T-cell-mediated delayed type hypersen-

sitivity response that locally activates macrophages and affects vascular

endothelial cells, (2) direct cytolysis of graft parenchymal or vascular cells

mediated by CD8� T-cells and (3) antibody binding to endothelial cells and

locally activating the complement system [2].

Non-Immunological Factors Influencing Late Graft Loss

When studying etiological factors involved in late graft loss, non-

immunological factors invariably emerge in all of the series. These factors seem to

be gaining importance as rejection is being decreased by new immunosuppressive

regimens and the demand for organs has led to the use of older donors, kidneys

with longer ischemic times, and non-heart beating donors. Donor age has an

important negative impact on long-term outcome of kidney transplants that has

been recognized for a long time [51]. Other donor characteristics may also be

influential, such as size, quality and previous stresses such as hypertension and

diabetes [3]. Calcineurin inhibitor nephrotoxicity is also universally recognized as

a damaging factor. It is possible to recognize it in biopsies as nodular hyaline

deposits in the periphery of arterioles [4–6]. In fact, it has been found in the major-

ity (96.8%) of a recent series of kidney-pancreas transplant biopsies 10 years after

transplantation [6]. With the generalized use of these immunosuppressive drugs, it

is very difficult to separate the injury secondary to calcineurin inhibitor use from

other factors involved in chronic lesions. The nephrotoxicity caused by this family

of drugs is amply demonstrated in patients treated with calcineurin inhibitor in the

absence of a kidney transplant. Ischemic reperfusion injury at the time of trans-

plantation can induce hypoxia and stimulate the secretion of proinflammatory

mediators that can initiate or worsen the immune-mediated injury that develops in
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the graft [2]. Other recipient factors include infection (cytomegalovirus, or

polyoma BK virus), hypertension and proteinuria, recurrent original disease and

de novo disease [3, 30]. These factors may increase graft injury or promote its

irreversibility; thus, it is important to study their effect and to take all possible

steps to minimize their negative impact on long-term graft survival.

Role of Regulatory Cells

In the pursuit of clinical transplantation tolerance, the emergence of reg-

ulatory T-cells that hold the anti-donor immune response in check appears to

be a crucial requirement. These cells express CD25, the � chain of the IL-2

receptor and have been described to suppress the activity of effector CD4� or

CD8� cells in vitro and in vivo in an antigen nonspecific (bystander) fashion

[52–56]. Some of the possible mechanisms of action of these cells are

described in figure 2. Depletion of CD4�CD25� cells prevents the transfer

of tolerance by CD4� T-cells from a transplant-bearing animal [57]. The

enrichment and adoptive transfer of these cells has allowed the emergence of

transplantation tolerance in murine transplantation models [58, 59]. In vitro

assays using depletion of these cells from kidney transplant recipients have

shown that they primarily regulate the indirect pathway of allorecognition [60].

Moreover, we have in vitro data to suggest that the immunoregulatory function

Treg

Treg

APC

IL-10 
TGF-�

Resp.T

?

Resp. T

a

b

Fig. 2. Mechanisms of action of CD4� CD25� T-cells. Regulatory T-cells may

suppress through different mechanisms. a In vivo models suggest that IL-10 and/or TGF-�
play a key role in mediating suppression. b While in vitro studies indicate that cell contact is

essential, involving as yet undefined molecules.
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of these cells is not impaired in the presence of drugs such as rapamycin or

anti-CD25 monoclonal antibody – Basiliximab [61]. Evidence from mouse

models and human data show that these cells are able to regulate low-

frequency responses. It follows that CD4�CD25� T-cells primarily regulate

indirect pathway alloresponses that are usually of very low frequency [18]. The

possibility exists for the ex vivo manipulation of these cells to be used as a form

of adoptive T-cell therapy to prevent transplant rejection, which could function

even in the presence of general immunosuppression. Initial data has been

obtained that indicates this may be possible [62].

Conclusion

In order to approach the goal of transplantation tolerance, several key

questions remain to be addressed. The role of the indirect pathway of allorecog-

nition in late graft rejection calls for the design of therapeutic strategies that

diminish its influence and control these responses. An active investigation is

aimed at defining the mechanisms responsible for CR. Interventions that target

nonimmunological factors are likely to be necessary, in concert with improved

approaches to tolerance induction if the lifespan of transplanted organs is to be

enhanced. The evolution of cellular and molecular techniques that help us mea-

sure the establishment of tolerance will help to monitor the efficiency of these

tolerance-inducing strategies.
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Abstract
Lymphocyte depletion is a commonly used approach in clinical renal transplantation as

part of standard induction immunosuppression therapy. It is also increasing being incorpo-

rated into new approaches aimed at inducing transplantation tolerance. While the theoretical

basis for eliminating alloreactive T cells as a means to prevent rejection and induce tolerance

is sound, new evidence suggests that global non-specific deletion may, by promoting the

development of memory T cells, actually present a barrier to tolerance induction.

Copyright © 2005 S. Karger AG, Basel

The Case against Memory T Cells

B cell memory has long been known to have a negative impact in clinical

transplantation [1]. In some cases this can be predicted by screening potential

recipients for preformed antibodies directed against allo-MHC. In other cases

pretransplant B cell immunity only becomes apparent in the post-transplant set-

ting with the rapid induction of antibody by B cells and plasma cells. The case

against T cells has been long assumed, but has been harder to prove due in part

to the lack of a rapid and effective screening test for memory T cells. Evidence

implicating memory T cells derives largely from the experimental setting, and

includes the fact that presensitized animals have increased numbers of antigen

reactive cells [2]. Further, animals primed with allogenic skin grafts rapidly

reject subsequent cardiac allografts from the sensitizing strain even in the set-

ting of normally graft-prolonging therapies such as costimulatory blockade.

Adoptive transfer experiments elegantly demonstrate that this rejection is medi-

ated by memory T cells [3, 4]. Finally, in clinical transplantation, patients who

receive an organ for which they have been previously sensitized, but who are

nevertheless serologically ‘cross-match negative’ still have statistically worse

survival when compared with unsensitized recipients [5, 6].
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The difficulty in achieving stable acceptance of allografts in humans or

presensitized animals is largely ascribed to the robust nature of memory T cells

when compared with naïve cells. Indeed, on a per-cell basis, memory T cells

show more exuberant proliferation, greater production of cytokines such as 

IFN-�, have increased lytic capacity, and do not require CD28 for costimulation

[7–11]. This enhanced ability to respond to alloantigen and decreased need for

costimulation may explain the discrepancy between the ease of tolerizing unsen-

sitized animals maintained in a pathogen-free environment and the difficulty in

tolerizing outbred mice, primates and humans who have generated a lifetime of

memory cells. This immunological history leads to an immune repertoire

whereby 40–50% of T cells in the peripheral blood of adult humans and non-

human primates have a surface phenotype consistent with memory [12, 13]. Of

course, even in immunologically naïve animals, the responder frequency of T

cells directed against allo-MHC is quite high. For example, in MHC-mismatched

mice several studies estimate the responder frequency to be 7–8% of all circulat-

ing T cells [14, 15]. Thus the added burden of memory compounded with a high

frequency of alloreactivity becomes a very difficult problem to surmount.

To address the problem of alloreactive T cells, protocols in humans have

been developed to effect transient depletion of T cells. These protocols include

the use of agents such as anti-thymocyte globulin, OKT3, daclizumab, and

Campath 1H [16–18]. Additionally, depletion of a subset of T cells has been

accomplished in mice using antibodies directed against CD45RB [19, 20]. In

each case, large-scale removal of all, or a portion of circulating T cells has been

accomplished. In many trials depletion has led to prolonged allograft survival

[17, 21–23]. Unfortunately in no situation to date using human subjects has

large-scale depletion led to a state of donor-specific tolerance (unless depletion

itself is merely part of a conditioning regimen for bone marrow transplantation

to achieve mixed chimerism). Here we explore the immunological aftermath

following lymphocyte depletion and propose a model by which depletion could

prevent tolerance induction.

Lymphopenia and Homeostatic Proliferation

Homeostatic proliferation refers to the division of peripheral T cells in the

absence of exogenous stimuli. While originally described in TCR transgenic

mice that had undergone immune ablation, homeostatic proliferation is likely to

be relevant in humans in situations of transient lymphopenia such as viral infec-

tions, or simply as a means of maintaining the peripheral T cell compartment

following thymic involution [24–26]. Homeostatic proliferation occurs in all

peripheral T cell subsets including CD4, CD8, NKT cells and CD4�CD25�
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regulatory T cells (Tregs) [27, 28]. Moreover, homeostatic proliferation is a

feature of both naïve and antigen-experienced T cells.

While the precise mechanisms underlying homeostatic proliferation remain

to be elucidated, there are several necessary factors. First, proliferation of naïve

cells requires contact with self-MHC, as homeostatic proliferation does not

occur for CD8 or CD4 cells in animals absent in MHC class I or class II, respec-

tively [24, 29, 30]. In contrast, memory CD8 cells can proliferate in MHC-

deficient hosts [31]. Second, homeostatic proliferation requires cytokine

stimulation. Experiments utilizing either transgenic mice or knockout mice show

that naïve CD4 and CD8 T cells have an absolute requirement for CCL21 and

IL-7, respectively [32–34]. With memory CD8 cells, IL-15 can substitute for 

IL-7. Recent experiments have shown that the STAT5 signaling pathway down-

stream of cytokine receptors is a crucial regulator of homeostatic proliferation

for CD8 T cells. T cells in transgenic mice that constitutively express STAT5b

could proliferate in the absence of IL-7 and IL-15 [35]. These studies suggest a

paradigm for homeostatic proliferation whereby cytokines and chemokines,

which are generated by nonlymphoid epithelial or stromal cells, exist at limiting

concentrations within the host. During periods of lymphodepletion, there is less

competition for the scarce resource, and hence proliferation occurs. Weak inter-

actions with self-MHC with/without self-peptide provide TCR stimulation akin

to that delivered during the process of positive thymic selection.

Homeostatic Proliferation and a Memory Phenotype

Homeostatic proliferation appears to do more than maintain the status quo

of the peripheral T cell compartment. Notably, several studies have demonstrated

that cells undergoing homeostatic proliferation acquire several features of 

antigen-experienced memory cells, without known exposure to antigen

[9, 36–38]. These attributes include both the appearance of phenotypic surface

markers typically associated with memory cells as well as the acquisition of

memory function. Homeostatically proliferating cells show increased surface

expression of CD44, CD122, and Ly6C, while simultaneously having decreased

expression of CD62L [9, 36–38]. However, there are also features that distinguish

homeostatically proliferating cells from antigen-driven proliferation. For exam-

ple, increased expression of early markers of activation such as CD69, CD71 and

CD25 (IL2�R), or of alternative costimulatory molecules such as 41-BB has not

been observed [9, 36–39]. We have observed that proliferation does lead to

increased expression of other novel costimulatory molecules such as ICOS, and

CD134 (OX-40), but that the expression of these molecules is decreased in mag-

nitude, and retarded in kinetics compared with bonafide allo-MHC responses
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[unpubl. observations]. Hence, the kinetics of acquisition of this ‘memory-like’

phenotype requires more time and/or more rounds of cell division.

T cells undergoing homeostatic proliferation acquire functional proper-

ties of memory cells in that they produce greater levels of cytokines, depend

less on classical costimulatory interactions through CD28 and CD40L, and are

hypersensitive to antigen encounter. While these responses are slightly less

dramatic than true antigen experienced T cells, they are markedly increased

compared with the responses of naïve T cells [36–38]. One feature of homeo-

static proliferation that remains unanswered (and which is critical for develop-

ing clinical tolerance protocols) is whether the ‘memory-like’ phenotype

represents an irreversible fate, or if such cells can revert back to naïve cells

once proliferation ceases.

Depletion, Proliferation, and Transplant Tolerance

The finding that lymphopenia-induced proliferation led to a memory

phenotype prompted us to examine whether or not such an event would impair

tolerance induction in the setting of lymphodepletion. To address this question,

we studied a mouse model where extensive, but not complete T cell depletion

was created. Mice received depleting antibodies against CD4 and CD8 cells to

reduce the peripheral T cell compartment by 90–95%. Mice subsequently

received an MHC mismatched heart, as well as costimulatory blockade with

CTLA4Ig plus donor antigen in the form of irradiated donor splenocytes. This

protocol reliably induces stable tolerance in nonlymphopenic recipients. In con-

trast, transplantation during periods of homeostatic proliferation consistently led

to graft rejection [40]. Perhaps more striking was the finding that T cells which

had undergone homeostatic proliferation in either SCID mice or antibody-

depleted mice, and returned to rest, could then confer dominant resistance to

tolerance induction upon transfer into syngeneic, otherwise naive, animals. These

experiments suggest that large-scale T cell depletion can result in a significant

population of memory or ‘memory-like’ cells which resist tolerance induction.

The mechanism underlying this resistance is still unknown and at least two

nonmutually exclusive mechanisms could explain it. First, naïve cells, effector/

memory cells, and regulatory cells could have differential susceptibility to

depletion resulting in a relative skewing of the populations prior to prolifera-

tion. Second, these different subsets may have variable efficiency with which

they proliferate, again perturbing the relative balance of memory and naïve

cells (see fig. 1).

Regarding the Treg population, defined as Foxp3-expressing

CD4�CD25� cells, several studies have shown that these cells do indeed
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undergo homeostatic proliferation [27, 41]. Following homeostatic prolifera-

tion Tregs maintain their regulatory/suppressive capability [39, 40]. However,

the efficiency of proliferation relative to other cell populations remains

unknown. Further, data in the literature offers contradictory results regarding

the ability of Tregs to suppress the proliferation of nonregulatory cells [39, 42].

The murine studies cited above do not imply that lymphodepletion and tol-

erance induction are mutually exclusive in all cases. For example, the success-

ful use of mixed hematopoietic chimerism in primates and humans shows this

is not the case [43–45]. In these protocols, T cell depletion is used to eliminate

allo-reactive T cells and ‘make space’ for bone marrow engraftment. Because

donor hematopoietic stem cells are transferred in these protocols, donor-

derived dendritic cells can populate the recipient thymus and thereby limit

export of donor-reactive T cells [13]. In the case of tolerance to vascularized

grafts where macrochimerism is not achieved, the critical issue may be whether

or not T cell depletion is complete. Another aspect where clinical transplant tol-

erance could differ from murine protocols is that lymphodepletion, as in the
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Fig. 1. Two potential mechanisms by which homeostatic proliferation leads to an

increased burden of memory T cells. (a) Memory T cells (M) are more resistant to depletion

than naïve T cells (N). In the immediate aftermath of depletion the residual T cell pool is skewed

toward memory cells. Both memory and naïve cells proliferate with equivalent efficiency. 

(b) Memory T cells and naïve T cells are depleted to the same degree. Following depletion,

memory cells have greater proliferative capacity and hence increase their relative frequency.
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Campath 1H trials, leads to profound and long-lasting lymphopenia. In spite of

the aggressive nature of lymphodepletion, all of the patients in this protocol

experienced episodes of reversible rejection [17]. Conversely, in murine mod-

els, large-scale antibody depletion does not result in long-term lymphopenia,

with peripheral T cell pools returning to normal within 12 weeks.

Unanswered Questions and Future Directions

Since Medawar’s classic demonstration of tolerance using donor marrow

transfusion into a newborn mouse 50 years ago, the field of clinical transplan-

tation has made steady advances. Unfortunately, true donor-specific tolerance

has been achieved in only a small fraction of patients, with the remainder rele-

gated to the complications of immunosuppressive drugs and infections. A large

body of work suggests that preferentially deleting memory cells is a key step

toward tolerance. At the same time, accomplishing this task through wholesale

T cell depletion may be counter-productive. Perhaps the best scenario is one in

which only the allo-reactive population of memory T cells is targeted. While

this clearly cannot be achieved based on TCR specificity, the use of surrogate

markers, such as cytokine receptors, may be promising [46].

The current paradigm for peripheral T cell tolerance is one in which the

mechanisms of deletion and regulation have complementary roles [47]. As we

have mentioned, large-scale depletion of the entire T cell pool may be counter-

productive. What remains to be seen is whether more specific depleting regi-

mens can be developed, or additional measures can be taken to limit the

allo-responsive T cell pool, while not hindering the Treg population. In this

regard, a recent report in a stringent model of primate diabetes is of particular

interest [46]. These investigators were able to delete alloaggressive lympho-

cytes, but not CD4�CD25� regulatory T cells using lytic fusion proteins

against IL-2 and IL-15. Hence, one key to the success of depletion protocols

may be to understand the basis for regulatory cell sparing and exploiting it.
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Abstract
The regulation of the immunosuppressive therapy after kidney transplantation is the most

complex aspect of the management of transplanted patients. Every day the transplant clinician

is challenged by need to provide a sufficient immunosuppression to avoid or reduce the risk of

rejection without exposing the patient to the risk of developing opportunistic infections or

malignancy or toxic side effects. The safety and efficacy profile of immunosuppressive therapy

is limited within a narrow therapeutic window whose borders are represented by two clinical

conditions such as rejection and drug-related toxicity. The availability of several different drugs

allows the clinicians to make multiple choices to individualize treatments according to the

specific needs of a single patient. Pharmacokinetic monitoring of the immunosuppressive

drugs is an important element in the management of these patients but cannot be considered as

the unique driving factor and must be integrated with a careful surveillance and evaluation of

all drug-related side effects.

Copyright © 2005 S. Karger AG, Basel

Over the last decade, several new immunosuppressive medications

have become available for the maintenance therapy of transplanted patients

giving nephrologists the opportunity to optimize the immunosuppressive

protocols.

Twenty-five years ago, azathioprine and steroids were considered to be the

standard therapy. The availability of calcineurin inhibitors has fundamentally

altered immunosuppressive regimens. The addition of mycophenolate mofetil

(MMF) and, more recently, rapamycin has further improved the immunosup-

pressant armamentarium.
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Following the early induction therapy, in the long-term period, there are

several approaches to the maintenance therapy, including: (1) maintenance of a

triple drug combination at reduced doses compared to the early post-transplant

period, (2) reduction or withdrawal of calcineurin inhibitor (CNI) or switch to

rapamycin in patients sensitive to the nephrotoxic effect of CNIs, (3) early

elimination of steroids, (4) reduction or discontinuation of anti-proliferative

agents, (5) retaining full dose of calcineurin inhibitor or rapamycin associated

to steroids in a double-drug regimen.

The overseeing of maintenance immunosuppressive therapy is often chal-

lenging, requiring careful attention to achieve a precise balance between two

opposite conditions. Failure to maintain sufficient doses of immunosuppressive

drugs can lead to the onset of acute rejection or chronic allograft nephropathy.

Excessive immunosuppression increases the risk of drug-specific side effects

and predisposes the patients to the development of infections and malignancy.

Pharmacokinetic monitoring of the immunosuppressive drugs is an important

element in the management of the immunosuppressive treatment of transplanted

patients because these drugs have a narrow therapeutic window and drug levels

are unpredictable in patients because of inter- or intraindividual variation [1–3].

The 12-hour area under the time-concentration curve (AUC0–12) most closely

resembles a patient’s drug exposure. Alternatively, the determination of the predose

trough level (C0), the concentration at 2 h (C2), and simplified models using

either a three-point approach (C1, C2, and C6) or a four-point approach (C0, C1, C2,

and C4) are used in the attempt of realizing a good compromise between the

pharmacokinetic parameters and clinically acceptable sampling times [4].

Several factors, including the nature of the transplanted organ, history of

previous transplant, patient’s age, time since transplantation, immunosuppres-

sive protocol, drug-protein binding and the assay method used can influence

the interpretation of the results.

Among the methods now available for the measurement of immunosup-

pressive drugs, high performance liquid chromatography is both sensitive and

accurate and is still considered the reference assay for specific parent drug deter-

minations. However, this assay requires a high level of technical skill, expensive

equipment, relatively long turnaround times and extensive extraction procedures.

Therefore, alternative automated techniques have been developed and used for

routine clinical monitoring of immunosuppressive drugs (table 1) [5].

CNI

Original cyclosporine (CYA) (Sandimmun, Novartis) is a lipophilic

polypeptide incorporated into olive oil (liquid formulation) or corn oil (gel cap)
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with incomplete and variable bioavailability partly due to its dependence on bile

acids and emulsifiers for absorption. In the new formulation (Neoral) the drug

is incorporated into a microemulsion preconcentrate that is rapidly absorbed

without requiring the action of bile, enzymes or intestinal secretions [6].

There is a marked intra- and interpatient variability in CYA absorption

characteristics, although this variability is significantly lower with Neoral than

with the original Sandimmun formulation [7]. CYA absorption varies more

widely between and within patients during the first 4 h postdose [8].

Currently available data suggest that the maximal immunosuppressive

effect of CYA occurs during the first 4 h following Neoral administration [9].

C0 correlates poorly with AUC0–4 in patients receiving Neoral, whereas C2 is the

best timepoint predictor of AUC0–4 [10]. As full AUC0–4 is impractical in the

clinical setting, C2 provides an effective single timepoint surrogate for AUC in

most patients allowing to identify whether patients are high, intermediate or low

absorbers of CYA and, consequently, to adjust the dosage accordingly.

Additional CYA concentration sampling beyond the C2 timepoint such as C4 or

C6 may be required in a small proportion of patients who show markedly delayed

absorption of CYA and are termed slow absorbers. In the true slow absorber

both C2 and C6 would be low and Neoral dose should be increased according to

the C2 value. In slow absorbers, C6 is likely to be higher than C2 and caution

should be exercised when increasing the dose of Neoral, to avoid toxicity.

C0 monitoring of patients receiving Neoral distinguishes poorly between

those who will experience acute rejection and those who will remain rejection

free. On the other hand, higher C2 levels are highly correlated with a lower risk

of acute rejection [11]. In one multicenter study [12] patients receiving Neoral

Table 1. Automated immunoassay methods to analyze immunosuppressive drugs’

concentrations

Cyclosporine

• FPIA: fluorescence polarization immunoassay (TDX analyzer – Abbott)

• CYCLO-Trac: whole-blood radioimmunoassay (RIA – DiaSorin)

• EMIT: enzyme-multiplied immunoassay (Syva Company)

• CEDIA: cloned enzyme donor immunoassay (Hoffman-La Roche)

Tacrolimus

• ELISA: enzyme-linked immunosorbent assay (DiaSorin)

• MEIA: microparticle enzyme immunoassay (Abbott)

Mycophenolic acid

• EMIT: enzyme-multiplied immunoassay (Syva Company)

Sirolimus

• MEIA: enzyme immunoassay (IMX – Abbott) 
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who had C2 �1.5 �g/ml at day 7 post-transplant experienced no rejection,

whereas 58% of those with C2 �1.5 �g/ml experienced at least one rejection

episode by day 14. Preliminary results from the international MO2ART study

[13] have shown that individualizing Neoral dose based on C2 monitoring

achieves a biopsy-proven acute rejection rate �10% at 3 months.

Adjustment of Neoral dose based on C2 monitoring does not appear to

result in impaired early renal function in the short term. Preliminary results

from the MO2ART study indicate that individualizing Neoral dose to target

C2 levels within the range 1.6–2.0 �g/ml for the first month post-transplant

does not adversely affect renal function in the first 3 months post-transplant. It

is important to identify the slow absorbers to avoid inappropriate increases in

Neoral dose in these patients, with consequent risk to renal function [13].

Patient management according to C2 monitoring can improve graft renal

function and can also reduce the incidence and severity of hypertension by

identifying those who are receiving excessive CYA. Moreover, it has been

reported that adult renal patients with chronic allograft nephropathy have

significantly lower C2 levels than those without graft impairment [14, 15].

The optimal long-term C2 target to minimize the risk of chronic allograft

nephropathy has not yet been established in a prospective study. Guideline

Neoral C2 target has been proposed for the first month post-transplant, with

subsequent step-wise reductions in C2 target levels over time. The optimal

target for C2 in adults with good initial graft function is 1.5–2.0 �g/ml. This

target should be achieved by days 3–5. After the first month post-transplant, the

C2 target should be lowered progressively over time [16].

As to the accuracy of blood sampling, there is a window ranging 15 min

before and after the 2 h timepoints during which the C2 sample must be taken

in order to remain within a 10% margin of error. Beyond this narrow period the

level of error is considered too high and the information not useful for dose

adjustment [17].

Tacrolimus (TAC) is a highly lipophilic compound with poor aqueous

solubility. The oral absorption is incomplete and does not follow a regular

pattern. The bioavailability of TAC administered orally ranges from as low as

4% to as high as 89% in different patients. The low bioavailability of the drug

is attributed to poor distribution, poor gut permeability and back secretion by

the P-glycoprotein pump and presystemic metabolism. Time to peak blood

concentrations ranges from 0.5 to 6 h after oral administration [18]. Nevertheless,

the intrapatient variability in the bioavailability of the drug, in systemic exposure,

is considered to be low [19].

A good correlation was found between the blood concentration of TAC and

clinical outcomes in transplanted patients. A significant relationship was

described between both acute rejection, toxicity and TAC blood concentration
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[20]. The relationship between low systemic exposure to TAC and acute rejection

has been confirmed [21]. Furthermore, the relationship between TAC trough

blood levels and adverse events has been investigated evaluating either the

exposure to the drug over a period of time or the whole blood levels at the time

of the event [22].

For the purpose of both efficacy and safety, exposure to TAC must be

monitored during use. It has been shown that TAC AUC values on day 2 after

transplantation correlate with clinical outcome: TAC AUC values were signifi-

cantly lower in those patients who had experienced acute rejection than in those

who had not [21, 23].

As routine use of AUC is clinically not practicable, several studies have

shown a good correlation between AUC and trough concentration of TAC.

Therefore, C0 is used as a surrogate marker for systemic exposure (as reflected

in the AUC). In addition, the whole-blood concentration-time profile of TAC is

flat at 10–12 h after dosing. Thus, blood samples for monitoring taken within a

�2-hour time window is considered to be equally predictive of exposure.

Furthermore, evaluations of TAC whole-blood concentrations at other time-

points (as 2 h postdosing) showed no better correlation with the AUC [24].

MMF

MMF is a morpholinoethylester prodrug of mycophenolic acid (MPA).

Following oral administration, MMF is rapidly and almost completely

absorbed and then rapidly and completely converted via the glucuronyl

transferase pathway to MPA, the active immunosuppressant drug. The sole

metabolite of MPA is the glucuronide conjugate MPAG that is pharmacologically

inactive in vitro.

Following administration of MMF, the plasma profile of MPA in fasting

healthy subjects shows a rapid rise to achieve peak values at about one hour

postdosing. Following the peak, the decline of plasma MPA concentration is

initially rapid; subsequently, a secondary increase in plasma MPA concentration

can be measured. This secondary peak is characteristically seen 6–12 h following

oral administration of MMF, suggesting enterohepatic circulation of the drug

substance.

Plasma MPA total AUC is the result of a number of factors, mainly hepatic

metabolism and enterohepatic circulation. Because these processes might be

differently affected under disease conditions, apparent systemic bioavailability

may vary with the disease state [25].

MPA trough level and MPA AUC0–12 are significantly related to the inci-

dence of biopsy-proven rejection, whereas the MMF dose is significantly
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related to the occurrence of some adverse events, in particular gastrointestinal

symptoms [26].

MPA AUC is a better predictor of efficacy than predose trough levels

because of the greater intra- and interpatient variability. The intrapatient

coefficient of variation for both trough level and MPA AUC0–12 are greater in

renal transplant patients with impaired early renal function, compared with

patients with good early renal function [27].

Plasma protein binding of MPA is high, having a mean value in normal

plasma of 98% and is independent of MPA concentration value. Only the free

MPA concentrations have pharmacological activity. The MPA free fraction

is one of the factors that appear to contribute significantly to interpatient

variability [28]. A consequence of temporary increases in MPA-free fraction is

a proportional increase in the oral clearance of the drug. Changes in the total

concentration of MPA may not be associated with concurrent changes in free

concentration. In transplant patients, several factors are known to cause

decreased MPA binding to serum albumin. They include hypoalbuminemia,

such as occurs in the early postsurgical period and uremia, either acute due to

early delayed graft function or chronic due to allograft nephropathy [29]. Dose

adjustments based on an increase in total concentration that occurs over time

after transplantation, particularly in patients with early graft dysfunction, must

be managed very carefully because interpretation of total concentration may

be different in different clinical situations affecting protein binding.

Therapeutic drug monitoring of MMF is not generally accepted for the

treatment of adult patients although there is an increasing evidence that this

approach might help to reduce short-term and long-term side effects of MMF

and long-term overimmunosuppression. MPA AUC0–12 has been shown to be

the best predictor of MMF suppression of rejection in renal transplantation. On

the basis of observations of both safety and efficacy, a dose of 1 g MMF b.i.d.

represents the recommended starting dose in renal transplantation. Adjustment

of dose should take account of MPA AUC0–12. It appears that a total MPA AUC

concentration in the ranges between 30 and 60 mg � h/l is a reasonable target

for the early post-transplant period when MMF is prescribed with CYA. On

the contrary, MPA trough level of less than 1 mg/l is associated with a higher

incidence of rejection [30, 31].

As a full MPA AUC0–12 in clinical practice is not feasible routinely,

abbreviated sampling schemes utilizing three to five blood samples have been

proposed [32, 33].

In the clinical management of the transplanted patients, circumstances

arise where the dose must be lowered to avoid drug toxicity such as bone mar-

row suppression or because of concurrent infection. Altering the dose of MMF

within the first post-transplant year correlates with an increased incidence of
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acute rejection [34]. Moreover, the cumulative number of days with the MMF

dose dropped below full dose is a significant predictor of acute rejection [35].

Rapamycin

Sirolimus (SRL) is a naturally occurring macrocyclic lactone. In the initial

clinical trials SRL was administered orally as an oil-based solution. A solid

formulation of SRL was more recently developed. Conversion of stable renal

transplant recipients from the oil-based to the solid formulation results in

similar AUC0–12 values. The tablet SRL formulation shows lower Cmax values and

a prolonged Tmax indicating that the rate of absorption of the two formulations is

not identical [36].

Following administration of multiple doses, in stable renal transplant

patients, the half-life of SRL is about 62 h, the time to reach steady state is

6 days and a highly variable steady-state oral clearance has been calculated with

an interpatient coefficient of variation of 50% and intrapatient coefficient of

variation of 26%. The whole blood trough SRL concentrations are significantly

correlated with AUC0–12 [37].

High performance liquid chromatography assay is currently the method of

choice for determining SRL concentrations in patient’s whole blood samples. An

immunoassay (Imx) is currently in development.

SRL has been approved in United States and in the European Union for

the prophylaxis of organ rejection in adult patients receiving renal transplant, at

low-to-moderate immunological risk, with the recommendation that SRL be

used initially in combination with CYA and steroids for the first 3 months.

After this time, CYA should be progressively discontinued.

The usual dosage regimen of SRL is a 6-milligram oral loading dose,

administered as soon as possible after transplantation, followed initially by a

maintenance dose of 2 mg once daily. The SRL dose should then be individual-

ized to obtain whole blood trough levels of 4–12 ng/ml. After withdrawal of

CYA, a target whole blood trough range of 12–24 ng/ml is recommended.

Optimally, adjustments in SRL dosage should be based on more than a single

trough level obtained almost 5 days after a previous dosage change [38].

In pediatric patients and in subjects with hepatic impairment, the apparent

clearance of SRL is significantly lower than in healthy volunteers and therefore

the dosage of SRL should be reduced [39].

Other SRL-based immunosuppressive regimens with the association of

TAC and MMF, respectively are under evaluation.

Everolimus (RAD) is an immunosuppressive macrolide bearing a stable 

2-hydroxyethyl chain substitution at position 40 on the SRL (rapamycin) structure.



Chiaramonte/Dissegna/Ronco 80

RAD, which has a greater polarity than SRL, was developed in an attempt to

improve the pharmacokinetic characteristics of SRL, particularly to increase its

oral bioavailability.

RAD and CYA show synergism in immunosuppression both in vitro and

in vivo and therefore the drugs are intended to be given in combination after

solid organ transplantation.

For the evaluation of the pharmacokinetics of RAD, specific high perfor-

mance liquid chromatography assay and one enzyme-linked immunosorbent

assay have been developed. Oral RAD is absorbed rapidly, reaching the Cmax

after 1.3–1.8 h and displaying a half-life of about 28 h, thus necessitating twice-

daily dosing. Steady state is reached within 4 days. Steady-state peak and

trough concentrations, and AUC0–12 are proportional to dosage [40]. In adults,

RAD pharmacokinetic characteristics do not differ according to age, weight or

sex, but body weight-adjusted dosages are necessary in children. Also RAD

displays interindividual pharmacokinetic variability that can be explained by

different activities of CYP3A4 and P-glycoprotein pump. In patients with

hepatic impairment, the apparent clearance of RAD is significantly lower than

in healthy volunteers, and therefore the dosage of RAD should be adequately

reduced. Coadministration with CYA increases the exposure to RAD. The usual

dosage regimen of RAD is 1.5–3 mg/day [41].

Because of the variable oral bioavailability and narrow therapeutic index of

RAD, blood concentration monitoring seems to be important. The excellent

correlation between steady-state trough concentration and AUC0–12 makes the

former a simple and reliable index for monitoring RAD exposure. The target

trough concentration of RAD should range between 3 and 15 �g/l in combination

with CYA and steroids. A significantly increased risk of acute rejection was

observed at RAD trough levels below 3 ng/ml. This is the lower therapeutic

concentration limit when RAD is used with conventionally dosed CYA. 

RAD-related adverse events are manageable up to the trough levels of 15 ng/ml

[42, 43].

Drug to Drug Interactions

Transplant recipients frequently receive a complex drug regimen includ-

ing immunosuppressive agents and medications for complications or under-

lying pathology (hypertension, diabetes, dyslipidemia) with potential drug

interactions. CNI and rapamycin are metabolized in the liver by cytochrome

P450 3A4 (CYP3A4) isoenzyme [44]. Drugs or compounds that inhibit or

induce the CYP3A4 isoenzyme may increase or decrease their blood levels,

respectively, leading up to potentially toxic or, as opposite, subtherapeutic
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blood levels of immunosuppressants [1]. These interactions are summarized

in table 2.

Both CYA and TAC are inhibitors of CYP3A4 isoenzyme. Corticosteroids

are inducers of CYP3A4. SRL is a substrate for CYP3A4.

It was found that exposure to TAC increases by about 25% upon withdrawal

of prednisolone. Mean serum creatinine levels also increased after steroid

cessation and this can be due to the increase in TAC blood concentration [45].

When MMF is coadministered with TAC, the pharmacokinetics of TAC are

unchanged, whereas the AUC values for MPA increases with time (from the first

dose to month 3) for 1 and 2 g doses of MMF. This suggests that the dose of

MMF might need to be reduced with time in order to maintain a stable exposure

to MPA [46]. Higher MPA levels were observed when MMF was coadministered

with TAC compared with the coadministration of CYA, at the same dose. The

AUC0–12 values were also significantly higher [47]. When CYA is administered in

combination with MPA in kidney transplant patients, a significant increase

of MPA trough levels has been demonstrated after discontinuation of CYA,

suggesting that coadministration of CYA reduces the exposure to MPA [48].

MPA concentrations in association with SRL are higher than those achieved

when CYA is associated [49].

When SRL is used in combination with CYA for simultaneous administra-

tion, the mean Cmax and AUC0–12 of SRL are significantly increased. This strong

interaction is not evident when SRL is given 4 h after CYA administration.

Because of the effect of CYA on SRL pharmacokinetics, it was recommended

Table 2. Drugs affecting cytochrome

P450 Inducers Inhibitors

Barbiturates Clarithromycin

Carbamazepine Clotrimazole

Cephalosporin Danazol

Ciprofloxacin Dexamethasone

Cyclosporine Diltiazem

Glucocorticoids Erythromycin

Isoniazid Fluconazole

Octreotide Itraconazole

Phenytoin Ketoconazole

Rifabutin Miconazole

Rifampin Quinidine

Tacrolimus Ranitidine

Ticlopidine Verapamil

Troglitazone
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that SRL be taken 4 h after the administration of Neoral. Mean CYA Cmax and

AUC0–12 are not significantly affected when SRL is administered simultaneously

with or 4 h after CYA. However, after the multiple-dose administration of SRL

given 4 h after CYA in renal transplanted patients, over a period of 6 months,

a reduced CYA oral dose clearance and the consequent need of lower doses of

CYA to maintain target CYA blood concentration was observed [50]. When SRL

is used in combination with TAC, an overall trend for reduced exposure to TAC

with increasing doses of SRL has been documented, whereas TAC has no effect

on the pharmacokinetics of SRL [51].

Drug Toxicity

All immunosuppressants have associated side effects that can be classified

as therapeutic or toxic.

Aggressive therapy leading to excessive inhibition of T and B lymphocytes

affects both innate and adaptive responses and can favor the emergence of

infections or the development of neoplasms, in particular post-transplant lym-

phoproliferative disorders. This can be considered as a cumulative effect of the

immunosuppression regimen.The toxic effect is more specific for a single drug.

The most important side effect associated with the use of CNI is nephro-

toxicity. Acute changes include specific reduction of renal blood flow, renal

plasma flow and glomerular filtration rate and tubular dysfunction. Chronic

changes include progressive arteriolar damage, glomerular dropout, tubular

atrophy and striped interstitial fibrosis. These problems can be preventable

by appropriate dosage reduction of CNI early after transplant surgery.

Hepatotoxicity also can be an issue with CNI use and therefore liver function

should be monitored at regular intervals.

Among other nonrenal complications shared by CNI, CYA mainly

contributes to hyperlipidemia, cardiovascular diseases, such as hypertension

and cosmetic effects, whereas glucose intolerance and neurological symptoms

occur more frequently in TAC-treated patients.

Gastrointestinal complications, in particular, abdominal pain, diarrhea,

esophagitis, gastritis and gastrointestinal bleeding represent the most common

adverse effects of MMF therapy. These problems may be overcome with a new

enteric-coated formulation of MPA (ERL080A) which is in development. The

drug has also been associated with bone marrow toxicity resulting in thrombo-

cytopenia and leukopenia.

The side effect profile associated with SRL and RAD therapy includes

thrombocytopenia, leukopenia and hyperlipidemia. The latter is the most serious

effect of rapamycin and can exacerbate the CYA-induced hypercholesterolemia
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and the steroid-induced hypertriglyceridemia. Diarrhea, lymphocele, delayed

wound healing and arthralgia represent less commonly observed toxic effects of

this drug [52, 53].

Conclusions

The regulation of the immunosuppressive therapy after kidney transplanta-

tion is the most complex aspect of the management of transplanted patients. Every

day the transplant clinician is challenged by the need to provide a sufficient

immunosuppression to avoid or reduce the risk of rejection without exposing the

patient to the risk of developing opportunistic infections or malignancy or toxic

side effects.

The safety and efficacy profile of immunosuppressive therapy is limited

within a narrow therapeutic window whose borders are represented by two

clinical conditions such as rejection and drug-related toxicity. It is not possible

to predict the effects of a given drug dose or blood concentration in a single

patient and frequently the limits of the therapeutic window of a drug are very

narrow and sometimes they even overlap.

The availability of several different drugs allows the clinicians to make

multiple choices to individualize treatments according to the specific needs of

a single patient.

The choice of one of the several immunosuppressive drugs available today

requires careful evaluation of the preexisting disease and of the presence of any

conditions that may affect the effects of the drug.

Pharmacokinetic monitoring of the immunosuppressive drugs is an impor-

tant element in the management of these patients but cannot be considered as

the unique driving factor and must be integrated with a careful surveillance and

evaluation of all drug-related side effects.
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Introduction

In the past two decades, the short-term results of renal transplantation have

dramatically improved [1]. Better short-term outcomes, however, have not been

paralleled by an acceptable improvement in the long-term allograft survival [2].

When death with a functioning graft is excluded as a cause of late renal

allograft loss, most grafts fail after a period of renal function deterioration [3],

which has been attributed to a process of progressive renal structural injury

called ‘chronic transplant nephropathy’ [4]. Although the functional and

morphological findings are well characterized, the pathophysiological mecha-

nisms leading to graft deterioration secondary to the evolution of this process

are poorly understood. Potential risk factors, beside immune events, include

hypertension, inadequate functional nephron mass, drug toxicity, de novo or

recurrent progressive renal disease [5].

Angiotensin II, the principal effector of the renin-angiotensin cascade,

stimulates many physiological responses that support blood pressure and renal

function [6]. Moreover, in addition to being a powerful vasoconstrictor,

angiotensin II is a potent mediator of cellular proliferation and extracellular

matrix protein synthesis and accumulation [6]. These effects contribute to

progressive fibrotic diseases in various organ systems. Thus, abnormal genera-

tion of angiotensin II has been implicated in the pathogenesis of hypertension,

cardiovascular diseases, and progressive renal diseases [6, 7]. Recently, experi-

mental evidence of similar pathogenic mechanisms of progression has been

provided in chronic transplant nephropathy and other chronic renal diseases, in

which angiotensin II is recognized as a central effector [8].
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Pharmacological interruption of the renin-angiotensin system (RAS) with

angiotensin-converting enzyme (ACE) inhibitors is increasingly advocated as a

standard therapeutic intervention for patients with chronic renal disease,

regardless of whether systemic hypertension is an associated feature [7, 9]. The

advent of orally active angiotensin receptor blockers has increased therapeutic

options for inhibiting the RAS in patients with progressive renal disease [7].

Nevertheless, despite ample evidence to support the recommendation of RAS

blockade therapy as the standard of care for strategies aimed at preserving renal

function in chronic renal disease and the well-established antihypertensive

effect of these drugs, the use of RAS blockers in renal transplantation has been

quite limited. Indeed for years nephrologists have been reluctant to use them in

renal transplant recipients because of a number of alarming reports on their

possibility to induce renal insufficiency [10, 11].

Reduced Nephron Mass as a Cause of 
Chronic Allograft Nephropathy

The two most common causes of late graft loss after the first year of renal

transplantation are chronic allograft nephropathy – a clinicopathological entity

whose exact nature is not yet defined and patient death [3].

Transplanted patients with chronic graft nephropathy exhibit a gradual

and progressive deterioration of renal function in association with proteinuria

and arterial hypertension [3]. Histological examination of kidneys with

chronic allograft nephropathy shows arterial intimal and medial fibrosis and

arteriolar insudative lesions, glomerulosclerosis, and interstitial fibrosis with

tubular atrophy [12]. These functional and structural changes of chronic renal

allograft failure show similarities with those observed in other forms of

chronic progressive renal disease in which inadequate functioning of the

nephron mass has been considered the key event [13]. Indeed, transplantation

of a single kidney theoretically supplies half the number of nephrons com-

monly available to a healthy subject. This implies an increased workload per

nephron to maintain body homeostasis [14]. The transplanted kidney is also

subject to further reduction in the pool of functioning nephrons due to

ischemic injury, acute rejection and chronic cyclosporine toxicity [13]. In

experimental animals, a too small number of nephrons due to a small renal

mass for acquired or innate reasons, triggers a self-perpetuating cycle of

events, the hallmark of which is excessive urinary protein excretion followed

by interstitial and glomerular inflammation and scarring [9]. Hemodynamic

determinants of subsequent renal injury in this setting are enhanced intra-

glomerular pressure and flow, closely involved in the development of renal
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structural damage [15]. Glomerular hypertension enhances filtration of

macromolecules across the capillary barrier, which are then largely reabsorbed

by proximal tubuli [9, 16]. This tubular cell activation up-regulates genes for

inflammatory and vasoactive proteins that, in the long run, contribute addi-

tionally to renal scarring [9]. All these mechanisms could logically operate in

a single kidney graft.

Slowing Progression of Chronic Allograft Nephropathy:
The Role of RAS Blockade

Blockade of the RAS with ACE inhibitors or Angiotensin II (A II) recep-

tor antagonists reduces urinary protein excretion and protects against renal

structural injury better than conventional therapy in nontransplant rat models of

chronic renal disease due to lower than normal nephron numbers [7], and in

humans with proteinuric renal diseases [9]. Collectively, trials in diabetic and

nondiabetic progressive renal disease showed that, at comparable levels of blood

pressure control, ACE inhibitors slowed the rate at which renal function is lost

better than other anti-hypertensive agents [9, 17]. This reno-protective effect

was consistently associated with a substantial limitation of urinary protein

excretion. The possibility of a common pathogenic mechanism for progressive

renal diseases suggested that therapies already found effective in slowing the

progression of several immune and nonimmune renal diseases unrelated

to transplantation could also limit chronic renal allograft dysfunction.

Experimental studies have shown that A II receptor blockade significantly

helped to prevent chronic graft injury in the Fisher-Lewis rat model of late

renal allograft failure [18–21]. Alleviation of glomerular capillary hypertension

with A II receptor antagonist treatment was associated with a reduction in

proteinuria and the prevention of supervening chronic glomerular and tubu-

lointerstitial injury [18, 19, 21]. With this promising background, the use of

RAS blockers to protect renal function in kidney transplant patients was a log-

ical extension.

However, there has been some concern in the transplant community that

these agents may impair graft function by potentiating the reduction of

glomerular filtration rate (GFR) already caused by cyclosporine A and precip-

itating acute renal failure if administered to renal transplant recipients of a

single kidney [10, 11]. Thus so far, no appropriate controlled studies aimed at

evaluating the antiproteinuric and renoprotective effect of RAS blockers are

available. In 10 patients with post-transplant hypertension, on immunosup-

pressive therapy with azathioprine and prednisone, who discontinued their

previous anti-hypertensive medications 6–72 months after surgery, fosinopril
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taken for 12 months normalized blood pressure, and progressively reduced the

24-hour urinary protein excretion, but also decreased GFR values which

returned to baseline when the drug was discontinued [22]. In 22 patients with

transplant nephrotic syndrome on double or triple immunosuppressive therapy,

incremental doses of enalapril for one year resulted in a significant fall in

mean daily proteinuria without changes in renal function, measured as

predicted creatinine clearance by the Cockroft-Gault equation [23]. The short-

term efficacy and safety of ACE inhibition in kidney transplant recipients was

confirmed in 8 patients in whom microalbuminuria improved with nonsignifi-

cant change in mean blood pressure or GFR after a 3-month therapy [24].

A significant decline in urinary protein excretion was also reported in 76% of

proteinuric transplant patients given enalapril or captopril for an average of

21 months [25]. The favorable effect of ACE inhibition on proteinuria was

associated with stabilization of renal function in 62% of cases. More recently,

a clinicopathological study of post-transplant IgA nephropathy showed a ben-

eficial effect of the ACE inhibitor trandolapril, added to their current anti-

hypertensive regimen with nifedipine or amlodipine, in lowering urinary

protein excretion during 12–16 month follow-up, without any graft function

deterioration [26].

The above studies, however, were not designed to compare the anti-

proteinuric effect of ACE inhibitors and other anti-hypertensive agents. In a

prospective randomized study in renal transplant recipients, lisinopril alone or in

association with furosemide, or nifedipine alone or combined with atenolol did

not modify urinary albumin excretion nor GFR during 2.5 years of follow-up,

despite similar effect on lowering blood pressure [27]. In 13 transplanted patients

with proteinuria exceeding 0.5 g/dl, neither an ACE inhibitor nor CCB treatment

had any significant effect on urinary protein excretion [28]. Moreover, a signif-

icant reduction of proteinuria was found at the end of a 2-month treatment with

perindopril in transplant patients with stable renal function as compared to

nifedipine [29].

Together these studies led to inconsistent results as to the effectiveness of

ACE inhibitors to reduce protein excretion in renal transplant recipients. It

should, however, be pointed out that most of these studies were primarily aimed

just to assess the lowering blood pressure efficacy of ACE inhibitors and not

specifically the anti-proteinuric effect of these drugs.

Recent findings with A II receptor blockers have been more promising.

Indeed, after initial anedoctal observations that A II blockade with losartan

normalized urinary protein excretion in renal transplant patients with severe

proteinuria [30], the potential effect of this new class of drugs in clinical trans-

plantation have been explored more systematically. Nevertheless, appropriate

controlled studies are scanty. As a part of a trial investigating primarily the
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efficacy and safety of losartan in the treatment of hypertension in renal

transplant recipients, the effect on urinary proteins excretion was also examined

[31]. In the 67 patients who completed the 12-week study period, proteinuria

significantly decreased as early as after 4 weeks of therapy with the A II antag-

onist, with a further progressive decline thereafter. This was associated with a

slight, nonclinically significant increase in serum creatinine concentration at

4 weeks, then remaining stable until study completion. Treatment with losartan

also reduced proteinuria in 14 transplant patients with chronic allograft

nephropathy during 8 weeks of follow-up, without any negative effect on graft

function [32]. The anti-proteinuric effect of losartan was also confirmed in few

patients that in a retrospective chart analyses of 642 renal transplant recipients

had proteinuria greater than 2 g/day at least one month post-transplant and were

given the A II blocker for at least 6 months [33]. More recently, in 11 renal

transplant recipients with overt proteinuria either a reduction or a stabilization

in urinary protein excretion was detected after losartan administration for a

mean period of 14 months at the dose of 25–100 mg/day according to the anti-

hypertensive response obtained [34]. Moreover, new onset of proteinuria was

not documented during the treatment period in any of the other 7 nonprotein-

uric patients [34]. No correlation was found between the reduction in protein-

uria and the decrease in mean arterial pressure, suggesting that the

anti-proteinuric effect of the A II blocker was independent of blood pressure

changes. Overall graft function remained stable. Others have speculated that

A II antagonists can affect chronic allograft nephropathy, besides reducing

proteinuria, by modulating the generation of transforming growth factor B-1

(TGF-B1), a key fibrogenic cytokine involved in the fibrosis of a number of

chronic diseases of the kidney and other organs [35]. This possibility rests on

the observation that in transplant recipients with chronic allograft nephropathy

losartan decreased the plasma levels of TGF-B1 to a value comparable to that

in transplant patients with nonclinical evidence of chronic nephropathy [32].

Since reduction of the plasma concentration of the cytokine by A II antagonism

occurred in proteinuric and nonproteinuric patients, a direct effect of losartan

treatment on TGF-B production has been hypothesized. These results confirmed

recent data from experimental animals and in vitro studies in which ACE

inhibitory and A II antagonism decreased the synthesis and secretion of renal

TGF-B1 and prevented the development of interstitial fibrosis and subsequent

chronic nephropathy [36]. Up to now the limited number of studies with A II

antagonists on the progression of chronic allograft nephropathy have mainly

focused on the anti-proteinuric effect of these drugs, usually in a short period

of follow-up. Unfortunately, as yet we have no information about the impact

of A II antagonism on progressive renal graft dysfunction and ultimately on

long-term graft survival.
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Conclusion

The potential renoprotective effect of RAS blockers in transplantation

rests on their documented efficacy in diabetic and nondiabetic proteinuric

nephropathies in which the reduced number of functioning nephrons is the key

event in progressive renal injury, as it has been postulated for single kidney

transplant. Available so far are only short-term follow-up data with this class of

compounds in transplant recipients, showing their ability to lower urinary pro-

tein excretion, which, however, are not enough for predicting the impact of

these drugs on kidney graft survival in the long term. This issue merits investi-

gation in clinical trials designed ad hoc. Nevertheless, our current knowledge

converges to suggest that blockade of RAS should be regarded as a first line of

therapy even in transplant recipients. These agents may provide a valuable

alternative means of simultaneously addressing different problems of trans-

plant patients that until recently have been solved with a multidrug approach

or in the case of post-transplant erythrocytosis by nonpharmacological

approaches. Moreover, based on studies in the general population showing that

proteinuria is an important risk factor for cardiovascular mortality [37] and that

RAS blockers reduce proteinuria and cardiovascular mortality, this class of

drugs may also be useful for reducing or preventing a major cause of morbid-

ity and death among renal transplant recipients [38]. Thus, it is time now for

nephrologists to stably move RAS blockers into the renal transplant area.

Appropriate monitoring of serum creatinine, potassium and hemoglobin would

help in optimizing the use of these drugs in transplant patients. Studies are also

needed to assess whether other agents with anti-proteinuric and cardioprotec-

tive properties such as 3-hydroxy-3-methyl-glutamyl coenzyme A, inhibitors

may be safely used in combination with ACE inhibitors and/or A II antagonists

to further improve long-term patient and graft survival.
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Abstract
Organ transplantation is now firmly established as the therapy of choice for end-stage

organ failure. Specific immunological tolerance of transplant recipients towards their foreign

organ or tissue grafts is a goal that has been sought by transplant biologists for almost

50 years following the original description of the phenomenon in experimental animals by

Medawar and colleagues. Since that time, a wealth of experimental data has accumulated

relating to strategies for extending allograft survival and function. Recent studies have shed

new light on the molecular and cellular basis of transplant rejection and have better defined

the mechanisms of allograft tolerance with particular emphasis on a role for regulatory

T cells. Still, the question remains of how near we are to the day when long-term tolerance

of engrafted organs or tissues will be a clinical reality. Recently, clinical trials to explore

pilot tolerance protocols in humans have been initiated under the auspices of the Immune

Tolerance Network (www.immunetolerance.org). In this review we will highlight the

promise and challenges of making transplantation tolerance a clinical reality.

Copyright © 2005 S. Karger AG, Basel

Over the last three decades, transplantation has become the preferred

approach for the treatment of failure of the heart, liver, kidneys and lungs.

Recently, a progressive improvement of allograft survival, in particular kidney

allografts has been reported [1]. Intriguingly, this improvement was seen only in

recipients who never had an acute rejection episode, emphasizing the recipient’s

alloimmune response as a major determinant of overall outcome of the trans-

plant. In addition recent data [2] indicate that even though acute rejection rates

have been drastically reduced, long-term outcome of renal allografts has not.
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Furthermore, a transplant recipient must be treated with immunosuppressive

agents for life, a therapy that trades the morbidity and mortality of organ failure

for the risks of infection and cancer [3]. These drugs are also likely to contribute

to increased mortality from cardiovascular disease, the major cause of prema-

ture death in kidney transplant recipients [4]. In addition, there is the problem of

chronic rejection, which arises at least in part because immunosuppressive

strategies do not completely inhibit alloimmune responses and results in a slow

progressive deterioration in graft function [5]. These challenges together with

the increasing demand of organs for transplantation, create an urgent need for

optimizing the outcome of transplanted organs by achieving long-term, drug-

free, graft acceptance with normal graft function. Ever since the seminal experi-

ments conducted by Billingham et al. [6] in 1953, there was unequivocal proof of

concept that specific tolerance to a defined set of donor antigens can be acquired

throughout life. The fact that functional tolerance is not genetically encoded on

specific genes has been the fundamental scientific basis for a broad spectrum of

investigations to design possible strategies to alter human’s immunological

response pattern. Achieving the specific goal of donor-specific tolerance would

not only minimize the risk of the recipient to suffer from serious side effects

resulting from continuous immunosuppressive therapy, but also it would prevent

loss of long-term graft function caused by chronic rejection processes, thus

making more organs available for primary (first) transplant recipients.

It is, therefore, timely to reassess where we stand on the road to achieving

clinical transplant tolerance, and highlight the challenges that face us, so that

we may choose the best direction in which to invest our efforts in basic and

clinical research [7].

The Concept of Transplantation Tolerance

Recently, numerous insights into the dynamic interrelationship of host

immune responses elicited by donor antigen presentation, either on the graft itself

or on specialized antigen-presenting cells (APC) have substantially broadened

our understanding of the cascade of events that results in the acquisition of

tolerance. By definition, tolerance can be described in general terms as a state of

unresponsiveness to self or foreign antigens in the absence of immunosuppres-

sive therapy. Inferably, the tolerogenic state of a genetically unrelated organ must

be kept in the context of otherwise unrestricted host immune competence to any

potential threat jeopardizing the host. Nevertheless, transplant tolerance does not

mean complete unresponsiveness of the immune system towards the graft, rather

a lack of destructive immune response towards it, in the presence of generalized

immune competence.
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T cells are the vital elements that orchestrate the alloimmune response and

interact with the alloantigens of the graft by the direct and indirect pathways,

recognizing the foreign major histocompatibility complex molecules directly

on the donor APC and processed donor antigens as peptides on self-APC,

respectively [8]. The T cells reacting to their specific antigen can undergo a

number of different responses, namely, ‘activation’ followed by proliferation

and ‘differentiation’ into effector and memory cells, and ‘termination’.

Physiological termination of the T-cell immune response forms the basis of

inducing donor-specific tolerance in clinical transplantation [9]. Several mech-

anisms, not necessarily mutually exclusive, have been proposed as the basis of

transplantation tolerance: deletional mechanisms (actually in the thymus and in

the periphery) in which donor reactive T-cell clones are destroyed, and

nondeletional/immunoregulatory mechanisms (including anergy, immunedevia-

tion, active suppression/regulation) [10]. Both deletion and immunoregulation are

relevant for allograft tolerance but their relative roles differ from experimental

model to model [11]. A further possible mechanism of immunological tolerance

that is unique to the transplant setting is microchimerism, the persistence of a

small number of donor-derived bone marrow (BM) cells in recipients [12].

Microchimerism may be strictly related to and be the inciting mechanism for

activating both deletional and nondeletional mechanisms of tolerance.

Central and Peripheral T-Cell Deletion
Studies in experimental animals have indicated that clonal deletion of matur-

ing T lymphocytes may occur centrally in the thymus following donor hematopoi-

etic cell infusion. TCR-transgenic mouse models [13] and V� tracking of T cells

responding to superantigens presented by donor major histocompatibility com-

plex class II molecules on APC [14] have been used to document the process of

central deletion in mixed chimeras. Even in a rat model of kidney transplant tol-

erance induced by pretransplant intravenous infusion of donor peripheral blood

leukocytes or BM cells, under appropriate immunomodulating conditions,

intrathymic microchimerism was documented by the presence of donor major

histocompatibility complex class II DNA that correlated with graft survival [15].

Together, these data strongly point to intrathymic clonal deletion of donor reac-

tive T cells as one of the major mechanism maintaining tolerance in allogeneic

chimeras. However, thymic deletion cannot account for the tolerization of pre-

existing mature donor-reactive T cells that is achieved in the presence of an intact

recipient T-cell repertoire by the use of BM transplant protocols. This observation

led to the exploration of peripheral mechanisms through which mature donor

reactive T cells are rendered tolerant to donor alloantigens.

Experimental studies of allogeneic BM transplantation with costimulatory

blockade in thymectomized recipients have documented clonal deletion of 
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donor-reactive CD4� T cells, which provides support to the possibility that tolero-

genic mechanisms also operate by deletion processes in the periphery [16, 17].

Nondeletional Mechanisms 
T cell anergy/regulation are highly complementary with deletion processes

and both may well be necessary for long-term transplant tolerance to be

achieved. Anergy is a state of functional inactivation in which antigen-specific

T lymphocytes are present but are unable to respond. Unresponsiveness can be

assessed in vitro by failure of proliferation and cytokine production [18] and

in vivo by failure of clonal expansion [19]. Sustained exposure to antigens can

also result in the generation of anergic T cells with regulatory capacity that are

predominantly CD25�GITR�CTLA-4�/�, even in the absence of tutoring

by any pre-existing regulatory T cells [20, 21]. These data support the notion of

a form of peripheral tolerance, expounded over a decade ago [22], where aner-

gic T cells can compete out emerging naive responding cells that then default

to tolerance themselves.

The role of regulatory cells has been clearly documented in models of

tolerance with or without mixed chimeras [15, 23]. Several subsets of regula-

tory T cells with distinct phenotypes and mechanisms of action have now been

identified. They contribute a network of heterogeneous CD4� or CD8�
T cell subsets and other minor T-cell populations such as nonpolymorphic

CD1d-responsive natural killer T cells [23]. Regulatory T cells not only

contribute to maintain self-tolerance and prevent autoimmune disease, but can

also be induced by tolerance protocols. Although much cellular and molecular

characterization has been performed on these cells, there are still many

unanswered questions. At the forefront are the following: how do regulatory

T cells deliver the suppressive signals? What is the interaction between different

regulatory T-cell populations or regulatory dendritic cells (DCs)?

Tolerogenic Strategies in Experimental Animal Models

The use of BM transplantation in order to induce tolerance has been

extensively studied in animal models [24]. Establishing mixed chimeric immune

systems, with components from the donor and recipient BM, allows tolerance

towards the host tissues as well as the foreign graft. A major challenge remains

to develop clinically applicable nonmyeloablative regimens that will allow BM

transplantation and induction of lasting chimerism, and that can be safely used

in HLA-mismatched patients.

An alternative approach to BM chimerism involves the use of in vitro-

manipulated or immature donor DCs, which can induce both peripheral and
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central tolerance [25]. Traditionally, DCs are believed to display properties

aimed at sensitizing T lymphocytes specific for foreign antigens. Now, DCs

have also become the focus of intense interest as regulators of immune response

and it is clear that DC maturation and/or function can be manipulated to pro-

mote their tolerogenicity with potential for therapeutic application in organ

transplantation.

Recently, significant progress has been made to direct in vitro and in vivo

embryonic stem cells (ESCs) to differentiate into specific tissues, including

hematopoietic cells. Achievement of mixed chimerism by the use of donor ESC

could facilitate the induction of tolerance in the transplant setting. Published

evidence suggests that ESCs are immuneprivileged in allogeneic combinations

[26]. One of the protective mechanisms against host T-cell mediated rejection

could be the constitutional expression of FasL by ESC, but many other factors

appear to contribute to this unique property, which could be exploited for the

induction of transplantation tolerance. Although the low immunogenicity of

ESC may provide an advantage over hematopoietic stem cells, several hurdles,

including our little knowledge about the robustness of ESC immune privilege

and the underlying mechanisms, remain before clear concepts can be worked

out for the use of ESCs in clinical organ transplantation.

Gene therapy is another innovative approach [27]. Elucidating the optimal

conditions in nonhuman primates and clarifying the risks associated with such

approaches are the first hurdles to be overcome before moving on to clinical

trials of these strategies.

Other strategies, utilizing T-cell depleting agents or costimulatory blockade

with or without donor-specific transfusion, appear to achieve tolerance in a vari-

ety of animal models [9], but not in a true sense of the word in primate models

[28]. In the past several years, there has been great excitement about the potential

of translating strategies targeting the CD28/CTLA-4:B7–1/2 and the CD40:

CD154 T-cell costimulatory pathways to the clinic [8]. Our understanding of

these important costimulatory pathways and their interaction with each other and

other novel pathways such as ICOS:ICOSL, CD134-CD134L, CD27:CD70, and

PD-1:PD-L1/2 are still unfolding. These novel pathways appear to play greater

roles under some circumstances [29]. Targeting of these pathways may, however,

only work when the alloreactive T-cell repertoire is rendered to a manageable size

with adjunctive depleting or deletional therapies [30].

Challenges to Achieving Clinical Transplantation Tolerance

Very small minorities of patients, who discontinue their immunosuppression,

provide rare examples of clinical transplantation tolerance [31]. The basis of this
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immunosuppression-free tolerant state, however, remains intriguing and merits

further study so that we may learn how this can be achieved for reproducibility.

This phenomenon has also been reported in patients receiving total lymphoid

irradiation as induction therapy [32, 33] and in those kidney transplant recipients

who had received a previous BM transplant from the same donor [34], and in

2 patients with end-stage renal disease secondary to � light-chain multiple

myeloma who underwent a combined BM and kidney transplantation after a non-

myeloablative conditioning regimen [35, 36]. Although effective and appropriate

for patients with hematological malignancies, the risks of infection and aplasia

and ultimately death associated with the actually available conditioning regimens

significantly outweigh the potential benefit of tolerance, particularly when con-

sidering the excellent short-term outcomes currently achieved with conventional

immunosuppression in organ transplantation. Therefore, some investigators are

now attempting to induce donor-specific immune unresponsiveness using donor

BM cell infusion without any recipient conditioning [37]. Although all these

clinical studies are promising, they do not provide a definite evidence of toler-

ance induction, since immunosuppressive drugs were not withdrawn at any time

post-transplant. So far the only attempt to achieve true tolerance in human renal

transplantation with the hematopoietic cell approach has been done using donor

G-CSF-mobilized peripheral blood CD34� stem cells under a nonmyeloabla-

tive conditioning regimen of total lymphoid irradiation and anti-thymocyte

globulin [38]. Three out of 4 patients achieved multilineage macrochimerism.

Maintenance immunosuppression with Cyclosporine A and prednisone was

withdrawn in a patient by month 12 post-transplant. In another prednisone was

discontinued at month 9 and Cyclosporine A was tapered thereafter. All

patients, however, eventually developed some form of rejection and returned

to immunosuppressive therapy, although maintenance immunosuppression

was considerably lower than conventional regimens. Thus, although these trials

represent some progress in the use of donor hematopoietic cells, the goal of

stable mixed chimerism resulting in lifelong tolerance remains elusive. More

insights about the tolerogenic pathways activated by hematopoietic cell

strategy would provide more solid rationale for designing potentially more

successful clinical protocols of tolerance induction in organ transplantation.

How can we judge whether such a state has been achieved? Many reports

claim tolerance induction after graft survival of more than 100 days in rodents

with donor-specific hyporesponsiveness, measured by acceptance of a second

graft from the original donor strain and rejection of third-party graft. It is

impractical to confirm tolerance induction in this way, in humans. Consequently,

devising an assay that allows us to prospectively follow the status of the immune

response toward the graft and detect tolerance or early signs of rejection is an

urgent necessity [39]. Yet, it seems unlikely that a single assay will provide an



Tolerance in Transplantation 101

adequate immunological profile and a panel of assays may be required. So far, a

number of promising assays have emerged but their wider clinical validation is

still called for. Such assays should allow us to make decisions regarding prospec-

tive withdrawal of immunosuppression without risking a rejection episode in

tolerant patients during or after the withdrawal of immunosuppression.

Another major challenge is the definition of the precise impact of the

conventional immunosuppressive drugs on tolerizing strategies. Early fears

that certain drugs would impair the generation of tolerance have not proven

founded in others [40, 41].

The impact of tolerizing regimens on the risk of infectious complications

and likewise the detrimental effect of previous, ongoing or later infections on

the induction or maintenance of tolerance and also on the course of infection

itself is uncertain. Indeed, certain tolerizing strategies are ineffective if per-

formed during ongoing infectious episodes [42]. A recent study has provided

more insights on the possible mechanism responsible for this phenomenon,

suggesting that individuals harboring virally induced memory T cells that are

cross-reactive with donor alloantigens are resistant to tolerance induction [43].

On the other hand, attempting to use a tolerizing regimen in the presence of a

latent infectious agent may allow tolerance to develop toward it too. Therefore,

it seems prudent to exclude patients with certain chronic or latent infections –

such as hepatitis B or C, cytomegalovirus, Epstein-Barr virus – from initial tol-

erance trials. Nevertheless, the choice of which patient population will be the

first to be enrolled into protolerogenic trials is a very difficult one, especially

when the clinicians are faced with the ethical issue of risking possible rejection

from a failed tolerance protocol when one-year graft survival rates exceed 90%

and few grafts are lost to rejection.

Finally, the proper conduct and execution of the clinical trials is a critical

issue. The Immune Tolerance Network (ITN), NIH (USA) (http://www.immune-
tolerance.org) – a consortium of international investigators and research groups

dedicated to devising strategies and tools to induce, maintain, and monitor toler-

ance following islet or solid organ transplantation, as well as in autoimmune and

allergic diseases – was expressly instituted for this sole purpose (table 1).

Conclusion

Clinical transplant tolerance is achievable in particular animal models but

also in a few humans. Identifying the most successful of these strategies and then

translating them to larger animals to test their suitability for the patients is the next

step. Although we are currently only at a very early stage, there is no doubt that in

the near future some of these approaches will have major impact in transplant
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medicine, opening a new prospective of indefinite graft survival without the

complications of long-term immunosuppressive drugs, and contributing to make

a reality donor-specific tolerance in human transplantation.
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Abstract
Donor dendritic cells (DCs) and those of host origin play key roles in the instigation and

maintenance of immune responses to organ allografts. In the normal steady state, however,

DCs are important for the maintenance of central and peripheral tolerance. Moreover, the

presence of those cells in donor hematopoietic cell infusions may facilitate the induction of

transplant tolerance. Accrual of information regarding DC tolerogenicity has driven the assess-

ment of DC-based therapy of allograft rejection. Pioneering work demonstrating increased

allograft survival after pretransplant infusion of immature donor-derived DC has prompted

the evaluation of several approaches to the generation of DCs with tolerogenic/regulatory

properties. These include: identification of specific culture conditions for propagation of

homogenous populations of immature DCs; pharmacological manipulation of DCs to stabilize

their immature/tolerogenic phenotype; and genetic modification of DCs to impair their

stimulating ability/enhance their tolerogenicity. These approaches have rendered DCs capable

of markedly prolonging experimental allograft (including kidney transplant) survival and

promoting donor-specific tolerance. Recently identified molecular signaling pathways that

play key roles in the outcome of DC-T cell interaction are likely to become novel targets for

manipulation of allograft immunity and for the promotion of transplant tolerance.

Copyright © 2005 S. Karger AG, Basel

Dendritic cells (DCs) present in both organ allografts and recipients can

induce activation of host immune responses, and stimulate rejection by the

direct and indirect pathways of allorecognition, respectively. However, there is

also strong evidence that DCs play a fundamental role in the induction and

maintenance of tolerance. Consequently, a growing number of studies are

aimed at understanding the factors that determine the tolerogenic functions of

DCs in order to render innovative DC-based therapies to control the rejection

response. This mini-review addresses the role of DCs in transplant outcome
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and outlines the direction of current research in terms of ‘DC therapy’ to

promote tolerance induction.

DC Immunobiology

DCs are a heterogeneous population of cells (derived from CD34� stem

cells) with morphology (veil-like processes and dendrites) and mobility well

suited to their roles in antigen (Ag) capture and processing and in Ag presenta-

tion to rare T cells expressing specific receptors that recognize Ag peptides

bound to MHC molecules. DCs show distinctive features that allow their

classification as ‘professional’ Ag-presenting cells (APCs): (1) ability to

stimulate naïve CD4� and CD8� T cells efficiently; (2) capacity to transport

Ag from peripheral tissues to T-cell areas of secondary lymphoid organs (where

naïve T cells recirculate); (3) ability to ‘cross-present’ foreign Ags in the

context of MHC class I molecules to Ag-specific CD8� T cells [1].

In the normal steady state (absence of inflammation/‘danger’), DCs reside

in the interstitial space of most peripheral tissues, including the commonly

transplanted organ/tissues, with the exception of the central cornea and brain

parenchyma. DCs are abundant in the T-cell areas of spleen and lymph nodes

and the medulla of the thymus. The significance of this distribution was

clarified with the elaboration of a general paradigm for DC activity (based on

studies of DC isolation and reinfusion): DCs acquire Ags in the periphery and

migrate to T-cell areas (in spleen via the blood, in lymph nodes via the lymph),

where they can either initiate an immune response to the Ags presented or

simply die [2]. Death is followed by re-presentation of proteins from the dying

DCs by resident DCs in the lymph node. This phenomenon could play an

important role in the control of immune activation and tolerance induction, as

will be considered below. In transplant models, DCs derived from transplanted

allogeneic tissues and carrying donor MHC Ags can be identified in the periph-

eral lymphoid tissues where they can stimulate T cells directly.

During their lifetime (characterized by considerable turnover), DCs pass

through various phenotypical stages (generally referred to as ‘maturation

states’) that correlate with different functional activities and, consequently, dif-

ferent abilities to control the immune response. The DCs in normal blood and

nonlymphoid tissue are regarded as ‘immature,’ – a state characterized by the

ability to internalize exogenous Ags (through phagocytosis, macropinocytosis

and various receptor-mediated endocytic processes), and to process and load

the corresponding peptides onto intracellular MHC molecules, but with only

weak ability to stimulate immunity due to low surface expression of MHC and

accessory molecules (e.g., CD40, CD80, CD86). These immature DCs are
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equipped with various surface receptors, the ligation of which starts a signaling

pathway, characterized by a fundamental step of nuclear translocation of the

gene transcription regulatory factor, nuclear factor (NF)-�B, that initiate DC

maturation. These receptors interact specifically with exogenous and endoge-

nous mediators released into the microenvironment during inflammation:

(1) Bacterial or viral components (e.g., LPS, CpG, double-stranded RNA)

recognized by Toll-like receptors 2, 3, 4, 7 and 9; (2) proinflammatory

cytokines (e.g., GM-CSF, IL-1�, TNF-�, IFN-�) and cyclo-oxygenase metabo-

lites (e.g., prostaglandin E2) recognized by their specific counter-receptors;

(3) specific ligands, expressed on the surface of ‘activated’ cells (T cells,

platelets and mast cells) that are recognized by molecules of the tumor necro-

sis factor receptor family on the DC surface (i.e., CD40, tumor necrosis factor

receptor, receptor activator of NF-�B). As a result of these interactions, DCs

are activated to become ‘mature’ APC. They down-regulate their endocytic

activities, translocate peptide-loaded MHC molecules into the plasma mem-

brane and upregulate surface T cell costimulatory (CD80, CD86, OX40 ligand

and inducible costimulator ligand) and intercellular adhesion molecules (CD54

and CD58) necessary for the assembly of the immunological synapse [1].

Furthermore, as they mature, DCs produce proinflammatory cytokines and

increase surface expression of the chemokine receptor CCR7 that enables their

traffic to T-cell areas of secondary lymphoid tissues, in response to the CCR7

ligands CCL21 and CCL19. Therein, the DCs encounter rare Ag-specific

T cells and function as powerful naïve and memory T cell-priming APCs.

DCs and Organ Allograft Rejection

The act of transplantation by itself triggers the maturation and migration

of graft-resident and graft-infiltrating DCs [3], where the eliciting stimuli,

according to the danger theory model [4], are the ‘danger signals’ (such as heat

shock proteins, uric acid, HMGB1) released in response to inflammation

induced by surgical trauma and associated with necrosis due to ischemia/

reperfusion injury. As a first consequence of transplant surgery, graft-resident

donor DCs migrate as ‘passenger’ leukocytes to secondary lymphoid tissues of

the recipient, where they present donor MHC molecules to recipient T cells

via a mechanism known as the ‘direct pathway’ of allorecognition (donor

MHC � peptide X → recipient T cell). This process is characterized by a

surprisingly high proportion of circulating T cells (approximately one out of

two hundred) [1] that recognize allogeneic MHC molecules. In addition to

donor DCs, recipient DCs or DC precursors, mobilized to the graft as part of

the initial inflammatory infiltrate, acquire donor allo-Ag (by internalization of
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soluble MHC molecules, fragments/blebs derived from donor apoptotic or

necrotic cells, or by vesicle and possibly exosome [5] exchange between living

cells) and present MHC-derived peptides bound to self-MHC molecules

to recipient T cells. This phenomenon is known as the ‘indirect pathway’ of

allorecognition (self-MHC � donor MHC-derived peptide → recipient T cell).

The relative importance of these two pathways in the rejection response has

been the subject of controversy for several years [6]. Classical experiments

have shown that there is an increase in the graft survival when thyroid, pancre-

atic islet, skin, and kidney allografts are purged of interstitial leukocytes [1].

These observations provided a basis for the concept that the direct pathway of

allorecognition is the most important component of the acute graft rejection

response. More recently, it has been demonstrated that the role of the direct ver-

sus the indirect pathway in graft rejection depends on the type of organ/tissue

transplanted, the experimental model, and the phase of rejection [3, 7]. Both

pathways participate in the early phases of acute rejection, but several clinical

observations indicate that T-cell responses elicited by the direct pathway

decrease with time after transplantation [3], whereas the role of the indirect

pathway is sustained and participates in chronic rejection [3]. It has been argued

that initial and repeated immune-mediated damage caused during acute

rejection can predispose to chronic rejection [8]. Recognition of the role of

both pathways in events leading to rejection justifies targeting both direct and

indirect allorecognition in strategies to promote organ transplant tolerance.

DC Subsets
Any therapy aimed at controlling the alloimmune response by targeting

DCs or by using adoptively transferred DCs to promote tolerance (see below)

has to confront the heterogeneity of DC populations that exhibit distinctive fea-

tures, in terms of functional significance and immune-modulating potential.

Recent reviews [9, 10] have covered this topic in depth, addressing in detail the

relationships between different DC subsets in mice and humans.

In the spleens of normal mice, two main populations of CD11c� DCs can

be identified based on the expression of the CD8�� homodimer and the

�2 integrin CD11b/CD18: CD8��CD11b�CD4�CD205� DCs (originally

referred to as ‘myeloid’ DCs; MDC), located predominantly in the splenic

marginal zone, and CD8��CD11b�CD4�CD205� (originally referred to as

‘lymphoid-related’ DCs), that concentrate in the T cell-dependent areas of

the splenic follicle. Lymph node DCs also include two other CD8��CD11b�
DC subpopulations that migrated from peripheral tissues: CD205� and

CD205� DCs, probably derived from peripheral tissue-resident or interstitial

DCs, and Langerin� DCs, derived from migratory epidermal Langerhans cells.

The mouse thymic medulla is populated exclusively by CD8�� DCs that are
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involved in the positive/negative selection of autoreactive thymocytes. CD8��
DC and CD8�� MDC appear to differentially regulate Th cell responses [1].

It was suggested initially that, due to their in vitro functional properties, murine

CD8�� might be DC specialized for tolerance induction [1], but other find-

ings conflict with this view. Moreover, there is no phenotypic counterpart of

murine CD8�� DC in humans.

Two main populations of DC have been described in humans, where

knowledge of their functional biology is more limited. Besides the classic

MDC (generated from circulating monocytes or CD34� hematopoietic stem

cells) a second subset of DC termed ‘plasmacytoid DC’ (pDCs) has been found

recently in the circulation and in T-cell areas of secondary lymphoid tissue [11].

pDCs are identical to previously described natural type-1 IFN-producing cells

that produce IFN �/� in response to viral activation. It follows that human

MDC induce Th1 cell differentiation, whereas human pDCs can selectively

induce Th2 cells when stimulated with IL-3 and CD40L or promote Th1 cell

differentiation when activated by virus [12, 13]. The mouse counterpart of

human pDC has been identified recently.

DCs and Tolerance Induction

DCs have been believed for many years to be involved in negative selection

of thymocytes in central tolerance [14]. More recently there is evidence that

presentation of peripherally-derived Ags by DCs within secondary lymphoid

tissue is crucial for the induction of T-cell tolerance to self-Ags expressed

exclusively in peripheral tissues [15]. Different models have been proposed to

explain the mechanism(s) by which DCs may induce/maintain peripheral T-cell

tolerance [16]. Steinman et al. [15] have proposed that under steady-state

conditions (no inflammation), the uptake of Ags by immature DCs expressing

low cell surface levels of MHC and costimulatory molecules may induce

tolerance to those peptides presented to Ag-specific T cells. This prediction is

based on two experimental observations: (1) Binding of the T cell receptor on

naïve T cells to MHC-peptide complexes on the APC in the absence of or with

low costimulation leads to Ag-specific T-cell unresponsiveness; (2) in the

healthy steady state, DCs continuously traffic from the periphery to secondary

lymphoid tissue transporting self-Ags [16]. However, the concept of migratory

immature DCs as the keepers of peripheral T-cell tolerance disagrees with the

observation that lymph-borne DCs, obtained by cannulation of lymphatic

vessels in the steady state, exhibit signs of maturation in all animal models

investigated so far [1]. This discrepancy may be explained by the fact that a

certain degree of DC maturation is required for homeostatic DC trafficking in
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the absence of inflammation. This state has been defined as ‘semi-mature’ by

Lutz and Schuler [17]. At this ‘semi-mature’ stage, DCs could express levels of

costimulatory molecules and produce levels of proinflammatory cytokines

insufficient to activate an immune response and instead induce tolerance.

Obviously, these concepts would also be compatible with different models that

outline the capacity of the immune system to perceive evolving situations and

respond appropriately, depending not only on the activation state of the APCs

but also on the level of Ag presented and the persistence of Ag presentation

[18, 19]. Independent of the validity of one model versus another, different

groups have shown using transgenic mice, that constitutive migratory MHC II�
APCs that transport tissue-specific Ags from the periphery silence, rather than

activate, Ag-specific CD4� or CD8� T lymphocytes in secondary lymphoid

tissues [1].

The precise mechanism(s) by which immature or semi-mature DCs induce

specific T-cell tolerance to self or non-self-Ags is not well understood, and cur-

rent evidence suggests that more than one mechanism may be involved. First,

immune deviation, or skewing of T cells toward the Th2 type, appears to be a

mechanism that DCs exploit. Thus, several groups have shown that DCs can

induce immune deviation in autoimmune disease and transplant models [20].

This effect seems to be enhanced by costimulation blockade using the fusion

protein ‘cytotoxic T lymphocyte Ag 4’ (CTLA4)-Ig, that blocks the B7-CD28

signaling pathway [21], during Ag loading or treatment of DCs in culture (i.e.,

with IL-10) in order to impair their Th1-promoting activity and increase Th2

skewing [22, 23]. A second mechanism underlying tolerance is the induction of

anergy (a state of T-cell unresponsiveness, reversible under specific conditions)

[24] or apoptosis. Many studies have shown that MDC whose allostimulatory

function is impaired, either by incomplete maturation, selective blockade of

B7 costimulatory molecules, the influence of specific cytokines (e.g., IL-10 or

TGF-�), or genetic engineering (to express viral IL-10, CTLA4-Ig, or FasL),

can induce alloAg-specific T-cell hyporesponsiveness (anergy) or apoptosis

in vitro, and suppress immune reactivity [20, 25]. In particular, considering

the perception of Ag-specific T-cell deletion as a robust tolerance-inducing

mechanism, various reports have shown that overexpression of molecules

associated with the induction of apoptosis, i.e., FasL [26, 27], nitric oxide

[28, 29] or the tryptophan-catabolizing enzyme IDO [30] may render DC

capable of subverting T-cell responses by promoting activation-induced cell

death. Blockade of the B7/CD28 pathway by CTLA4Ig significantly increases

MDC-induced apoptosis of alloactivated T cells [27]. This appears to be

mediated, at least in part, via the Fas pathway. On the other hand, a recent

investigation indicates that ligation of B7 molecules by CTLA4-Ig induces

up-regulation of IDO production in DC causing local reduction in tryptophan
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availability and the presence of proapoptotic kynurenines that decrease clonal

expansion and enhance T-cell deletion [30]. Third, evidence has emerged that

DCs can promote the induction of cells with regulatory activity, a mechanism

investigated recently by a large number of laboratories due to its potential to

ensure long-term, Ag-specific unrensponsiveness. Various T-regulatory (Treg)

cell populations, especially CD4� T cells, that exhibit suppressor activity, have

been described: Tr1 and Th3 cells that are induced following T-cell activation in

the presence of IL-10 and/or TGF-�, CD4�CD25� cells that arise sponta-

neously during ontogeny and are present in the periphery of normal mice, and

also CD8�CD28�, CD3�CD4�CD8� and NKT cells with regulatory activ-

ity have been described after transplantation [31]. Interest in the generation of

Treg cells has recently been paralleled by the emerging concept that interaction

between tolerogenic DCs (also termed regulatory DCs) and Treg cells may con-

stitute an inhibitory feedback loop that can prevent organ allograft rejection [1].

The majority of data that support the role of DCs in controlling immune

responses have been generated in animal models, but there are many clear

indications from human studies of the regulatory potential of DC-based thera-

peutic strategies. Human CD4� T cells with characteristics of Treg cells (low

proliferative capacity, secretion of IL-10, and ability to inhibit alloAg-specific

proliferation of other T cells) can be generated in vitro following repetitive

stimulation of naïve CD4� T cells with allogeneic immature DCs [32].

Furthermore, in human volunteers, immature autologous monocyte-derived

DCs pulsed with the human leukocyte Ag-A*0201-restricted influenza matrix

peptide induced specific inhibition of MP-specific CD8� cytotoxic T lympho-

cytes and induced IL-10-secreting CD8� T lymphocytes [33]. These results

constitute proof of principle of DC tolerogenicity in humans that is already dri-

ving new investigations in DC-based therapy that are further investigating the

importance of tolerogenic DCs-T cell interaction in regulation of alloimmune

responses and also the various parameters that may influence this interaction

(e.g., the route of DC in vivo administration, the temporal relationship between

their administration and that of Ag, the number of cells injected, the amount

and physical condition of Ag presented, and the source, type and maturation

state of the DC).

DCs and the Control of Organ Transplant Outcome

At face value, the contribution of DCs to transplant rejection may seem

quite straightforward within the framework of direct and indirect allorecogni-

tion. However, in apparent contradiction to the classical passenger leukocyte

experiments, several groups have reported that depletion of donor bone marrow
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(BM)-derived cells prevents the induction of transplantation tolerance [3, 34].

For example, depletion of passenger leukocytes from rat donor heart allografts

reversed the beneficial effects of donor-specific blood transfusion. Furthermore,

tolerance was re-established if donor-type DCs were cotransferred at the time of

transplantation of APC-depleted cardiac grafts [34]. Another set of data that

relate to the role of donor DCs in transplant immunity concerns the phenome-

non of donor hematopoietic cell ‘microchimerism’ as observed by Starzl and

coworkers [35, 36]. They detected donor hematopoietic cells in lymphoid and

nonlymphoid tissues of long-surviving, successful human organ allograft

recipients. It was proposed that the ability of an organ to be tolerogenic, in the

absence or presence of effective immunosuppression, was dependent on its

passenger leukocyte, and not its parenchymal cell component [35]. In support of

this view, the radiosensitive passenger leukocyte population of renal allografts

has been implicated in the induction of tolerance to contemporaneous heart

grafts in a miniature swain model [37]. Even if some issues remain unresolved

regarding this hypothesis [3], the general understanding of the role of DCs in

peripheral tolerance, together with the development of techniques to generate

large numbers of DCs in vitro, have opened up the possibility of generating DCs

with tolerogenic/regulatory properties for therapeutic application.

Various experimental techniques have been used to generate DC progenitors

or precursors or DCs with tolerogenic potential. These can be grouped under three

technological approaches: (1) Specific culture conditions, (2) pharmacological

manipulation, and (3) genetic engineering. 

DC Manipulation for Tolerance Induction
In line with the classic model of T-cell stimulation dependent on 

the maturation state of the APC, the generation of immature DCs (MHC�,

CD80lo/–, CD86lo/–) in culture was the first attempt to produce tolerogenic DCs

[38]. This early work showed that immature MDC could induce alloAg-specific

T-cell hyporesponsiveness in vitro. Subsequently, various studies have shown

that, if administered before, during, or even after transplantation, immature

donor DCs can prolong allograft (including skin graft) survival. In some

instances, indefinite, donor-specific graft survival is achieved [39–43]. One of

the potential drawbacks of this approach is the possibility that, following

injection, a fraction of the immature donor DCs differentiate in vivo into mature

APCs, with the ability to stimulate an anti-donor response and accelerate graft

rejection. In an effort to overcome this potential problem, some investigators

have combined administration of immature, donor-derived DCs with a short

course of anti-CD40L (anti-CD154) mAb (theoretically to avoid potential

maturation of the injected DCs in the recipient) obtaining striking enhancement

of graft survival [1]. Administration of LPS-, TNF-�-, and CD40-maturation



DC Therapy of Organ Allograft Rejection 113

resistant donor-derived DCs has proven to be an alternative means to avoid

in vivo DC maturation, with indefinite prolongation of heart allograft survival

(�100 days) in nonimmunosuppressed mice [44]. Recently, Sato et al. [45]

found that mouse BM-derived DCs generated with IL-10, TGF-� and LPS in

addition to GM-CSF, acquired regulatory functions; if generated from host

BM, they protect mice from lethal, allogeneic BM-induced graft-versus-host

disease. Furthermore, these DC induce Ag-specific CD4�CD25�CD152�
Treg cells in the transplant recipients. A similar regulatory effect (induction of

anergic and Treg cells) has been shown using human monocyte-derived DC

cultured with IL-10 and TGF-� (in addition to GM-CSF and IL-4) [46].

In an effort to obtain DCs with a stable, immature phenotype, or with

impaired ability to synthesize Th1-driving cytokines (i.e., IL-12p70), DCs have

been treated with various pharmacological agents. The spectrum of molecules

investigated includes: aspirin, cyclic adenosine monophosphate inducers

(prostaglandin E2, histamine, �2 agonists, neuropeptides), the vitamin D3

metabolite 1�,25-(OH)2D3 and its analogs, glucosamine, the antioxidant

N-acetyl-L-cysteine and immunosuppressive drugs (corticosteroids, cyclosporine

A, rapamycin, deoxyspergualin, and mycophenolate mofetil) all shown to

prevent DC activation/maturation or to impair the capacity of DCs to produce

bioactive IL-12p70 in vitro and in vivo [47]. Of particular interest, treatment

with donor-derived DCs generated in vitro in the presence of the active form of

vitamin D3, 1�,25-(OH)2D3, in combination with mycophenolate mofetil,

induces tolerance to fully mismatched mouse pancreatic islet allografts [48]

with generation/amplification of Treg cells (able to confer protection against

islet rejection in naïve animals). Parallel to this is the treatment of DCs with

immunosuppressive drugs, in particular dexamethasone that arrests their

differentiation/maturation [49] and offers potential for development of ‘nega-

tive cellular vaccines’ for immunotherapy.

Recent advances in gene transfer technology have resulted in enhancement/

stabilization of the tolerogenic potential of DCs following their genetic modifi-

cation to express ‘immunosuppressive’ molecules that can (1) inhibit or block

cell-surface costimulatory molecule expression (IL-10, TGF-�, CTLA4-Ig),

(2) prevent proliferation of allogeneic T cells (IDO), (3) induce and maintain 

T-cell anergy (B7-H1), (4) promote the deletion of Ag-specific T cells (CD95L,

TRAIL) [25]. To date, there have been no reports of donor-specific tolerance

being achieved across MHC barriers using genetically modified, donor-derived

DCs alone. However, of considerable significance is the finding that a single,

pretransplant infusion of NF-�B ODN (NF-�B specific ‘decoy’ oligodeoxyri-

bonucleotides)-treated, CTLA4-Ig-transduced donor MDCs markedly prolong

fully MHC-mismatched vascularized heart allograft survival, with 40% of the

animals exhibiting long-term (�100 day) graft survival [50].
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All these approaches have been tested using MDCs. Identification of

additional DC subsets with different functional properties has led to their inves-

tigation for tolerogenic potential. In particular, considerable interest has grown

around plasmacytoid (p)DCs. It has been reported [1] that immature pDCs,

freshly isolated from human peripheral blood, can induce Ag-specific anergy in

CD4� T cell lines. This phenomenon may involve the inhibitory receptors 

Ig-like transcript 3 and 4, expressed on the surface of immature pDCs [1].

Furthermore, in mice, our preliminary data indicate that a single pretransplant

infusion of highly purified, freshly isolated donor pre-pDCs from mouse

secondary lymphoid tissue markedly prolongs vascularized organ allograft

survival [51]. Compared to results obtained with MDCs and CD8�� DCs in

mice under the same experimental conditions, pDCs exhibit a more pronounced

tolerogenic effect.

DC Therapy – The Indirect Pathway
The impressive results obtained with various strategies of donor-derived

DC treatment in small animal models seem to contrast with the previously

described concept of rejection determined by both direct and indirect pathways

of T-cell activation and the need to inhibit both to properly control the rejection

response. However, it has been shown that donor-derived DCs can transfer

allogeneic MHC molecules to recipient DCs in vivo [3]. Thus, it has been

argued that administration of donor DCs may also exert an influence on the

indirect pathway of allorecognition. Given that the role of the direct pathway

diminishes with time after transplantation, while that of the indirect pathway

appears to be sustained, and participates in chronic rejection, attempts have

been made to target the indirect pathway via DC therapy. In a rat model,

recipient DCs (BM-derived or thymic) pulsed ex vivo with immunodominant

donor MHC I-derived allopeptides, were injected into the thymi of recipients,

7 days before transplant. This led to permanent survival of cardiac or islet

grafts when administered with antilymphocyte serum [52, 53]. A similar effect

was observed when recipient DCs, pulsed with donor allopeptides, were admin-

istered intravenously – a more feasible route in relation to possible clinical

application [54, 55].

This strategy of ex vivo pulsing of recipient DCs with immunodominant

MHC-derived peptides (or other sources of donor MHC, such as apoptotic

bodies or exosomes), is likely to yield improved results with use of pharma-

cologically modified DCs. A promising example concerns preoperative

injection of mouse organ allograft recipients with rapamycin-treated, donor

alloAg-pulsed, recipient-derived DCs that significantly prolongs graft survival

in a donor-specific manner [56]. Use of specific (more tolerogenic) recipient

DC subsets may give even better results, considering the observation that 
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pre-pDC represent a significantly higher proportion of circulating DC

precursors (compared to MDC) in tolerant human organ transplant recipients,

compared with patients requiring maintenance immunosuppression [57]. As

an alternative, genetic engineering of recipient DCs may also be considered.

Billing et al. [58] have shown that administration of immature recipient DCs

encoding a donor MHC I transgene prolongs cardiac allograft survival.

DC therapy also seems to be effective in preventing/ameliorating chronic

rejection (transplant vascular sclerosis). Thus, Wang et al. [59] have demon-

strated that peritransplant administration of purified donor immature splenic

DCs, in combination with blocking anti-CD154 mAb, strongly inhibits the

development of intimal thickening, fibrosis, and proliferation of �-smooth

muscle actin� cells in a murine aortic allograft model.

DC Therapy and the Outcome of Kidney Transplantation

Various experimental transplant models have validated the idea of targeting

DCs to prevent kidney allograft rejection and induce a robust form of tolerance

(table 1). Impressive results have been obtained in a rhesus macaque renal

allograft model, using a combination of peritransplant treatment with a 

T cell-depleting agent (anti-CD3 immunotoxin) and a 15-day course of

deoxyspergualin – an NF-�B inhibitor that suppresses DC maturation and proin-

flammatory cytokine production [60]. 87% of the recipients showed allograft

survival with no form of rejection without the need for continued immunosup-

pressive treatment. The efficacy of this treatment correlates with significant

reduction of mature DCs in recipient lymph nodes, together with the coincident

reduction in lymph node T-cell mass. These data provide a striking example of

renal transplant tolerance linked to in situ inhibition of DC maturation.

Significant prolongation of mouse renal allograft survival has been

achieved by pretransplant portal venous infusion of a mixture of donor-derived

MDCs transduced to express TGF-�1 or IL-10. This protective effect corre-

lated with the inhibition of cytotoxic T lymphocyte induction and with enhance-

ment of Th2 responses [61]. Recently, further encouraging and more clinically

relevant result has been described by Mirenda et al. [62]. They have shown that

pretreatment of rats (7 days before transplant) with dexamethasone-treated DCs

(obtained from F1 donors) coexpressing donor and recipient MHC molecules,

together with a single dose of CTLA4-Ig (one day later), lead to indefinite

kidney allograft survival after a short postoperative course of cyclosporine A

(to inhibit the early direct pathway response). This striking therapeutic effect

seems to be associated with the presence and function of indirect pathway Treg

cells [62], confirming the validity and importance of interventions aimed
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at modulating the Ag-presenting function of DCs to obtain a robust form of

tolerance.

There is recent evidence that in vivo-mobilized kidney DCs are function-

ally immature and can prolong allograft survival in a mouse organ transplant

model [63]. This observation raises interesting questions about the potential

tolerogenicity of immature DCs mobilized in potential kidney allograft donors

with hematopoietic growth factors.

Conclusion

After more than 20 years of research on their role in organ transplantation

outcome, a better understanding of the fundamental role of DCs in regulation of

Table 1. Dendritic cells, therapy of kidney allograft rejection and tolerance induction

Model Approach Result Comments References

Rhesus Peritransplant Allografts survived Marked reduction [60]

macaque administration without rejection in mature DCs 

of anti-CD3 in 87% of the in recipient lymph

immunotoxin � recipients nodes, attributed

15 days course of to deoxyspergualin

deoxyspergualin

Mouse Portal vein Consistent The first [61]

infusion of a extension of indication of 

mixture of graft survival the efficacy of 

donor-derived time genetically 

MDCs transduced modified DC 

to express TGF-�1 in controlling

or IL-10 kidney allograft 

rejection

Rat Pretransplant Indefinite Tolerance [62]

infusion of allograft survival associated with

dexamethasone- induction of 

treated DCs indirect 

coexpressing donor pathway 

and recipient Treg cells

MHC molecules �
single dose of 

CTLA4-Ig � short 

course of 

cyclosporine A
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the alloimmune response has been obtained, together with a clear indication that

these cells have tolerogenic potential. The evaluation of DC-based therapy for

the control of the alloimmune response and the induction of tolerance is in its

infancy. Further insights are necessary regarding the elaborate cross-talk

between DCs and the effector cells of the adaptive immune response. An exam-

ple of this emerging knowledge is the recent demonstration of a relationship

between expression of different Notch ligands on DCs and their ability to induce

Th1/Th2 responses [64], a process that needs to be further understood in order

to create a firm basis for better manipulation/control of the alloimmune

response. Furthermore, the early ‘simple’ view of costimulation has recently

become more complex by the discovery of several new signaling pathways

involving CD70, OX40L and inducible costimulator ligand on DCs whose

specific role and activities are currently under investigation. Moreover, an even

more complex situation is evident from the identification of novel ‘coregula-

tory’ molecules of the B7 family (B7-H1, B7-DC, B7-H3 and B7-H4) that show

potent inhibitory effects on T-cell activation, but whose mechanisms of action

require further investigation (some of their cognate receptors have not yet been

identified), as stimulatory effects have also been described for these molecules

[65]. Recent investigations have underscored the potential exploitation of these

new pathways to control the alloimmune response [66, 67].

On the whole, these pathways offer new opportunities for targeting/

manipulating DC function to modify their ability to regulate immune reactivity.

Combination of DC therapy (using specific manipulated DC subsets) with peri-

or post-transplant therapies, that target DC-T cell interaction/T cell function,

may predispose to stable allograft tolerance and allow weaning of chronic

immunosuppressive regimes.
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Abstract
It is now well recognized that regulatory T cells (Treg) play a central role in the control

of both reactivity to self-antigens and alloimmune response. Several subsets of Treg with

distinct phenotypes and mechanisms of action have now been identified. They constitute a

network of heterogeneous CD4� or CD8� T cell subsets and other minor T cell populations

such as nonpolymorphic CD1d-responsive natural killer T cells. Treg not only play a main

role in maintaining self-tolerance and preventing autoimmune disease but can also be

induced by tolerance protocols and seemed to play a key role in preventing allograft rejec-

tion, as demonstrated in many animal models. Of particular interest, in stable transplant

patients, CD4�CD25� and CD8�CD28� Treg have been recently shown to modulate

immune response toward donor antigens in the indirect and direct pathway, respectively. This

finding raises the possibility that such Treg also have a role in the induction or maintenance

of transplant tolerance in humans.

Copyright © 2005 S. Karger AG, Basel

Regulatory T Cells: Different Phenotypes 
and Mechanisms of Action

Suppression by regulatory T cells (Treg) has emerged as an essential tool

by which the immune system can actively either silence self-reactive T cells or

turn off activated T cells, thus controlling immune responses to self-antigens

and maintaining immune homeostasis. Several subsets of Treg with distinct

phenotypes and mechanisms of action have now been identified. They consti-

tute a network of heterogeneous CD4� [1–4] or CD8� [5, 6] T cell subsets and

other minor T cell populations such as nonpolymorphic CD1d-responsive
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natural killer T (NK T) cells [7, 8]. Treg can be distinguished into innate and

adaptive. Innate Treg spontaneously arise during thymic ontogeny and are gen-

erated as a result of high-affinity interactions with cognate self-peptide/major

histocompatibility complex (MHC) complexes within the thymus. In contrast,

adaptive Treg have been shown to be specific for antigens not present in the

thymus and similar to Th1 and Th2 cells, arise from naïve precursors and can

be differentiated in vitro and in vivo.

Natural Treg (Table 1)

In both humans and rodents the best-characterized population of Treg are

the CD4�CD25� T cells, a subset of Treg constitutively coexpressing CD4 and

CD25 (IL-2R � chain) antigens. CD4�CD25� Treg, which constitute 5–10%

of peripheral CD4� T cells, are defined as ‘naturally occurring’ or ‘innate’

regulatory cells since they arise during thymic ontogeny, and are selected as

a result of relatively high-affinity interactions with self-peptide/MHC complexes

[9]. These cells play a main role in maintaining self-tolerance and preventing

autoimmune diseases [2]. In naive mice, elimination of CD4�CD25� Treg, by

a thymectomy carried out at day 3 of age, induced the onset of a polyautoim-

mune syndrome [10]. Importantly, adoptive transfer of CD4�CD25� T cells

from naive mice to thymectomized animals protected from autoimmunity [10].

CD4�CD25� Treg are anergic cells that, once activated, are able to inhibit

both proliferation and cytokine production by CD4� and CD8� T cells in a cell

contact-dependent and partially cytokine-independent manner. The contribution

of cytokines, in particular TGF-�1, to the suppressive activity is a controversial

issue. Murine CD4�CD25� Treg are characterized by high levels of TGF-�1, in

a cell surface bound form, and the ability of these cells to suppress CD25� T

cell proliferation is abolished by an anti-TGF-�1 antibody [11, 12]. On the other

hand CD4�CD25� Treg from TGF-�1-deficient mice can suppress naïve

Table 1. Natural regulatory T cells

Phenotype Disease*(ref) Suppressive Regulatory 

mechanism factors

CD4�CD25� Autoimmunity [10] Cell contact-dependent IL-10

TGF-�
CTLA-4

NK T Murine diabetes [20, 21] Th2 cell-polarization IFN-�
Murine GVHD [7] IL�4

GVHD: Graft-versus-host disease. * Disease associated with natural regulatory T cell deficit
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CD25� T cells as well [13], which would suggest that TGF-� is dispensable to

regulatory activity.

The main mechanism of suppression by CD4�CD25� Treg seems to be the

inhibition of IL-2 production by responder T cells [14]. Interestingly, both in

mice and in humans CD4�CD25� Treg have been shown to constitutively

express CTLA4 (CD152). Recently, Fallarino et al. [15] demonstrated that

mouse CD4�CD25� Treg block the immunostimulatory function of antigen

presenting cells (APCs) through CTLA4 engagement of B7 molecule which

attributes a key role to CTLA4 in Treg function. Thus, CD4�CD25� Treg can

exert their regulatory activity either by directly suppressing T cells or indirectly

through modulation of APC function.

Identification of a specific marker for Treg remains a controversial issue

since activated effector CD4� T cells also express CD25. Finding that mice

carrying the X-linked scurfy mutation in FoxP3 gene display multiorgan

autoimmune disease and lack conventional CD4�CD25� Treg [16, 17] has

focused the attention on FoxP3 as a specific marker of Treg in mice. In mice,

FoxP3 has been shown to be expressed exclusively by CD4�CD25� Treg and

is not induced upon activation of CD25� T cells. In addition, transfection with

FoxP3 converts naïve CD4�CD25� T cells into Treg [18]. Of particular inter-

est, Walker et al. [19] have recently shown that in humans, activation of

CD4�CD25� T cells results in the raise of two populations of cells, effector

CD4�CD25� and regulatory CD4�CD25� T cells, with expression of FoxP3

confined to the regulatory cell subpopulation.

A second type of spontaneously arising Treg has emerged in recent years

that is part of the innate immune system, the NK T cells. Indeed, finding that

autoimmune-prone mouse strains, such as nonobese diabetic mice, have a

numerical and functional NK T cell deficiency, have proposed NK T cells as

another ‘naturally occurring’ Treg subset [20]. NK T cells recognize CD1d, a

nonpolymorphic class I MHC-like antigen-presenting molecule that binds

glycolipids. Activation of NK T cells, followed by the release of large quantities

of IFN-� and IL-4, has been shown to ameliorate autoimmune diabetes in

nonobese diabetic mice by polarizing immune responses to a T helper type 2

pattern [21].

In a model of graft-versus-host disease (GVHD) induced by infusion of

bone marrow T cells from normal mice (C57BL/6) in lethally irradiated hosts

(BALB/c) [7] the depletion of NK T cells from bone marrow before infusion

increased the percentage of hosts who died by GVHD. Add-back of bone

marrow-derived NK T cells protected hosts against lethal GVHD. However,

add-back of NK T cells from IL-4�/� donors failed to provide protection,

indicating that IL-4 plays a key role in the inhibition of lethal GVHD by 

NK T cells.
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Adaptive Treg (Table 2)

In addition to naturally occurring Treg, it appears to be possible to steer an

uncommitted T cell toward regulatory function (induced or adaptive Treg).

Adaptive Treg can be generated either in vivo, from mature CD4� T cell

populations under particular conditions of antigenic stimulations, or ex vivo by

culturing naive CD4� T cells with antigen or polyclonal activators in the pres-

ence of immunosuppressive factors. Antigen exposure by oral administration has

been shown to induce selectively the appearance of CD4� T cells with regulatory

properties. These Treg, named Th3 cells, were originally generated and identified

in mice orally tolerized to myelin basic protein (MBP) [22]. After treatment with

MBP, the majority of MBP-specific CD4� T cells secrete TGF-� and suppress

the induction of a MBP-specific experimental autoimmune encephalitis (EAE)

in vivo [22]. This suppression is abrogated by injection of anti-TGF-� antibodies.

Table 2. Adaptive regulatory T cells

Phenotype Disease/Experimental Differentiation Suppressive Regulatory 

model (ref) factors mechanism factors

Th3 Murine EAE [22] TGF-� Cell contact- TGF-�
Human multiple IL-4? independent

sclerosis [23] TGF-�-dependent

Tr1 Murine colitis [24] IL-10 Cell contact- IL-10

Murine EAE [27] Dex�Vit D3 independent TGF-�
CD3/CD46

stimulation

IL-10 � IFN-�
Immature DCs

CD8� ? CD40L-activated Cell contact- IL-10

DC2 independent

Injection of 

immature

DCs

CD8�CD28� Human ? Cell contact- ILT3

transplantation [46] dependent ILT4

CD4�CD25� Transplantation ? Cell contact- IL-10

[36, 37, 40, 41] dependent TGF-�
Murine GVHD [42] CTLA-4

EAE: Experimental autoimmune encephalomyelitis; GVHD: graft-versus-host disease;

Dex: dexamethasone; DC: dendritic cell; ILT: immunoglobulin-like transcript.
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Furthermore, these Th3 cells suppress the proliferation and cytokine release of

MBP-specific Th1 cells in vitro in a TGF-�-dependent manner [23].

Another CD4� T cell subset with suppressive activity has been induced

in vitro by antigenic stimulation of naïve CD4� T cells in the presence of IL-10

[24, 25]. These Treg, designed T regulatory type 1 cells (Tr1), are characterized

by a unique cytokine profile distinct from that of Th0, Th1, or Th2 cells. They

produce IL-10, TGF-�, some IL-5 and IFN-�, and little or no IL-2 and IL-4

[3, 26], express very low levels of CD25 in resting conditions [25], do not

proliferate in response to IL-2 unless at extremely high concentrations [25] and

strongly suppress the activity of both Th1 and Th2 T cells through the release of

IL-10 and TGF-� in a completely cell-contact-independent manner.

Tr1 cells have been shown to prevent the development of colitis induced by

the transfer of naïve CD45RBhi cells into SCID mice, a model of Th1-mediated

autoimmune disease [24]. In addition, Tr1 cells differentiated with dexametha-

sone and vitamin D3 suppressed the induction of EAE in mice [27]. Protection

from EAE was dependent on the presence of the antigen being recognized by

Tr1 cells, indicating that they must be activated via TCR in order to exert their

regulatory effect. However, once activated Tr1 cells suppress T cell response in

an antigen-nonspecific manner as documented by data that Tr1 clones specific

for filamentous hemagglutinin from Bordetella pertussis, inhibited proliferation

and cytokine production by a Th1 clone against an unrelated antigen, influenza

virus hemagglutinin [28]. Recently Tr1 cells have also been obtained

from human CD4� T cells by coengagement of CD3 and the complement

regulator CD46 in the presence of IL-2 [29] suggesting a role for CD46 in

human T cell regulation and establishing a link between the complement system

and adaptive immunity.

It has been proposed that Tr1 cells derive from CD4�CD25� Treg that

emerge from the thymus in a partially differentiated state and terminally mature

into IL-10 and TGF-�-producing Tr1 cells only upon encountering antigens in

the periphery [30]. This possibility has been refuted by recent data showing

that human CD4�CD25� cells can be differentiated in vitro into Tr1 cells by 

IL-10 and IFN-� in the absence of CD4�CD25� T cells [31]. Whether Tr1 cell

generation could be induced by a dedicated cell population has also been investi-

gated. Recent data suggest that immature dendritic cells (DCs), i.e. under steady

state conditions, play a crucial role in maintaining self-tolerance by inducing the

formation of Tr1 cells. Indeed, Jonuleit et al. [32] showed that repetitive stimula-

tion of naïve cord blood-derived CD4� T cells by allogeneic immature dendritic

cells generated IL-10 producing T cells displaying most of the typical properties

of Tr1 cells. Recent evidence document that human CD4�CD25� Treg, besides

inhibiting the proliferative response of naïve CD4� T cells, modify their pheno-

type and generate IL-10-producing Tr1-like cells [33, 34]. The above data create
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a functional link between the two Treg populations suggesting that tolerance to

peripheral antigens is a well-orchestrated process.

Beside naturally occurring, CD4�CD25� Treg can also be induced by

tolerance protocols and play a role in preventing allograft rejection, as

demonstrated in many animal models [35]. In this regard, in a model of rat

kidney allograft tolerance induced by preinfusion of donor peripheral blood

leukocytes, it has been shown that lymph node cells from long-term surviving

rats inhibit naïve T cell proliferation against donor antigens, and that this

immunoregulatory activity is confined to the CD4�CD25� subset [36].

Furthermore, it has been demonstrated that CD4�CD25� Treg with the capac-

ity to prevent skin allograft rejection can be generated in mice by pretreatment

with donor alloantigen under the cover of nondepleting anti-CD4 therapy [37].

CD4�CD25� Treg isolated from the spleens of these tolerant mice are donor

specific and can transfer tolerance when infused into a naïve recipient [38]. Of

great interest, the same group has recently shown that such Treg are generated

in the periphery from CD4�CD25� precursors indicating that their ontogeny

is distinct from that of naturally occurring CD4�CD25� Treg [39].

Interestingly, Cobbold et al. [40] recently investigated whether CD4�

CD25� Treg induced by a nondepleting anti-CD4 mAb tolerance protocol

express FoxP3 like their naturally occurring counterpart. The authors used a

model of skin graft with female transgenic mice, which have no detectable pre-

existing CD4�CD25�FoxP3� Treg in the thymus or periphery, as recipients.

Long-term skin graft tolerance was associated with the presence within the graft

of Treg that expressed CD4, CD25 and high levels of FoxP3 mRNA, and that

would appear to have arisen de novo in the periphery. In a previous study, how-

ever, the role of pre-existing natural CD4�CD25� Treg in generating allograft

tolerance under the cover of CD4-targeted therapy has been proposed.

Thymectomy before, but not after, transplantation prevents the induction and

generation of Treg in CD4-mAb-treated rat recipients, suggesting that this Treg

are derived from recent thymus emigrants [41].

Induced CD4�CD25� Treg have been shown to play an important role also

in allogeneic bone marrow transplantation by protecting recipients from acute

GVHD. In this setting, emerging data demonstrate that infusion of ex vivo-

activated and expanded donor CD4�CD25� Treg can offer substantial protection

in an in vivo model of the disease in mice [42].

Immunoregulatory activity is not exclusively confined into CD4� T cells;

indeed data on the existence of a subset of CD8� T cells with strong regulatory

properties have now been emerging. In humans, IL-10 producing CD8� Treg

have been induced either in vitro by interaction of naïve CD8� T cells with

CD40-L-activated plasmacytoid dendritic cells [6] or in vivo by injection of

immature dendritic cells into healthy volunteers [43]. Like Tr1 cells, these
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CD8� Treg exert their suppressive activity in a cell-contact-independent

manner. Another subset of CD8� Treg has been found recently. They are

characterized by the lack of CD28 receptor and are referred to as CD8�CD28�
Treg [44]. CD8�CD28� Treg suppressive activity is cell-contact dependent;

they recognize MHC class I peptide complexes on APCs, rendering them

tolerogenic by up-regulation of inhibitory receptors such as immunoglobulin-

like transcripts 3 and 4 (ILT3 and ILT4). In turn, ILT3 and ILT4 overexpression

prevents APC up-regulation of costimulatory molecules, such as CD80,

induced by allogeneic CD4� T cells [45, 46].

Regulatory Cells in Transplant Patients

A large fraction of stable transplant patients show a low in vitro alloreac-

tivity [47] that in the past has been attributed to T cell anergy [48]. However, as

suggested by animal models [38], a low reactivity toward donor antigens may

also reflect the presence of Treg.

Efforts to study the role and the relevance of CD4�CD25� Treg in the

regulation of alloimmune responses in transplant patients has only recently

emerged. The frequency and functional profile of circulating CD4�CD25�

T cells have been evaluated in 10 lung transplant recipients with stable clinical

condition and in 11 patients with clinical signs of chronic rejection. The

frequency of CD4�CD25� T cells was significantly higher in stable transplant

patients as compared with that recorded in patients with chronic rejection. In

addition, functional evaluation of these cells demonstrated their regulatory

profile: they were hyporesponsive to conventional T cell stimuli and suppressed

the proliferation of CD4�CD25� T cells [49].

To better clarify the function of CD4�CD25� Treg in clinical transplanta-

tion, other authors investigated their role in regulating either the direct or the

indirect pathway of alloimmune activation. The effect of Treg on the direct

pathway was evaluated on peripheral blood leukocytes isolated from 12 stable

renal transplant patients by using mixed leukocyte culture, limiting dilution

assay, and ELISPOT for INF-�. Depletion of CD4�CD25� cells from patients’

peripheral blood leukocytes did not increase the low frequency of donor-

specific alloreactive T cell clones, thus excluding a role of CD4�CD25� Treg

in maintaining hyporesponsiveness [50]. On the other hand, other authors have

suggested that CD4�CD25� Treg may control T cell response through the

indirect pathway. In stable renal transplant patients, chosen for having low reac-

tivity to the mismatched donor-derived HLA-DR antigens, Salama et al. [51]

detected significant increase in the frequency of IFN-�-producing T cells after

depletion of the CD25� subset.
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As mentioned above, CD8�CD28� Treg display regulatory function by

inducing up-regulation of inhibitory receptors such as ILT3 and ILT4 on APCs

[45, 52]. Interestingly, in humans, up-regulation of ILT3 and ILT4 on donor

monocytes has been correlated with the absence of acute rejection in heart allo-

graft recipients [46], which suggest a role of CD8�CD28� Treg in maintain-

ing hyporesponsiveness.

It has been shown that human CD8�CD28� Treg arise in the course of

repeated in vitro allostimulations which lead to hypothesize that they may also

develop in vivo in recipients of allogeneic transplants. In this regard, Ciubotariu

et al. [53], by performing flow cytometry analysis of blood samples from heart,

liver, and kidney transplant recipients, detected donor-specific CD8�CD28�
Treg in all patients with a stable graft function. In contrast, these cells were not

detectable in the circulation of patients undergoing acute rejection. These data

provided the evidence that the presence of CD8�CD28� is relevant to the

outcome of transplants and that these cells participate in the induction and

maintenance of peripheral tolerance.

CD8�CD28� Treg act by inhibiting the activity of donor-derived APCs

and block the direct pathway, thus their activity could be considered as

complementary to that of CD4�CD25� cells, which have been demonstrated

to act mainly in the control of the indirect pathway.
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Introduction

The immune system has developed several checkpoints and regulatory

systems to discriminate between self and nonself antigens (Ags) and avoid

autoimmunity. Included among them are: (1) negative selection of autoreac-

tive T cells in the thymus [1]; (2) elimination of autoreactive T cells via acti-

vation-induced cell death [2–6]; (3) induction of anergy upon TCR triggering

in the absence of costimulation [7–9]; (4) inhibition of immune function by

T suppressor cells [10].

Research on T suppressor cells has re-emerged in the late 1990s when

several subsets of T cells were shown to inhibit the proliferation of other cells.

Two broad categories of regulatory T cells (T regs) have been recognized. The

first consists of naturally occurring and the second, of induced T regs [10–12].

The naturally occurring CD4�CD25� T reg subset is generated in the

thymus as a functionally distinct subpopulation of T cells [10–18]. These nat-

ural T regs play a major role in regulating self-reactive T cells and preventing

autoimmune diseases. The transfer of T cell populations, from which the

CD25� subset has been depleted, into T cell-deficient mice caused severe

autoimmune disorders, such as thyroiditis, gastritis, insulin-dependent diabetes

mellitus and colitis [13, 16, 17]. Conversely, infusion of the T reg cells in these

animals strongly suppressed autoimmunity. Recent evidence indicates that the

transcription factor FOXP3 acts as the ‘master control gene’ for T regs [18–20].

A mutation in the gene encoding FOXP3 was identified as the genetic defect

underlying autoimmune and inflammatory disease in scurvy mice and in

humans with immune dysregulation, polyendocrinopathy, enteropathy X-linked

syndrome, IPEX, and X-linked autoimmunity allergic dysregulation syndrome,



T Suppressor Cells in Transplantation 133

(XLAAD) emphasizing the importance of CD4�CD25� T regs in the mainte-

nance of normal immune homeostasis.

FOXP3 is a member of the forkhead–winged helix family of transcription

factors. While in mice FOXP3 is stably expressed by CD4�CD25� T regs and

cannot be induced by activation of CD4�CD25� T cells, in humans it can be

induced by activation and exposure to transforming growth factor-� (TGF-�).

CD4�CD25� T regs suppress activation and proliferation of naive CD4�
T cells in vitro through cell-cell contact [18]. T reg cells, because they are

thought to be in an anergic state, do not proliferate in response to antigens (Ags)

presented by MHC class II molecules [18]. Triggering of T reg cells by anti-CD3

plus anti-CD28 monoclonal antibodies or exposure to IL-6 breaks the anergic

state and abrogates the suppressor function of T reg [19, 20]. Also, triggering by

an agonistic antibody of the cell surface receptor glucocorticoid-induced TNFR-

related protein (GITR; TNFRSF18), which is constitutively expressed on the

surface of T reg cells [21, 22] abrogates the suppressor activity of T regs. The

mechanisms by which natural CD4�CD25� T regs act in different autoimmune

disease models seem to involve a discretionary requirement for the cytokines 

IL-10 and TGF-� [14], and may depend on signals through CTLA-4 [19, 23, 24]

as well as regulation coordinated by GITR [25, 26].

Induced T reg cells fall into two categories, one consisting of non-Ag-

specific CD4� T reg and the other of Ag-specific CD8�CD28� T suppressor

cells (TS) and CD4�CD25� T regs.

Non-Ag-specific regulatory CD4�CD25� T cells can be generated from

naïve peripheral CD25� precursors under certain culture conditions, such as by

exposure to IL-10 and interferon-� (IFN-�) or TGF-�, or by stimulation with

immature myeloid dendritic cells (DC) or mature plasmacytoid DC [10].

Activation, in vitro or in vivo, of human or mouse CD4� T cells in the presence

of IL-10 results in the generation of T cell clones which produce significant

amounts of IL-10, IFN-�, TFG-� and IL-5. These T cell clones, named TR1,

inhibit Ag-induced activation of naïve autologous T cells via a mechanism,

which is partially mediated by IL-10 and TGF-� [10, 27]. T cells with a TR1

cytokine profile have been described in several models of autoimmune diseases

and transplantation [28–32]. In most cases, TR1 cells arise following repeated Ag

stimulation either in vitro or in vivo [27]. However, their inhibitory effect on

other T cells is not Ag specific.

The extent to which cell contact or soluble factors are required for 

TR1-mediated suppression of TH reactivity is still unknown. Experiments in

which cytokine production was excluded by first activating and then fixing nat-

urally occurring CD4�CD25� TR cells showed that these cells maintain their

capacity to suppress normally responding CD4�CD25� population rendering

them anergic. The newly anergized population further suppressed syngeneic
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CD4� T cells via the production of inhibitory cytokines [33, 34]. It was

suggested that suppression occurs in two sequential steps: The first one is a cell

contact-dependent ‘transmission’ of anergy from a T reg to another T lymphocyte,

while the second is a cell contact-independent, cytokine-mediated suppression of

other T helper cells [33, 34].

Other non-Ag-specific T reg subtypes have been described including ��,

NK1.1 T cells, CD8�CD25� and CD4�CD8� T cells, but they remain poorly

characterized [11].

A distinct category of T regs characterized by their Ag-specific activity and

mechanism of action is CD8�CD28� TS cells first described by our group.

We showed that CD8�CD28� TS specific for alloantigens, xenoantigens or

nominal Ags could be generated in vitro by repeated antigenic stimulation

[35–46]. Next, we provided in vivo evidence that CD8�CD28� T cells act as

suppressors in patients with heart, kidney or liver allografts [41, 43–48]. We

further demonstrated that Ag-specific CD8�CD28� TS express FOXP3�,

derived from an oligoclonal population of CD8�FOXP3� cells, are MHC

class I restricted, have no killing capacity and do not produce cytokines

[35–46]. Instead they act on professional (DC) and nonprofessional (endo-

thelial cells) antigen presenting cells (APC) directly i.e., by cell-to-cell con-

tact, inducing qualitative changes characteristic of an alternative pathway of

maturation toward a tolerogenic rather than immunogenic phenotype. These

changes include the down-regulation of NF-�B-dependant costimulatory mol-

ecules such as CD40, CD58, CD80, CD86, and the up-regulation of inhibitory

receptors immunoglobulin-like transcript (ILT)3 and ILT4 [41, 43–48].

CD4� TH, which interacts with tolerogenic APC, become anergic and

acquires regulatory activity. Our data support a model in which T cell-mediated

suppression results from the sequential interaction between first, TS and APCs

and next, ‘tolerized’ APCs and TH. In turn, anergic TH acquire regulatory

capacity, in conjunction with FOXP3 expression, and further perpetuate

tolerance [10, 47]. The central role of ILT3high, ILT4high APC in the induction of

suppression was further demonstrated in experiments in which we induced the

up-regulation of these inhibitory receptors in DC by treating the cells with 

IL-10 plus IFN-� or IL-10 plus vitamin D3. Such ILT3high ILT4high DC induced

the in vitro generation of TS and TR from unprimed populations of CD4� and

CD8� T cells [10, 39, 47, 48].

Progress in understanding the mechanisms of Tcell activation and inacti-

vation is currently being translated into strategies, enabling induction of selec-

tive immunosuppression for treatment of autoimmune diseases, allergies and

allograft rejection. There is an imperative need for Ag-specific immunosup-

pression, as systemic immunosuppression is associated with an increased risk

of malignancies, infection and considerable toxicity. Progress in the generation
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and characterization of TS, T regs and tolerogenic APC may pave the way to the

induction of immunological tolerance.

Molecular Characterization of TS

To gain insight into the common denominators of Ag-specific and nonspe-

cific T reg cells, we have analyzed some of their characteristics at the molecular

level. We compared the expression of genes, known to be up-regulated in natural

CD4�CD25� T reg cells from fresh peripheral blood [18, 23, 49–55] with their

expression in allospecific CD8�CD28� TS from T cell lines (TCL) [56]. The

following genes were studied by RT-PCR: CD25, GITR, CTLA-4, FOXP3,

CD62L, OX40, 4–1BB, TNFR2 and CD103. All of these genes showed similar

levels of expression in natural T reg cells- and Ag-induced TS. The exceptions

were: CD25, which showed higher expression in natural compared to induced T

reg cells; CD62L and 4–1BB which showed lower expression in CD8� compared

to CD4�CD25� TR. Unprimed CD8�CD28� T cells from fresh peripheral

blood, which have no regulatory function, do not express FOXP3, GITR, OX40,

CD25, CD62L and 4–1BB. Compared to the regulatory cells they show low lev-

els of CTLA-4 and TNFR2, yet similar levels of CD103 expression [56].

To examine the structure of the FOXP3 transcript expressed by

CD8�CD28� TS from allospecific TCL and T cell clones TCC, we used

primers complementary to the 5� and 3� untranslated regions of the FOXP3 tran-

script and amplified the coding region of this gene. Sequence analysis of seven

isolated clones and comparison with the GenBank database indicated the pres-

ence of a novel, alternatively spliced form of the previously described FOXP3

gene. Alignment of amino acid sequences of the two FOXP3 isoforms showed

that the newly identified isoform lacks exon 3 encoding a 35-amino acid region

corresponding to position 71–105 of the previously described FOXP3 protein

product. This isoform is also expressed in natural CD4�CD25� TR. However,

neither CD4�CD25� nor CD8�CD28� and CD8�CD28� T cells from fresh

peripheral blood of healthy adult individuals express either FOXP3 or FOXP�
[48]. Study of CD8�CD28� T cell clones derived from allospecific TCL

showed that in most T cell clones the two isoforms were coexpressed.

In a further attempt to better define CD8�CD28� TS and identify genes

which are important for their function we performed mRNA microanalysis of

CD8�CD28� and CD8�CD28� T cells from five different TCL [56].

Affymetrix gene chip analysis of 12,000 genes showed that 72 genes were

differentially expressed in CD8�CD28� T cells compared to CD8�CD28�
T cells. Among the genes with higher expression in the CD8�CD28� T cell

subset, three were members of the killing inhibitory receptors (KIR) family:

KIR3DL1 (NKAT3, CD158E2), KIR3DL2 (NKAT4, CD158K) and KIR2DL3

(NKAT2, CD158B2) [56].
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The oncogene LYN (V-YES-1 Yamaguchi Sarcoma Viral Related

Oncogene Homolog) was also expressed at higher levels in CD8�CD28� TS

compared to CD8�CD28� cytotoxic T cells (TC). Lyn is a tyrosine kinase

which is essential for establishing immunoreceptor tyrosine-based inhibitory

motif-dependent signaling and for activation of specific protein tyrosine

phosphatases in myeloid cells. It is possible that the higher expression of

the tyrosine kinase Lyn in CD8�CD28� TS cells is required for establish-

ing immunoreceptor tyrosine-based inhibitory motifs dependent signaling

through KIRs.

Taken together our data demonstrate that alloantigen-specific

CD8�CD28� Ts share with natural CD4�CD25� T reg increased mRNA

expression of genes associated with their suppressor function.

Molecular and Functional Events Resulting 
from TS-Mediated Suppression
To define the molecular changes induced by TS in DC, we analyzed the

mRNA expression profiles of tolerogenic DC using Affymetrix gene

chips. The overall picture that emerged was that tolerogenic DC differs from

both immature and mature DC with respect to molecules involved in 

signal transduction, chemokines, cytokines, transcription factors, apoptosis-

related proteins and cell growth regulators [42]. Most importantly, tolero-

genic DC exhibit a high cell surface expression of the inhibitory molecules,

ILT3 and ILT4, which are crucial to the tolerogenic capacity acquired by

DC [41].

ILT3 and ILT4 were thought to be expressed exclusively by monocytes,

macrophages and DC. They were shown to display long cytoplasmic tails

containing immunoreceptor tyrosine-based inhibitory motifs and inhibit cell

activation by recruiting protein tyrosine phosphatase SHP-1 [57–61].

We found that tolerogenic DC with increased ILT3 and ILT4 expression

induce TH anergy inhibiting the capacity of alloreactive CD4� T cells to pro-

liferate [41].

By overexpressing ILT3 and ILT4 as myc fusion proteins in the DC line

KG1, we generated tolerogenic DC lines which had a reduced capacity to

transcribe NF-�B-dependent costimulatory molecules and induced anergy

in primed or unprimed CD4� T cells. The state of anergy induced by ILT3high

and/or ILT4high DC in the TH cells can be partially abrogated by the corre-

sponding monoclonal antibodies, thus further demonstrating the tolerogenic

function of these molecules [41].

In further studies we demonstrated that CD4�CD25� T cells allostimu-

lated with ILT3high ILT4high DC acquire a characteristic CD4��CD25�CD45RO

�FOXP3� phenotype. These alloantigen-induced TR are MHC class II
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allorestricted. CD4�CD25� TR can be propagated in a medium containing IL-2.

Similar to CD8�CD28� TS, the anergic CD4�CD25� TR cells act directly on

APC in a cytokine-independent manner, inducing the up-regulation of the

inhibitory receptors ILT3 and ILT4. These inhibitory receptors are crucial to the

tolerogenic phenotype acquired by APCs, since the suppressive effect of TR on TH

proliferation is abrogated by mAb to ILT3 and ILT4. The finding that multiple

stimulation of T cells with allogeneic APC results in the differentiation of both

CD8�CD28� TS and CD4�CD25� TR, yet that TR do not develop in cultures

depleted of CD8� cells suggests that allospecific CD8�CD28� TS initiate a ‘T

suppressor cell cascade’ by first tolerizing the APC [47]. These tolerized APC

anergize alloreactive CD4� TH cells, which recognize MHC class II alloantigens

on their membrane. In turn, anergic CD4�CD25� T cells act as TR cells toleriz-

ing other APC. Finally, APC tolerized by anergic CD4�CD25� TR cells may

inhibit the alloreactivity of other CD4� TH cells, thus continuing the cascade of

suppression. Central to this model is the finding that tolerized APC with up-

regulated expression of the inhibitory receptors ILT3 and ILT4 spread unrespon-

siveness to antigen-specific T cells [47].

Such a cascade of events may provide a link between different types of

T regs described before and may also explain the phenomenon of ‘infectious

tolerance’ occurring when allograft tolerance is adoptively transferred

through successive generations of naïve recipients [62]. Both stable and

infectious tolerance may depend on the bidirectional interaction between

T cells and tolerogenic APC which perpetuates the generation of regulatory

elements.

To determine whether the up-regulation of ILT3 and ILT4 is a common

characteristic of tolerogenic DC, we investigated the expression of these

molecules on myeloid DC that were treated with IL-10, IFN-� and/or vitamin

D3 for 24 h. Strong upregulation of ILT3 and ILT4 was induced by these agents

in conjunction with the induction of tolerogenic activity. CD4� T cells

allostimulated with DC pretreated with a mixture of IL-10 and IFN-� or IL-10

and vitamin D3 showed low proliferative capacity and acquired regulatory

function as they inhibited the alloreactive capacity of unprimed CD4� T cells.

This suppressive effect was partially abolished by anti-ILT3 and ILT4 mAb.

Similarly, peptide-primed DC, pretreated with a mixture of IL-10 and IFN- �
induced the generation of CD8�CD28� TS, which inhibited TH and TC func-

tion in an antigen-specific manner. Of notice, the dominant peptide epitope rec-

ognized by TS and TC was found to be identical suggesting that these two

distinct subsets derive from the same precursor [manuscript in preparation].

Our findings represent an important step towards the development of tolero-

genic vaccines as they imply that such vaccines can be obtained by using as a

vehicle ILT3high ILT4high DC.
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Evaluation of the Clinical Significance and Therapeutic 
Potential of Allospecific TS

We have explored the in vivo relevance of CD8�CD28� TS and of

CD4�CD25� TR in recipients of heart, kidney or liver transplants [41, 44–48].

Serial studies of the phenotype displayed by T cells from heart allograft recipients

demonstrated a significant increase of the CD8�CD28�CD27� perforin-nega-

tive T cell population in rejection-free patients. This phenotype is characteristic

of in vitro generated TS as demonstrated by flow cytometry and cDNA microar-

ray profiling [44, 56].

CD8�CD28�CD27� T cells from these recipients inhibit up-regulation of

CD80 and CD86 on CD40-ligated APC from the donor. This inhibitory effect is

MHC class I allorestricted demonstrating the antigen specificity of the in vivo

generated TS [45, 46]. We demonstrated that CD8�CD28� TS from patients in

quiescence induce the up-regulation of ILT3 and ILT4 on donor APC in an MHC

class I-allorestricted manner [41]. CD8�CD28� TS were found in patients’ cir-

culation within the first 6 months post-transplantation and persisted thereafter in

recipients with no evidence of chronic rejection 3 years following transplantation.

Serial determination of the capacity of patient’s CD4�CD25� T cells to

induce the up-regulation of ILT3 and ILT4 on donor APC in an MHC class II-

allorestricted manner yielded similar results [47]. However, CD4�CD25� TR

became detectable at later times following transplantation, that is, 3 months or

more after CD8�CD28� TS could be seen. The delayed differentiation of TR

may represent the in vivo counterpart of the T suppressor cell cascade, which is

initiated by CD8� TS and continued by CD4� TR cells in vitro [47]. Further

studies are required, however, for understanding the dynamics of these events.

The persistence of allospecific-TS and -TR in rejection-free patients late

after transplantation indicates that these T cells which inhibit the direct

allorecognition pathway are continuously stimulated by donor APC. However,

donor DC migrate out of the graft during the early post-transplantation period,

raising some questions about the identity of the APC which stimulate TS and TR

with direct allorecognition capacity. We postulated that endothelial cells (EC),

which are known to act as semi-professional APC, stimulate the direct

allorecognition pathway throughout the lifetime of the graft.

We have explored this hypothesis by first analyzing the effect of

CD8�CD28� T cells from allospecific TCL on human umbilical cord vein EC

(HUVEC) and aortic EC (HAEC) exposed to inflammatory (IFN-� and 

TNF-�) cytokines [48]. TS induced the down-regulation of CD40, CD54,

CD58, CD62E, CD106, HLA class I and HLA class II on activated EC, while

concomitantly up-regulating the expression of the inhibitory receptors ILT3

and ILT4 in an HLA class I-allorestricted manner. TH reactivity to HLA-DR�
EC was inhibited in the presence of TS. This effect was due to up-regulation of
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ILT3 and ILT4 on EC since the TS effect was abrogated by adding to the

cultures of mAb to ILT3 and/or ILT4 [48]. Similar to DC, EC which had been

tolerized by exposure to IFN-� and IL-10 elicited the differentiation of

CD8�CD28� TS from unprimed populations of CD8� T cells [48]. Hence,

modulation of ILT3 and ILT4 expression on professional and nonprofessional

APC renders these cells tolerogenic.

Based on this finding we studied the possibility that heart allograft

recipients in quiescence display CD8�CD28� FOX P3� TS which recognize

specifically donor HLA class I antigens and inhibit the direct allorecognition

pathway by inducing ILT3 and ILT4 expression on graft EC. For this, a panel

of HUVEC lines representative of a wide array of HLA A and B alleles was

transfected with pGL3 constructs containing 766 bp of the ILT4 promoter and

1034 bp of the ILT3 promoter upstream of the luciferase reporter gene. The

transfected EC were used as targets for measuring the capacity of TS to induce

ILT3 and ILT4 transcription. In patients tested within 10–12 months after heart

transplantation, quiescence was associated with the presence in the circulation

of CD8�CD28� FOXP3� TS cells which triggered ILT3 and ILT4 transcrip-

tion in donor-matched EC. A similar correlation was found in rejection-free

patients tested 3 years following transplantation [48].

Conclusion

Study of the capacity of CD8�CD28� FOXP3� T cells from recipients’

circulation to induce the up-regulation of inhibitory receptors in EC, in an

alloantigen-specific manner, may permit the identification of patients who will

benefit from partial or complete withdrawal of immunosuppression. This is an

important aim in view of the morbidity and mortality associated with the long-

term use of immunosuppressive drugs. Furthermore, the development of phar-

maceutical agents that can act on DC and/or EC by up-regulating inhibitory

receptors, such as ILT3 and ILT4, may permit modulation of the immune

response in allograft recipients and patients with autoimmune diseases. The

recent finding that in vitro-generated tolerogenic APC induce CD8� T reg

cells which can suppress ongoing experimental autoimmune encephalomyelitis

[63] supports the rationale for developing such new therapeutic strategies.
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The Goal of Intragraft Gene Therapy

Susanna Tomasoni, Ariela Benigni

Mario Negri Institute for Pharmacological Research, Bergamo, Italy

Abstract
Despite the impressive results of one-year survival rates, organ transplantation still

faces major problems. Current anti-rejection drugs reduce systemic immunity nonselectively

and increase the risk of infection and cancer on the long term. Theoretically, selective

inhibition of alloimmune response can be achieved at the organ level by intragraft transfer of

genes with immunomodulatory properties. In the last decade, gene therapy emerged as a

new strategy in renal, heart and liver transplantation, showing promising results in experi-

mental animals, almost in controlling acute rejection. The success of gene therapy in the

transplant medicine is strongly dependent on the efficiency of the delivery system that

allows local transfer and expression of the therapeutic gene in the target organ or tissue. The

main findings concerning the suitability of gene therapy in preventing graft rejection will be

discussed here.

Copyright © 2005 S. Karger AG, Basel

Introduction

Since the success in generating transgenic animals, techniques leading to

the manipulation of the mammalian genome have provided pivotal information

on the role of gene products in vivo. From the genetic engineering methodol-

ogy derived the interest for gene therapy as a tool to treat human diseases

through the introduction of foreign genetic material. Moreover, gene therapy

may find widespread application for the treatment of acquired diseases charac-

terized by low or high expression of a given protein. However, several practical

hurdles have reduced the enthusiasm for gene therapy as an immediate

perspective for genetic and acquired disorders requiring targeting delivery to a

specific cell type in vivo. Instead, efforts to identify clinical settings suitable

for ex-vivo genetic delivery to a given organ or tissue has credited it as a new

strategy, particularly in solid organ transplantation and cell therapy. The 
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success of gene therapy largely depends on the efficiency of the delivery system

to transfer and express the therapeutic gene. An ideal gene therapy vector

should be nontoxic, nonimmunogenic, easy to produce in large quantities, and

efficient in protecting and delivering DNA into cells, preferably to a specific

target cell. However, a variety of barriers exists that can limit the efficiency of

the gene transfer approach. Once the extracellular barriers to the virus’ entry

into the cells have been overcome, the vector faces cellular barriers, such as

nucleases and endosomal entrapment, hurdles that limit the access of the

nucleic acids to the nucleus. In addition, host innate and adaptive immune

response against the vector proteins and the transgene product still impair the

gene transfer efficiency and, moreover, impede a second viral administration.

This review will be focused on the progress reached in the last few years in

preventing transplant rejection by using an intragraft gene therapy approach.

Intragraft Gene Therapy

The opportunity to perform ex vivo manipulation of the graft during organ

retrieval makes transplantation an ideal condition to achieve local immunosup-

pression. In the last decade, it has been shown that most of the transplantable

solid organs such as kidney, liver and heart are receptive to gene transfer by

the currently available vectors. However, the efficiency of gene transfer can

strongly vary depending on the vector used, the biological characteristics of the

targeted cells as well as on the activation of the host immune system in response

to the vector and to the transgene product. Indeed, most of the vectors induce

an innate immune response that can impair the efficiency of this approach.

This is particularly true when adenovirus, of any generation, is used. Different

bioactive molecules have been delivered to the donor organ with the aim of

prolonging survival and, hopefully, inducing tolerance of the graft. Specifically,

three different strategies have been pursued: (1) blocking the anti-graft immune

responses by inhibiting the costimulatory signals or inducing apoptosis of

immune cells, (2) inducing the local production of immunomodulatory

cytokines such as interleukin (IL)-10 or transforming growth factor-� (TGF-�),

or (3) protecting the donor organ against the host immune responses by the

overexpression of anti-apoptotic genes (table 1).

Inhibition of Costimulatory Pathways and Induction of Activated 
T Cell Apoptosis
Graft rejection is a consequence of full T cell activation, a process involv-

ing engagement of T cell receptor and alloantigens presented by MHC mole-

cules on the surface of the antigen presenting cells, and needing costimulatory
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signals [1]. One of the most characterized costimulatory pathways is the binding

between CD28 (on the T cell) and B7 (on the antigen presenting cell) that,

following T cell receptor ligation, induces T cell activation and expansion.

Blocking this costimulatory signal through the chimeric fusion protein cytotoxic

T lymphocyte antigen-4 Ig (CTLA4Ig) that binds B7 with high affinity, immune

responses are down-regulated as shown by several experimental evidences.

Direct injection of a recombinant adenovirus encoding CTLA4Ig into the renal

artery of the donor kidney before transplantation significantly prolonged graft

survival of cold preserved rat renal allografts without the need of systemic

immunosuppression [2]. Despite the mild infiltration of mononuclear cells

which was observed in the transfected organs, renal function was well preserved

in the long lasting animals that showed donor-specific unresponsiveness.

Survival was indefinite in rat recipients of cold preserved liver transduced with

AdCTLA4Ig that developed donor-specific unresponsiveness [3]. A single

ex vivo intra-arterial infusion of recombinant adenovirus encoding CTLA4Ig

induced efficient transduction of the endomyocardium promoting permanent

Table 1. Transgene used to engineer the graft

Transgene Action Allograft Reference

CTLA4Ig Inhibition of CD28/B7 Kidney [2]

costimulatory pathway Liver [3]

Heart [4, 5]

CD40Ig Inhibition of CD40/CD154 Liver [6]

costimulatory pathway Heart [7]

CTLA4Ig � CD40Ig Inhibition of both Heart [9]

costimulatory pathways (systemic 

injection)

FasL T cell apoptosis Kidney [10, 11]

vIL-10 Induction of Heart [12–15]

immunomodulation Kidney [16]

Liver [17]

IL-13 � regulatory T cells Heart [18]

TGF-� Heart [19, 20]

Kidney [16]

vIL-10 � TNFRp55-Ig � Kidney [21]

IL-12p40

SOD Anti-oxidative stress Liver [22]

HO-1 Liver [23, 24]

Heart [25]
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acceptance of cardiac allografts in nonimmunosuppressed rats [4]. Similar results

were obtained when CTLA4Ig was injected directly into the myocardium [5].

A second costimulatory pathway important for initiation and maintenance

of T cell responses is CD40, expressed on antigen presenting cells, and its lig-

and CD154 expressed on T lymphocytes. Similarly to CTLA4Ig gene therapy,

CD40Ig fusion protein is able to block the CD40/CD154 interaction. Targeted

gene therapy with adenovirus encoding CD40Ig has been attempted in liver and

heart transplantation. Rat liver allografts transduced before transplantation

survived more than 100 days displaying normal histology. Donor specific

unresponsiveness was demonstrated by survival of a second skin allograft [6].

Blockade of CD40/CD154 interaction by adenoviral-mediated gene transfer of

CD40Ig resulted in long-term heart allograft survival and induced donor-

specific hyporesponsiveness. However, despite strong inhibition of alloantibody

production and allogeneic proliferation, signs of chronic rejection were detected

in the long-surviving grafts [7].

A combination therapy of CTLA4Ig and CD40Ig gene transfer has been

attempted with the aim of inducing systemic immunosuppression. Recently,

systemic administration of both adenoviruses prolonged survival of rat hind

limb allografts to a longer extent than the single therapy [8]. Very interesting

data have been shown in the context of heart transplantation. Intravenous injec-

tion of both adenoviruses induced long-term acceptance (more than 270 days)

of rat cardiac allografts. However, this strategy was not enough to allow toler-

ance to a second allograft and to avoid chronic rejection in long-term surviving

heart grafts [9]. At the best of our knowledge, a local intragraft combined

approach has not yet been attempted.

Induction of apoptosis of alloreactive T cells may represent an alternative

way to prolong graft survival. Activated T cells are usually eliminated by

apoptosis, triggered by the interaction between the Fas antigen and its counter

receptor Fas-ligand (FasL). Theoretically, expression of FasL within the graft

should protect it from infiltrating T cells that, by expressing Fas antigen, should

undergo apoptosis. Renal allografts adenovirally transduced to express FasL

showed prolonged graft survival, an effect correlating with a down-regulation

of Bag-1 and enhanced T helper-type 2 cytokines (IL-4 and IL-10) mRNA

expression [10, 11].

Induction of Immunomodulatory Cytokines
Graft tolerance is usually associated with a decreased production of

T helper-type 1 cytokines and/or increased production of T helper-type2-derived

cytokines IL-4, IL-10, IL-13 or TGF-�. Intragraft overexpression of

immunomodulatory cytokines has shown quite positive results in promoting

graft tolerance.
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Prolonged survival of cardiac allografts has been obtained after viral 

IL-10 (vIL-10) gene transfer that shares some biological activities of cellular

IL-10 but lacks the immunostimulatory functions, making it a potentially

potent immunosuppressant. Different viral and nonviral approaches have been

evaluated in heart transplantation. Prolonged but not indefinite survival was

obtained after retroviral [12], adenoviral [13] or lipid [14]-mediated gene

transfer of vIL-10 in cardiac allografts before transplantation. However, high

levels of expression of vIL-10 is not always beneficial. Indeed, heart grafts

from transgenic mice for vIL-10 failed to exhibit prolonged survival when

transplanted in MHC full-mismatched animals [15]. Very recently, we evalu-

ated whether adenoviral gene transfer of vIL-10 into the rat donor kidney

before transplantation was able to prolong survival of the graft. However, only

two out of nine animals treated with vIL-10 survived longer than control

animals [16]. Better results have been shown in the context of liver transplan-

tation using an adenovirus encoding for human IL-10. Intraportal injection in

the donor organ of the adenovirus, 24–48 h before transplantation, induced a

significant prolongation of graft survival (more than 87 days) [17]. Of note, in

this latter study the experimental setting was different from the previous ones

where transfection was performed at the time of transplantation; moreover, the

efficiency of adenoviral gene transfer is normally higher in the liver than in

other organs and yet, liver grafts are considered to be more tolerant than heart

or kidney.

Gene transfer of IL-13 in cardiac allograft induced a modest prolongation

of the graft survival, effect that was enhanced combining the gene transfer

approach with adoptive transfer of regulatory T cells. Local IL-13 diminished

intragraft apoptosis, and up-regulated anti-apoptotic A20 and anti-oxidant

heme oxygenase 1 (HO-1) [18].

TGF-� gene transfer has also been attempted. Heart allografts showed

prolonged survival after intragraft TGF-�1 gene transfer [19, 20]. However,

signs of chronic rejection were detected in the long-term allografts [20]. Our

group found that TGF-�3 gene transfer was not consistently effective in

prolonging kidney allograft survival but, when combined with the adenovirus

encoding for CTLA4Ig, survival was significantly prolonged in all animals,

one of which survived indefinitely (more than 263 days) [16].

Although the exact mechanisms responsible for chronic allograft rejection

are still not well understood, attempts have been made to overcome it in the

context of renal transplantation. Recently, it has been shown that chronic renal

injury could be relieved combining different adenoviral constructs expressing

vIL-10, the chimeric molecule TNF receptor-Ig and IL-12p40, the beneficial

effect correlating with less macrophage infiltration. By contrast, intragraft

overexpression of IFN-�-accelerated chronic graft rejection [21].
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Improving Graft Function by Cytoprotective Genes
The anoxia/ischemia-reperfusion injury that occurs in the donor organ at

the time of transplantation is a critical factor in conditioning the function of the

graft even in the long term. Thus, transfer into the organ of genes encoding for

molecules with protective actions may preserve the donor organ from this

insult.

Oxygen-derived free radicals produced during the ischemic damage are

responsible for cell death in the graft. Endogenous scavengers, such as super-

oxide dismutase (SOD), are able to degrade toxic radicals. On this basis, an

intragraft overexpression of gene encoding SOD could be beneficial for the

graft. This strategy has been attempted in liver transplantation. Adenoviral

transduction of the liver with the Cu/Zn-SOD gene allowed 100% survival of

transplanted animals while only 20–25% of animals treated with an irrelevant

adenovirus survived [22].

HO-1 is the inducible HO isoform with cytoprotective effects against the

oxidative stress. Overexpression of HO-1 in the donor rat liver before trans-

plantation significantly increased survival of treated grafts and improved liver

function, decreased macrophage infiltration and increased intragraft expression

of the anti-apoptotic genes, Bcl-2 and Bag-1 [23, 24]. Similar data have been

obtained in cardiac allograft. The intragraft injection of adenovirus encoding

for HO-1 as well as intramuscular and intravenous administration, prolonged

allograft survival, an effect associated with inhibition of allogeneic cellular

immune responses [25].

Conclusions

From the experimental data obtained in solid organ transplantation, it

emerges that intragraft gene transfer could represent a promising tool to avoid

or at least reduce the need for systemic immunosuppression and its deleterious

consequences. However, many hurdles remain to be overcome. Extensive work

has to be done in rendering the vectors more safe and less immunogenic. Safety

is a problem particularly true for integrating vectors, such as retrovirus – so far

the most widely used in clinical trials – that could lead to activation of proto-

oncogenes or inactivation of tumor suppressor genes. On the other hand, vectors

like adenovirus, the most efficient in delivering the genetic material into the

nucleus, are the most immunogenic of all vector types, inducing strong innate

and adaptive immune responses. A fundamental requisite to succeed in gene

therapy is the possibility to modulate and regulate the transgene expression for

the appropriate length of time. Moreover, a detailed understanding of the trans-

plant immunobiology will be necessary to target the specific pathways involved
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in acute and chronic allograft rejection. Data derived from the preclinical

studies represent a good premise to the use of intragraft gene therapy, possibly

combined with low dose immunosuppressant or injection of regulatory T cells,

as a therapeutic strategy for preventing allograft rejection in a short while.
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