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1. ABSTRACT 
 

As a result of advances in surgical techniques, 
immunosuppressive therapy, and postoperative 
management, lung transplantation has become an 
established therapeutic option for individuals with a variety 
of end-stage lung diseases.  The current 1-year actuarial 
survival rate following lung transplantation is approaching 
80%.  However, the 5- year actuarial survival rate has 
remained virtually unchanged at approximately 50% over 
the last 15 years due to the processes of acute and chronic 
lung allograft rejection (1).  Clinicians still rely on a vast 
array of immunosuppressive agents to suppress the process 
of graft rejection, but find themselves limited by an 
inescapable therapeutic paradox.  Insufficient 

 
 
 
 

immunosuppression results in graft loss due to rejection, while 
excess immunosuppression results in increased morbidity and 
mortality from opportunistic infections and malignancies.  
Indeed, graft rejection, infection, and malignancy are the three 
principal causes of mortality for the lung transplant recipient.   
One should also keep in mind that graft loss in a lung 
transplant recipient is usually a fatal event, since there is no 
practical means of long-term mechanical support, and since the 
prospects of re-transplantation are low, given the shortage of 
acceptable donor grafts.  This chapter reviews the current state 
of immunosuppressive therapy for lung transplantation and 
suggests alternative paradigms for the management of 
future lung transplant recipients. 
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2. INTRODUCTION 
 

At the turn of the last century, the rejection of 
solid-organ allografts was generally believed to result from 
‘malnutrition’ of the graft, perhaps related to an inadequacy 
of its blood supply.  It was not until the pioneering work of 
physicians such as Karl Landsteiner, Alexis Carrel, and 
Charles Guthrie that an immunologic basis for graft 
rejection was hypothesized.  In his 1912 Nobel Address, 
Carrel aptly summarized the challenge to be met so that 
organ transplantation could become a clinical reality: 

 
“…the power of the organism to eliminate foreign tissue 
was due to organs such as the spleen or bone marrow…all 
our efforts must now be directed toward the biological 
methods which will prevent the response of the organism 
against foreign tissue…” 
 
 Despite this prescient observation, it was almost a 
half of a century later before azathioprine (AZA), a 
derivative of 6-mercaptopurine (6-MP), became the first 
immunosuppressive agent to be in widespread clinical use.  
The introduction of AZA, along with corticosteroids, 
finally pushed the field of transplantation beyond renal 
transplantation between monozygotic twins. 
 
 In the early 1980s, the advent of cyclosporine A 
(CsA), the first maintenance immunosuppressive drug with 
T-cell specificity, allowed renal transplantation to be 
performed with clinical reliability, thus enabling thoracic 
organ transplantation to move out of the experimental 
arena.  Current immunosuppressive management in lung 
transplantation still relies on AZA, CsA, and related 
compounds, although a number of novel agents are now 
entering clinical practice.   
 
 In this chapter, the current state of 
immunosuppressive therapy for lung transplantation will be 
examined in light of our increased understanding of the 
mechanisms that underlie graft rejection.  Ultimately, 
however, the field of transplantation will need to undergo a 
paradigm shift away from traditional pharmacologic 
immunosuppression, if we are to circumvent the inevitable 
conflict that exists between the risks of excess 
immunosuppression and the consequences inadequate 
therapy. 
 
3. MODES OF GRAFT REJECTION 
  

Graft rejection has historically been classified 
into hyperacute rejection (HAR), acute rejection (AR), and 
chronic rejection (CR).   

 
3.1. Hyperacute rejection 

HAR is an uncommon form of rejection that 
occurs when a recipient has preformed antibodies to 
antigens present on the donor tissue (alloantigen).  From a 
clinical standpoint, HAR is only encountered when a solid 
organ graft is inadvertently transplanted across an ABO 
blood group barrier or when the recipient has been 
sensitized to alloantigen from previous exposures to blood 
products, past pregnancies, or a failed transplant.  Because 

HAR is driven by preformed antibodies, HAR occurs 
within minutes of reperfusion.  The principal pathologic 
manifestation of HAR is hemorrhage and thrombosis 
within the graft, as antibodies fix complement resulting in 
an acute loss of vascular integrity.  The clinical approach to 
this problem is based on prevention through appropriate 
donor-recipient matching, although under unusual 
circumstances, techniques such as plasma exchange, 
rituximab (an anti-B-cell agent) and splenectomy may be 
employed. 

 
3.2. Acute rejection 

AR is a ubiquitous form of graft rejection that 
occurs primarily due to the development of a robust T-cell 
response of the recipient to the graft.  In the absence of 
immunosuppression, most grafts would succumb to AR 
within a matter of days to weeks.  The principal 
histologic manifestation of AR is the presence of 
perivascular and intraparenchymal mononuclear cellular 
infiltrates.  Over the past quarter of a century, 
considerable progress has been made in the prevention 
and treatment of AR, primarily through the use of 
immunosuppressive drugs.  As discussed below, AR is 
to a great extent a time-limited phenomenon, which 
occurs primarily in the first post-transplant year.  
Advances in the treatment of AR, as well as 
improvements in surgical technique and post-operative 
management, are mainly responsible for the reduction in 
early mortality that has been observed over time (Figure 
1). 

 
3.3.Chronic rejection 

Chronic rejection (CR) is the biggest obstacle to 
successful lung transplantation. The process of CR, 
regardless of the organ involved, is histologically 
characterized by a fibrotic replacement of the organ 
parenchyma as the final common pathway following a 
repeated sequence of immune and non-immune injury and 
inflammation.  Gradually over time, these repeated insults 
to the graft lead to an exhaustion of beneficial repair 
mechanisms, ultimately resulting in fibrosis.  This fibrotic 
scarring seems to have a predilection for narrowing and 
obliterating the endothelial- and epithelial-lined tubular 
structures in a graft.   

 
The principal manifestation of CR in the lung is a 

pathological entity known as obliterative bronchiolitis 
(OB).  Over half of all lung transplant recipients develop OB 
within 5 years of transplantation, and OB is currently the 
leading cause of graft loss and mortality after the first post-
transplant year (1, 2).  Pathologically, OB is a 
concentric fibrosis of the membranous and respiratory 
bronchioles that results in an obstructive defect to airflow (3). 
In chronically rejecting lung allografts, this fibrosis can also 
extend into the peribronchiolar interstitium and may 
involve the pulmonary vasculature in a process similar to 
cardiac allograft vasculopathy. Owing to the limited quantity 
of tissue that can be retrieved by bronchoscopy, the clinical 
diagnosis of OB and chronic lung rejection is often made by 
identifying the bronchiolitis obliterans syndrome (BOS), 
characterized by progressive limitation in spirometric 
airflow (4) and by correlative radiographic findings (5).
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Figure 1.  Adult lung transplantation Kaplan-Meier survival by era (redrawn from [1]). 
 
Unfortunately, CR is clearly a multifactorial 

disease, and the immunologic mechanisms underlying its 
development are still poorly understood.  If one examines 
the slopes of the survival curves in Figure 1 after the first 
post-transplant year, it becomes apparent that very few 
strides have been made in addressing the problem of CR, 
which is the principal contributor to the 6% annual fall-off 
in survival of lung transplant recipients (1).   

 
4. MECHANISMS OF GRAFT REJECTION 
 
 The CD4+ T cell plays a pivotal role in 
orchestrating the immune response to an allograft.  These 
helper T lymphocytes direct the cytotoxic activity of CD8+ 
T cells and support the B lymphocyte in the production of 
alloantibody that can fix complement and mediate 
antibody-dependent cellular cytotoxicity.  CD4+ T-cell 
activation also initiates a plethora of immunologic events 
that lead to the production of a variety of cytokines and 
chemokines, which can either be injurious or beneficial to 
the graft.  Over the last decade, significant progress has 
been made in understanding the pathways by which 
alloreactive T cells recognize foreign antigen and become 
activated.   
 
4.1. Alloantigen recognition 

Two recognition pathways (which are not 
mutually exclusive) have been described: direct 
allorecognition and indirect allorecognition (6).  Direct 
allorecognition occurs when the recipient’s CD4+ T cell 
recognizes intact donor major histocompatibility complex 
(MHC) molecules on antigen presenting cells (APCs) of 
donor origin.  This mode of allorecognition has long been 
the focus of transplantation immunology, and appears to be 
particularly relevant to the process of AR.   In the 
immediate post-transplant period, there are many viable 
donor APCs in the graft, available for direct recognition by 
recipient T cells.  These donor APCs (expressing allogeneic 

MHC class II antigens) and the high precursor frequency of 
recipient T cells capable of recognizing allo-MHC 
molecules without the requirement of priming make the 
direct alloresponse the dominant mode of immune 
recognition underlying AR (7).   In fact, in a recent murine 
study where donor-type APCs were replaced by recipient-
type APCs by bone marrow transplantation prior to 
allografting, AR was markedly attenuated, while CR 
persisted (8).   

 
Over time, a downregulation of the direct 

alloresponse occurs as the population of donor APCs 
residing in and emigrating from the graft diminishes, 
leading to a diminution in the incidence and severity of AR.  
At this point, the other pathway of T-cell activation, 
indirect allorecognition, becomes dominant (9).  Indirect 
allorecognition occurs when recipient APCs processes 
alloantigens in the conventional manner, and the resultant 
peptide fragments are presented to recipient CD4+ T cells 
in the context of self-MHC molecules. Because the T-cell 
precursor frequency for indirectly recognized allopeptides 
is several orders of magnitude less than that for directly 
recognized MHC antigens, the indirect immune response 
represents a more indolent immune reaction, consistent 
with the natural history of CR.  However, because virtually 
all of the parenchymal cells of an allograft can serve as 
substrate for antigen processing by recipient APCs, indirect 
allorecognition is an ever-present mechanism in the long-
term alloresponse of a host to a graft.   

 
It is only in the last several years that scientists 

and clinicians have begun to appreciate the critical role that 
indirect allorecognition plays in the pathogenesis of CR. 
The first experimental evidence that indirect 
allorecognition was sufficient to mediate graft rejection 
came from studies of skin grafting between MHC class I- 
and class II-knockout mice in which the skin grafts were 
rejected in an experimental construct where direct 
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allorecognition was not operative (10).  Analysis of 
lymphocytes extracted from recipient nodal tissue in these 
experimental constructs confirmed the presence of a small 
population of self-restricted T lymphocytes that were able 
to respond to donor-derived peptides (11).  More recent 
experimental studies have shown that pre-transplant 
immunization with donor-derived MHC allopeptides can 
accelerate heart and lung allograft rejection and 
vasculopathy in both murine (12 - 14) and porcine systems 
(15, 16).  In the clinical arena, many investigators have 
demonstrated a positive correlation between T-cell 
reactivity to synthetic allopeptides derived from the donor 
MHC and chronic graft rejection and dysfunction.   This 
general finding has been seen in recipients of renal (17-19), 
heart (20), and most recently lung allografts (21). 
 
4.2. Generation of an immune response 

In 1970, Bretscher and Cohn proposed a multi-
signal model of lymphocyte activation (22).  This model 
was originally described in terms of B lymphocyte 
activation, but later evolved to describe the activation of T 
cells as well. In the context of organ transplantation, 
lymphocyte activation first requires the recognition of 
foreign antigen via one of the modes of allorecognition 
discussed above.  The binding of the T-cell receptor (TCR) 
with foreign antigen presented in the context of MHC 
molecules is commonly referred to as ‘Signal 1’.  Next, a 
variety of complementary molecules expressed on the APC 
and the T cell must associate.  This process (‘Signal 2’) is 
more commonly known by the term ‘costimulation’ (23). 
Finally, a third stimulus (‘Signal 3’) for full immune 
activation is provided by the induction of stimulatory 
cytokines (principally interleukin-2 [IL-2]), which act in 
both autocrine and paracrine fashions to promote the clonal 
expansion and differentiation of T cells specific for the 
alloantigen that was encountered.   

 
Following immune activation, AR and CR 

rejection proceed through a variety of redundant effector 
mechanisms.  Activated dendritic cells secrete IL-2 and 
other pro-inflammatory cytokines, which in turn promote 
the differentiation of CD8+ T cells into cytotoxic 
lymphocytes.  IL-2 also promotes the differentiation of 
CD4+ T cells into a pro-inflammatory (Th1) phenotype that 
is capable of recruiting and inducing a variety of other 
immune effector cells and supporting the production of 
alloantibody.  These events ultimately lead to the 
chemoattraction and activation of macrophages, natural 
killer cells, and the production of alloantibody. 

 
Currently, the majority of immunosuppressive 

regimens in clinical use exert their effect either 1) by 
blocking the pathways involved in the clonal expansion of 
alloreactive T cells, or 2) by cytoreducing the T-cell 
population, so as to reduce the intensity of the immune 
response. 

 
5. CURRENT IMMUNOSUPPRESIVE STRATEGIES 
 

Immunosuppression for lung transplantation can 
be considered under three clinical contexts:  1) maintenance 

immunosuppression, 2) induction therapy, and 3) anti-
rejection treatment. 

 
5.1. Maintenance immunosuppression 
 While there has been some recent interest in 
identifying that small subset of patients who become 
tolerant to their graft, the vast majority of thoracic organ 
transplant recipients are maintained on life-long 
pharmacologic immunosuppression.  For almost two 
decades, triple-drug therapy with a calcineurin inhibitor 
(CNI), an antimetabolite, and a corticosteroid has been the 
standard of care in maintenance immunosuppression.  Like 
most other multi-drug regimens, the clinician’s intent is to 
take advantage of drug synergies, while limiting the 
toxicity of any single agent.  Each of the components of 
standard triple-drug therapy will be considered in turn 
below. 
 
5.1.1. Calcineurin inhibitors 

Currently, two CNIs are in clinical use, CsA and 
tacrolimus (TAC).  CsA is a cyclic polypeptide derived 
from the fungus Tolypocladium inflatum, and exerts its 
effects by interfering with IL-2 gene transcription, thereby 
limiting the clonal expansion of activated T cells.  CsA was 
approved for clinical use by the FDA in 1983, and gained 
widespread acceptance following strikingly positive results 
in several clinical trials in renal transplantation. In 
particular, CsA dramatically decreased the incidence of 
AR, without the myelosuppressive properties of other 
existing agents.   

 
TAC (also known as FK506) is a macrolide 

antibiotic that differs structurally from CsA, but has a 
mechanism of action that is quite similar to that of CsA.  
TAC entered clinical use in 1995, and has been shown to be 
more effective than CsA in reducing AR in renal allografts 
(24-27).  In the arena of lung transplantation, TAC became 
the preferred CNI in the year 2000, based on data from the 
Scientific Registry of Transplant Recipients (SRTR) (28).  
Currently, TAC accounts for 70% of all CNI-based 
maintenance immunosuppression, both at discharge and at 
3 years post-transplant (28). This preference for TAC is 
supported by the extrapolation of data from other solid-
organ transplants, and is at least not refuted by interim 
results from a prospective two-center European trial 
comparing the efficacy of CsA and TAC, when used in 
conjunction with mycophenolate mofetil (MMF) (29).  

 
 Despite a growing clinical preference for the use 
of tacrolimus in maintenance therapy for lung transplant 
recipients, there has been renewed interest in utilizing 
cyclosporine as an inhalational agent.  The obvious 
theoretical advantage of this approach is that it should be 
possible to achieve high intragraft levels of 
immunosuppression without significant systemic side 
effects.  In a recent single-center, double-blind, placebo-
controlled trial, inhaled cyclosporine did not reduce the rate 
of acute rejection, but it did improve survival and extend 
periods of chronic rejection–free survival (30). Similar 
studies involving the safety and efficacy of inhaled 
tacrolimus are currently underway. 
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5.1.2 Antimetabolites 
 Antimetabolites have also been a mainstay of 
maintenance immunosuppression since the early days of 
transplantation, when 6-MP was brought into clinical use.  
Currently, two nucleotide analogs are in common clinical 
use, AZA and mycophenolate mofetil (MMF).   
 
 Murray and colleagues brought AZA into the 
clinical arena, which has a greater margin of safety than 6-
MP, into clinical use in 1963 (31).  AZA undergoes in vivo 
reduction to 6-MP, which is able to inhibit both RNA and 
DNA synthesis, leading to a decrease in the proliferation of 
reactive immune cells.  Multiple studies have shown that 
AZA has potent anti-inflammatory and immunosuppressive 
effects, and is especially useful in blunting AR when given 
in conjunction with a CNI. 
 

MMF, the morpholinoethyl ester of 
mycophenolic acid, is a pro-drug that is rapidly converted 
by plasma esterases into mycophenolic acid after oral 
administration.  It overtook AZA in clinical usage in 2000, 
based on SRTR data (28).  MMF inhibits the proliferation 
of T- and B cells, and the production of antibody (32).  The 
positive effect of MMF on early renal allograft rejection 
has been demonstrated in three randomized, double-blind 
clinical trials (33-35).  All three studies revealed that MMF 
lowered the incidence of acute rejection at six months by 
approximately 50 percent.  However, three years after 
transplantation, only a limited beneficial effect of MMF on 
graft survival was observed in these trials.  Using data from 
the U.S. Renal Transplant Scientific Registry, Ojo and 
colleagues showed that MMF significantly reduced the 
incidence of chronic allograft failure in renal 
transplantation (36).  The retrospective analysis on renal 
transplant recipients, who were either treated with MMF 
(n=8,435) or with azathioprine (n=48,436), demonstrated 
that the incidence of chronic allograft failure was reduced 
by 27% (risk ratio 0,73, P<0.001), and this effect appeared 
to be unrelated to the effect on acute rejection (36).  This 
latter result is in agreement with experimental data from 
rodent studies indicating that MMF prevents chronic 
rejection (37). MMF, in combination with sirolimus (SRL), 
has recently been shown to attenuate the progression of 
bronchiolitis obliterans syndrome in lung transplant 
recipients with established OB following conversion from 
CNI-based immunosuppression (38). 
 
5.1.3. Mammalian target of rapamycin inhibitors 

Mammalian target of rapamycin (mTOR) 
inhibitors that are in clinical use include sirolimus (SRL) 
and everolimus (ERL).  This new class of drugs acts by 
interfering with T-cell proliferation by blocking a kinase 
causing cell cycle arrest (39, 40). As such, these new agents 
have found utility in replacing the traditional 
antimetabolites (AZA and MMF) in triple-drug regimens.  
It has been shown in heart transplant recipients that 
treatment with cyclosporine and everolimus resulted in 
significantly less CR at 12 months, compared to treatment 
with cyclosporine and azathioprine (41). This combination 
of cyclosporine and everolimus has been recently shown in 
a randomized double blind clinical trial to significantly 
slow the loss of lung function in lung transplant recipients 

at 1 year (42). In another randomized trial, rapamycin was 
shown to halt progression of established and severe CR in 
heart transplant patients, resulting in fewer adverse cardiac 
events over a two-year span (43). More recently, in a multi-
center, prospective, randomized, double-blind study, 
everolimus was compared to mycophenolate mofetil in the 
context of triple-drug maintenance therapy after lung 
transplantation.   At 12 months, the everolimus-treated 
group had a lower incidence of pulmonary function 
decrements, BOS, and acute rejection. However, at 24 
months, only the incidence of acute rejection remained 
significantly less in the everolimus group (44). Longer 
follow-up and confirmation of these results will be 
forthcoming. 

 
5.1.4. Corticosteroids 

Corticosteroids have been in clinical use for 
almost 80 years.  In the area of solid organ transplantation, 
steroids exert a variety of anti-inflammatory and 
immunosuppressive effects.  Cytosolic corticosteroid 
receptors are expressed ubiquitously, and their 
translocation to the nucleus results in the interruption of 
multiple steps in the presentation of antigen, the production 
of cytokines, and the initiation of a proliferative response.  
Pharmacologic doses of steroids also have a redistribution 
effect on circulating lymphocytes and monocytes, causing 
them to be sequestered into lymph nodes and secondary 
lymphoid organs.  The resulting cytopenic state greatly 
decreases the extent to which circulating lymphocytes 
encounter alloantigen.  Steroids also reduce the production 
of prostaglandins and other inflammatory mediators, which 
otherwise would enhance the recruitment of immune 
effector cells to the graft and up-regulate the expression of 
alloantigen and costimulatory molecules. 

 
Nearly all lung transplant recipients (98-100%, 

based on SRTR data [28]) are maintained on some level of 
steroid therapy.  However, in renal allografting, there has 
been considerable interest in steroid reduction and steroid 
withdrawal, typically beginning in the middle of the first 
post-transplant year.  Often the early withdrawal of steroids 
in renal recipients has been in association with the use of 
polyclonal or monoclonal anti-lymphocyte antibody 
induction therapy. Aggressive steroid withdrawal has not 
been broadly attempted in the field of thoracic 
transplantation, where the consequences of graft loss are 
dire.  Nonetheless, steroid withdrawal has been 
successfully achieved in a number of cardiac allograft 
recipients, although it is difficult to determine a priori who 
will benefit from such an attempt (45). 

. Steroid avoidance, at least up to 2 years, was 
achieved in a group of lung transplant recipients that had 
induction therapy with ATG or Campath-1H (humanized 
anti-CD52 monoclonal antibody) followed by minimal 
post-transplant immunosuppression with tacrolimus 
monotherapy or near monotherapy (46). 

 
 Maintenance immunosuppression for lung 
transplantation at discharge has evolved over the last 10 
years with TAC/MMF combination with corticosteroids 
being the most common regimen having taken over from 
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Figure 2. Trends in maintenance immunosuppression prior to discharge for lung transplantation: a) calcineurin inhibitors and b) 
antimetabolites. 
 
CsA/AZA combination (28) (Figure 2). This pattern is 
maintained up to 3 years post-transplant (Figure 3). 

 
5.2. Induction therapy 

Induction agents consist of several classes of 
antibodies that exhibit protective effects (principally from 
AR) when administered in the peri-transplant period.  
Polyclonal and monoclonal anti-T-cell antibodies have 
existed throughout the modern era of solid-organ 
transplantation, and exert their effect principally by 
cytoreducing alloreactive T-cells at a time when there is a 
high passenger (donor) leukocyte (APCs) load.  The long-
term utility of these cytolytic agents is limited by the 
tendency of patients to develop neutralizing antibodies to 
these animal-derived proteins.  More recently, several anti-
IL2 receptor antibodies, which inhibit IL-2 mediated T-cell 
proliferation, have been approved for clinical use.  Over the 
past decade, there has been a tremendous increase in use of 
induction therapies.  Currently, approximately half of all 
lung transplant centers routinely use some form of 
induction therapy, with anti-IL-2 receptor antibodies and 
polyclonal antibodies being the agents of choice (28) 
(Figure 4). 

 
5.2.1. Polyclonal antibodies 
 Polyclonal antibodies are derived from animals 
that have been immunized with human lymphocytes.  
Currently, two preparations (an equine anti-thymocyte 
globulin (ATG) and a rabbit-derived ATG) are available for 
clinical use.  Polyclonal antibodies have the dual action of 

depleting circulating T cells and modulating the expression 
of cell surface receptors in a manner that renders the T cell 
inert.  These agents are generally well tolerated on 
administration, with the exception of some febrile 
reactions.  However, these antibodies have a low specificity 
to the immunizing antigen (the T lymphocyte), and 
therefore can have immnosuppressive and leukopenic 
effects in excess of what are clinically desired.  Patients 
receiving polyclonal antibodies are also at a slightly higher 
risk of infections and malignancies due to decreased 
immune surveillance. 
 
5.2.2. Monoclonal antibodies 
 Monoclonal antibodies are derived from the 
fusion of a murine myeloma cell with an antibody-
producing B cell to create an immortalized hybridoma cell 
line that produces an antibody with a single specificity.  At 
present, muromonab CD-3 (OKT3) is the only classic 
monoclonal antibody in clinical use, and its initial 
popularity is waning rapidly.  The principal drawback of 
OKT3 is its propensity to cause a ‘cytokine release 
syndrome’ upon initial administration.  This syndrome is 
characterized by the presence of a systemic inflammatory 
state with an attendant loss of capillary integrity.  The 
cytokine release syndrome is particularly troublesome in 
pulmonary transplantation, where the allografted lungs 
have already been injured to some degree by ischemia and 
reperfusion.  Like all animal-derived antibodies, OKT3 is 
recognized as a foreign protein by the host immune system, 
which can respond with the formation of neutralizing 
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Figure 3. Percentage of lung transplant patients still on original discharge regimens at 1, 2 and 3 years post-transplant, for the 
four most common regimen in 2001. 
 
antibodies that can lead to serum sickness and make 
prolonged or repeated administration ineffective. 
 
5.2.3. Interleukin-2 blocking antibodies 
 Two new anti-interleukin(IL)-2 receptor 
antibodies are also available for clinical use, daclizumab 
and basiliximab.  Like several other immunosuppressive 
drugs, these antibodies inhibit T-cell proliferation by 
blocking the autocrine and paracrine actions of the IL-2 
signal.  These monoclonal antibodies also are similar in that 
much of their murine protein structures have been replaced 
with human amino acid sequences through genetic 
engineering.  This greatly reduces the antigenicity of these 
antibodies, extending their pharmacologic half-lives, and 
preserving their efficacy on repeat administration.  Both of 
these agents have been shown to reduce AR in large studies 
of renal allografting (47). On the contrary, a recent 
retrospective analysis of 335 lung transplant patients from a 
single center, comparing anti-thymocyte globulin with 
daclizumab as induction therapy agent demonstrated ATG 
induction to be superior to daclizumab induction in the 
reduction in the incidence and severity of acute cellular 
rejection (48). 
 
5.3. Anti-rejection treatment 
5.3.1. Acute rejection 
 The treatment of suspected or confirmed episodes 
of AR is generally one of intensification of 
immunosuppression.  In addition to optimizing CNI levels 
and antimetabolite therapy, most clinicians will treat AR 
initially with a ‘steroid pulse’ typically consisting of three 
days of high-dose intravenous corticosteroids (i.e., 
methyprednisolone), followed by a slow steroid taper back 
to previous levels with close clinical monitoring.  
Refractory AR is typically treated with the use of induction 
agents, with IL-2 receptor antibodies and rabbit-derived 
ATG being the most common choices.  Other less common 
approaches to treating refractory AR include the use of 
total lymphoid irradiation and photopheresis. 
 
5.3.2. Chronic rejection 

The treatment of CR in lung transplantation 
remains the greatest challenge to the field.  As mentioned 

earlier, much clinical success has been made in the 
prevention and treatment of AR, but little progress has been 
made in the treatment of CR.  While an immune disparity is 
the sine qua non of CR, we now know that a large number 
of antigen-independent, i.e. non-immunologic factors can 
exacerbate CR (Table 1).  In fact, the multifactorial nature 
of CR is the principal reason that CR has been so refractory 
to treatment.  The scant progress that has been made in the 
treatment of CR, unfortunately, has focused on the 
prevention of vasculopathy, which is not the dominant 
clinical manifestation of CR in the lung.  It remains to be 
seen whether treatments that reduce vasculopathy and 
parenchymal scarring in other solid-organ allografts will 
have a similar effect on OB.  

 
When faced with CR in the lung transplant 

recipient, most clinicians attempt to both intensify and 
modify the patient’s immunosuppression regimen (59).  For 
patients maintained on older drugs (e.g., AZA and CsA), 
this may entail switching to TAC and/or MMF.  Several 
small studies have shown stabilization of CR with such 
changes (38, 60).  However, these studies suffer from a 
lack of prospective control; and the transient stabilization 
of lung function typically observed might be the result of 
intensified medical care in general, rather than being 
attributable to a single pharmacologic manipulation.   

 
A variety of other experimental agents in the 

treatment of CR are currently under investigation in a 
number of animal models (Table 2).  While these agents 
may hold some clinical promise, it is more likely that CR 
will remain a persistent problem until the immunologic 
basis of CR can be circumvented. 
 
6. CHANGING THE PARADIGM OF 
IMMUNOSUPPRSIVE THERAPY 
 

While it is likely that there will continue to be 
small incremental advances in pharmacologic 
immunosuppressive therapy, immunosuppression in the 
classic sense will always render the patient at risk for AR, 
CR, opportunistic infection, and malignancy.  In the long 
run, success in organ transplantation is likely to be
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Table 1.  Contributors to chronic lung allograft rejection 
Factor References 
Acute Rejection 1, 49, 50, 51 
Ischemia-reperfusion injury 1, 52 
Brain death of organ donor 53, 54 
Toxicity of CNIs 55 
Viral infections 56,57 
Gastroesophageal reflux 58 

 
Table 2.  Novel pharmacologic treatment of chronic rejection 

Agent Mechanism of Action Studies References 
Leflunomide 
and analogs 

Inhibition of pyrimidine synthesis Pre-clinical: rat renal allografts 
Clinical: chronic nephropathy 

61-64 

Pirfenidone Inhibition of TGF-β1 mediated fibrosis and 
fibroblast proliferation 

Pre-clinical: murine heterotopic tracheal allograft 65 

Carbon monoxide,  
Cobalt-protoporphyrin, 
Heme-oxygenase gene therapy 

Anti-oxidant, anti-platelet, anti-apoptotic, and 
vasodilatory effects  

Pre-clinical: rat renal allograft, mouse/rat aortic 
allograft models 

66-68 

M-T7 
anti-MIG/CXCL9 

Modulation of chemokine function Pre-clinical: rat renal allograft, mouse cardiac allograft 69,70 

STI571 imatinib Inhibition of PDGF receptor tyrosine kinase  Pre-clinical: rat renal allograft 71 
FTY720 Alteration of lymphocyte trafficking Pre-clinical: rat cardiac allograft 72 

 
dependent on our ability to achieve a state of 
transplantation tolerance.  Transplantation tolerance can be 
defined as the stable long-term engraftment of an organ in 
the absence of immunosuppression in a recipient who 
remains otherwise immunocompetent.  Depending on 
whether tolerance is induced inside or outside the thymus, 
these mechanisms are further divided in central and 
peripheral, respectively (73). 

 
6.1. Central tolerance 

As compared to the immune response to 
conventional antigens, where the fraction of reactive T cells 
is approximately 1/105 to 1/106 of the total T-lymphocyte 
pool, approximately 7% of all T cells can respond to the 
direct presentation of alloantigen (74).  This difference in 
T-cell precursor frequency suggests that mechanisms 
sufficient to regulate normal immune function and prevent 
pathologic autoimmune responses may be insufficient to 
control the quantitatively larger alloimmune response.  
Consequently, it is now widely believed that achieving 
robust central deletional tolerance (where allogeneic 
dendritic cells residing in the host thymus help to 
negatively select alloreactive T cells) will be a critical 
component in any strategy to induce transplantation 
tolerance.  

 
The full application of this mechanism to 

transplantation depends on the ability to achieve stable 
mixed-chimerism in a host, which has been 
accomplished in a variety of rodent (75) and swine (76, 
77) models.  However, recent studies in non-human 
primates have shown that transient thymic chimerism 
may afford an immunologic window during which 
tolerance can be achieved (78, 79).  The principal 
impediments to the widespread clinical use of this 
technique include 1) the toxicity of the conditioning 
regimens necessary to prepare the recipient for 
engraftment, and 2) the risk of inducing graft-versus-host 
disease and hematologic malignancies (80).  
Nonetheless, this strategy has already enjoyed limited 
clinical success in selected patients (81, 82).   

 
6.2. Peripheral tolerance 

Peripheral tolerance includes mechanisms such as 
anergy, regulation (suppression), and peripheral deletion, 
either through passive cell death or apoptotic activation-
induced cell death (83).  As discussed previously, full T-
cell activation requires both a primary signal from the 
engagement of the TCR and a second signal that arises 
from the interaction of a variety of costimulatory 
molecules.  If TCR engagement is present without a 
concomitant costimulatory signal, the T cell can become 
specifically non-reactive (anergic) (84) or undergo 
programmed  cells death consequent to cytokine 
withdrawal (85).  Recent data has shown that selective 
blockade of these costimulatory signals, using either 
CTLA4Ig (a fusion protein of CTLA-4 and human Ig that 
competitively binds CD80 and CD86) or a blocking 
monoclonal antibody to CD154, can induce a state of 
peripheral tolerance through mechanisms that involve 
anergy, deletion, and regulation in rodent models of 
cardiac, hepatic, islet, renal, bone marrow and skin 
transplantation (86 - 95).  

Recent interest has also been shown in the role of 
dendritic cells (DCs) in the induction of peripheral 
tolerance.  DCs are responsible for priming and 
maintaining both direct and indirect alloresponses.  New 
research suggests that the immunostimulatory properties of 
DCs are linked to their state of maturation, and that 
immature or tolerogenic DCs can induce peripheral 
tolerance by the induction of regulatory T cells (96, 97) and 
this provide the basis for targeting or using these cells to 
promote tolerance to bone marrow transplants or organ 
allograft (98-100). Moreover, many anti-inflammatory or 
immunosuppressive drugs commonly used in 
transplantation, inhibit the maturation of DCs and 
potentiate their tolerogenicity (101). Plasmatoid DCs 
represent a recently characterized DC subset, the precursor 
of which can enhance allogeneic hematopoietic stem cell 
engraftment and promote donor-specific tolerance to skin 
grafts in mice (102). This ability to tolerize the indirect 
pathway may be particularly important for the prevention 
of chronic rejection. 
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Figure 4. Trends in induction immunosuppression for lung transplantation, 1995 – 2004. 
 
Finally, there has been recent interest in another 

peripheral mechanism of tolerance known as immunologic 
ignorance.   Typically, the process of allorecognition occurs 
in secondary lymphoid organs (such as regional lymph 
nodes, the spleen, and mucosal-associated lymphoid tissue) 
after an antigen is processed by an APC and transported to 
these sites.  When an antigen-specific T cell encounters the 
relevant alloantigen outside this environment, the 
alloantigen may be ignored (103). This phenomenon 
suggests that agents that interfere with lymphocyte 
tracking, such as FTY720 (72), may also hold clinical 
promise. 
 
7. BARRIERS TO TRANSPLANTATION 
TOLERANCE 
 
7.1. Homeostatic proliferation 
 The depletional strategies increasingly used for 
induction immunosuppression are known to dramatically 
alter the circulating lymphocyte population for prolonged 
periods of time. There is evidence that, upon reconstitution 
of the lymphocyte compartment, an inverse CD4:CD8 ratio 
develops and persists for many years (104). The phenotype 
of these cells appears to be that of memory rather than 
naïve cells. A key feature of memory T cells is that their 
threshold of activation is lower and they utilize different 
costimulatory pathways for functional activation than naïve 
T cells. Hence these alloreactive memory T cells are 
resistant to standard immunosuppression and represent the 
major barrier to transplantation tolerance in humans. 
 
7.2. Inhibition of regulatory T cells (Treg) 
 In most rodent models of transplant tolerance, 
except mixed chimerism, there is strong evidence that Treg 
cells play an important role. Their identification in tolerated 
skin allograft or vascularized organ allografts suggests that 
these Treg cells function locally to suppress anti-allograft 
responses (105). Normally, Treg cells respond to antigenic 
stimulation by inhibiting the proliferation of naïve antigen 
specific cells by direct cell-to-cell contact or elaboration of 

soluble factors. Generation of donor-specific regulatory 
cells requires that lymphocyte activation occur in an 
appropriate, conducive milieu. Most immunosuppressive 
agents inhibit T-cell activation and therefore may 
simultaneously inhibit the generation of regulatory T cells. 
Experimental work has shown that calcineurin inhibitors 
diminish or abrogate regulatory activity, whereas mTOR 
inhibitors do not (106,107). 
 
7.3. Antibody-mediated rejection 
 The traditional focus of immunosuppression has 
been to control activation and proliferation of T cells. Ever 
since crossmatching protocols largely eliminated 
hyperacute rejection, antibody-mediated processes driven 
by B cells were considered to be infrequent and 
unimportant. Recently, however, it has become known that 
antibody-mediated rejection (AMR) is a frequent 
component of acute cellular rejection and, less frequently, 
can occur independently. 
 

The target of AMR for all transplanted organs is 
thought to be endothelial cells, but the histological picture 
varies with the transplanted organ (108). Recipients of 
kidney and heart allograft have the highest incidence of 
documented AMR. The most reliable histological finding 
of AMR is demonstration of C4d deposition in capillary 
endothelium (109). 
 
7.4. Natural killer cells 
 Natural killer (NK) cells are a primary 
component of the innate immune response and, therefore, 
do not require prior antigen exposure or sensitization to 
antigen in order to activate. It is thought that self-MHC 
antigens prevent NK-cell activation, while the absence of 
‘self’ MHC promotes activation. Teleologically, this 
mechanism was intended to protect against infectious 
agents. Consequently, the transplant setting might represent 
a constant and powerful stimulus for NK-cell activation. 
NK-cell activation and elaboration of cytokines have been 
implicated in the pathogenesis of chronic allograft damage 
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in a variety of solid organs (110). Inhibition of the 
mammalian target of rapamycin (mTOR) may mitigate the 
development of these conditions (111). 
 
8. CONCLUSION 
 
 While we are likely to see continued incremental 
advances in pharmacologic immunosuppression, it is 
important to realize that the problem of graft rejection will 
not be fully solved by approaches that lack antigenic 
specificity.  Our ability to control and direct the immune 
response is dependent upon the development of a 
mechanistic understanding of the pathways of rejection and 
tolerance.   Ultimately, the achievement of transplantation 
tolerance will begin a new era in organ transplantation. 

  
9. ACKNOWLEDGEMENTS 
 

This work was supported in part by National 
Institute of Health grants from the National Heart, Lung 
and Blood Institute (R01HL054211, R01HL67110, 
R01HL071932, P01HL8646) and the National Institute of 
Allergy and Infectious Disease (U19AI066705, 
P01AI50157), and by awards from the American Surgical 
Association Foundation, and the Thoracic Surgical 
Foundation for Research and Education. 
 
10. REFERENCES 
 
1. E. P. Trulock, L. B. Edwards, D. O. Taylor, M. N. 
Boucek, B. M. Keck and M. I. Hertz: Registry of the 
International Society for Heart and Lung Transplantation: 
twenty-third official adult lung and heart-lung 
transplantation report--2006. J Heart Lung Transplant 25, 
880-892 (2006) 
 
2. J. M. Kreitt and S. W. Jamieson: Diagnosis and 
management of bronchiolitis obliterans, in Transplantation 
and Replacement of Thoracic Organs, (ed 2).  Dordrecht: 
Kluwer Academic Publishers, 547-555 (1996) 
 
3. S. A. Yousem, G. J. Berry, P. T. Cagle, D. Chamberlain, 
A. N. Husain, R. H. Hruban, A. Marchevsky and N. P. 
Ohori: Revision of the 1990 working formulation for the 
classification of pulmonary allograft rejection: Lung 
Rejection Study Group. J Heart Lung Transplant 15, 1-15 
(1996) 
 
4. J. D. Cooper, M. Billingham, T. Egan, M. I. Hertz, T. 
Higenbottan, J. Lynch, J. Mauer, I. Paradis, G. A. Patterson 
and C. Smith: A working formulation for the 
standardization of nomenclature and for clinical staging of 
chronic dysfunction in lung allografts. J Heart Lung 
Transplant 12, 713-716 (1993) 
 
5. J. A. Shepard: Imaging of lung transplantation. Clin 
Chest Med 20, 827-844 (1999) 
 
6. R. I. Lechler and J. R. Batchelor: Restoration of 
immunogenicity to passenger cell-depleted kidney 
allografts by the addition of donor strain dendritic cells. J 
Exp Med 155, 31-41 (1982) 

 
7. Z. Liu, Y. K. Sun, Y. P Xi, A. Maffei, E. Reed, P. Harris 
and N. Suciu-Foca: Contribution of direct and indirect 
recognition pathways to T cell alloreactivity. J Exp Med 
177, 1643-1650 (1993) 
 
8. A. M. Krasinskas, S. D. Eiref, A. D. McLean, D. Kreisel, 
A. E. Gelman, S. H. Pompa, J. S. Moore and  B. R. 
Rosengard: Replacement of graft-resident donor-type 
antigen presenting cells alters the tempo and pathogenesis 
of murine cardiac allograft rejection. Transplantation 70, 
514-521 (2000) 
 
9. R. I. Lechler, G. Lombardi, J. R. Batchelor, N. 
Reinsmoen and F. H. Bach: The molecular basis of 
alloreactivity. Immunol Today 11, 83-88 (1990) 
 
10. H. Auchincloss Jr., R. S. Lee, S. Shea, J. S. Markowitz, 
M. J. Grusby and L. H. Glimcher: The role of "indirect" 
recognition in initiating rejection of skin grafts from major 
histocompatibility complex class II-deficient mice. Proc 
Natl Acad Sci USA, 90, 3373-3377 (1993) 
 
11. G. Benichou: Direct and indirect antigen recognition: 
the pathways to allograft immune rejection. Front Biosci  4, 
D476-D480 (1999) 
 
12. J. P. Vella, C. Magee, L. Vos, K. Womer, H. Rennke, 
C. B. Carpenter, W. Hancock and M. H. Sayegh: Cellular 
and humoral mechanisms of vascularized allograft rejection 
induced by indirect recognition of donor MHC 
allopeptides. Transplantation 67, 1523-1532 (1999) 
 
13. K. L. Womer, J. R. Stone, B. Murphy, A. Chandraker 
and M. H. Sayegh: Indirect allorecognition of donor class I 
and II major histocompatibility complex peptides promotes 
the development of transplant vasculopathy. J Am Soc 
Nephrol 12, 2500-2506 (2001) 
 
14. Smith MA, Jaramillo A, SivaSai KS, et al: Indirect 
recognition and antibody production against a single 
mismatched hla-A2-transgenic molecule precede the 
development of obliterative airway disease in murine 
heterotopic tracheal allografts. Transplantation 73, 186-193 
(2002) 
 
15. R. S. Lee, K. Yamada, S. L. Houser, K. L. Womer, M. 
E. Maloney, H. S. Rose, M. H. Sayegh and J. C.  Madsen. 
Indirect recognition of allopeptides promotes the 
development of cardiac allograft vasculopathy. Proc Natl 
Acad Sci USA 98, 3276-3281 (2001). 
 
16. T. Shoji, J. C. Wain, S. L. Houser, L. C. Benjamin, D. 
R. Johnston, R. Hoerbelt, R. S. Hasse, R. S. Lee, A. 
Muniappan, D. A. Guenther, M. A. Bravard, L. G. 
Ledgerwood, D. H. Sachs, M. H. Sayegh, J. C. Madsen and 
J. S. Allan. Indirect recognition of MHC class I 
allopeptides accelerates lung allograft rejection in miniature 
swine. Am J Transplant 5, 1626-34 (2005) 
 
17. J. P. Vella, M. Spadafora-Ferreira, B. Murphy, S. I. 
Alexander, W. Harmon, C. B. Carpenter and M. H. Sayegh: 



Immunosuppression for lung transplantation 

1637 

Indirect allorecognition of major histocompatibility 
complex allopeptides in human renal transplant recipients 
with chronic graft dysfunction. Transplantation 64, 795-
800 (1997) 
 
18. N. Najafian, A. D. Salama, E. V. Fedoseyeva, G. 
Benichou and M. H. Sayegh: Enzyme-linked 
immunosorbent spot assay analysis of peripheral blood 
lymphocyte reactivity to donor HLA-DR peptides: potential 
novel assay for prediction of outcomes for renal transplant 
recipients. J Am Soc Nephrol 13, 252-259 (2002) 
 
19. R. J. Baker, M. P. Hernandez-Fuentes, P. A. Brookes, 
A. N. Chaudhry, H. T. Cook and R. I. Lechler: Loss of 
direct and maintenance of indirect alloresponses in renal 
allograft recipients: implications for the pathogenesis of 
chronic allograft nephropathy. J Immunol 167, 7199-7206 
(2001) 
 
20. R. Ciubotariu, Z. Liu, A. I. Colovai, E. Ho, S. Itescu, S. 
Ravalli, M. A. Hardy, R. Cortesini, E. A. Rose and N. 
Suciu-Foca. Persistent allopeptide reactivity and epitope 
spreading in chronic rejection of organ allografts. J Clin 
Invest 101, 398-405 (1998) 
 
21. K. S. SivaSai, M. A. Smith, N. J. Poindexter, S. R. 
Sundaresan, E. P. Trulock, J. P. Lynch, J. D. Cooper, G. A. 
Patterson and T. Mohanakumar: Indirect recognition of 
donor HLA class I peptides in lung transplant recipients 
with bronchiolitis obliterans syndrome. Transplantation 67, 
1094-1098, (1999) 
 
22. P. Bretscher and M. Cohn. A theory of self-nonself 
discrimination. Science 169, 1042-1049 (1970) 
 
23. M. H. Sayegh and L. A. Turka: The role of T-cell 
costimulatory activation pathways in transplant rejection. N 
Engl J Med 338, 1813-1821 (1998) 
 
24. J. D. Pirsch, J. Miller, M. H. Deierhoi, F. Vincenti and 
R. S. Filo: A comparison of tacrolimus (FK506) and 
cyclosporine for immunosuppression after cadaveric renal 
transplantation. FK506 Kidney Transplant Study Group. 
Transplantation 63, 977-983 (1997) 
 
25. A. D. Mayer, J. Dmitrewski, J. P. Squifflet, T. Besse, B. 
Grabensee, B. Klein, F. W. Eigler, U. Heemann, R. 
Pichlmayr, M. Behrend, Y. Vanrenterghem, J. Donck, J. 
vanHooff, M. Christiaans, J. M. Morales, A. Andres, R. W. 
Johnson, C. Short, B. Buchholz, N. Rehmert, W. Land, S. 
Schleibner, J. L. Forsythe, D. Talbot and E. Pohanka: 
Multicenter randomized trial comparing tacrolimus 
(FK506) and cyclosporine in the prevention in the 
prevention of renal allograft rejection: a report of the 
European Tacrolimus Multicenter Renal Study Group. 
Transplantation 64, 436-443 (1997)  
 
26. S. C. Jensik and the FK 506 Kidney Transplant Study 
Group: Tacrolimus (FK 506) in kidney transplantation: 
three-year survival results of the US multicenter, 
randomized, comparative trial. Transplant Proc 30, 1216-
1218 (1998)  

27. J. F. Neylan and the FK 506 Kidney Transplant Study 
Group: Racial differences in renal transplantation after 
immunosuppression with tacrolimus versus cyclosporine. 
Transplantation 65, 515-523 (1998) 
 
28. 2005 Annual Report of the U.S. Organ Procurement 
and Transplantation Network and the Scientific Registry of 
Transplant Recipients: Transplant Data 1995-2004. 
Department of Health and Human Services, Health 
Resources and Services Administration, Office of Special 
Programs, Division of Transplantation, Rockville, MD; 
United Network for Organ Sharing, Richmond, VA; 
University Renal Research and Education Association, Ann 
Arbor, MI, (2006) 
 
29. A. Zuckermann, H. Reichenspurner, T. Birsan, H. 
Treede, E. Deviatko, B. Reichart and W. Klepetko:  
Cyclosporine A versus tacrolimus in combination with 
mycophenolate mofetil and steroids as primary 
immunosuppression after lung transplantation: one-year 
results of a 2-center prospective randomized trial. J Thorac 
Cardiovasc Surg 125, 891-900 (2003) 
 
30. A. T. Iacono, B. A. Johnson, W. F. Grgurich, J. G. 
Youssef, T. E. Corcoran, D. A. Seiler, J. H. Dauber, G. C. 
Smaldone, A. Zeevi, S. A. Yousem, J. J. Fung, G. J. 
Burckart, K. R. McCurry and B. P. Griffith:  A randomized 
trial of inhaled cyclosporine in lung-transplant recipients. N 
Engl J Med 354, 141-50 (2006) 
 
31. R. Y. Calne and J. E. Murray: Inhibition of the rejection of 
renal homografts in dogs with Burroughs Wellcome 322. Surg 
Forum 12,118-120 (1966) 
 
32. L. B. Zimmerhackl, S. Wiesmayr, G. Kirste and T. 
Jungraithmayr: Mycophenolate mofetil (Cellcept) in pediatric 
renal transplantation. Transplant Proc 38, 2038-40 (2006) 
 
33. U.S. Renal Transplant Mycophenolate Mofetil Study 
Group. Mycophenolate mofetil in cadaveric renal 
transplantation. Am J Kidney Dis 34, 296-303 (1999) 
 
34. T. H. Mathew: A blinded, long-term, randomized 
multicenter study of mycophenolate mofetil in cadaveric renal 
transplantation: results at three years. Tricontinental 
Mycophenolate Mofetil Renal Transplantation Study Group. 
Transplantation 65, 1450-1454 (1998) 
 
35. Mycophenolate mofetil in renal transplantation: 3-year 
results from the placebo-controlled trial. European 
Mycophenolate Mofetil Cooperative Study Group. 
Transplantation. 68, 391-396 (1999) 
 
36. A. O. Ojo, H. U. Meier-Kriesche, J. A. Hanson, A. B. 
Leichtman, D. Cibrik, J. C. Magee, R. A. Wolfe, L.Y. Agodoa 
and B. Kaplan. Mycophenolate mofetil reduces late renal 
allograft loss independent of acute rejection. Transplantation 
69, 2405-2409 (2000) 
 
37. C. K. Fujihara, D. M. Malheiros, R. Zatz and I. D. 
Noronha. Mycophenolate mofetil attenuates renal injury in 
the rat remnant kidney. Kidney Int.  54, 1510-1519 (1998) 



Immunosuppression for lung transplantation 

1638 

38. J. Groetzner, T. Wittwer, I. Kaczmarek, P. Ueberfuhr, J. 
Strauch, R. Nagib, B. Meiser, U. Franke, B. Reichart and T. 
Wahlers. Conversion to sirolimus and mycophenolate can 
attenuate the progression of bronchiolitis obliterans 
syndrome and improves renal function after lung 
transplantation. Transplantation. 81, 355-360 (2006) 
 
39. C. J. Kuo, J. Chung, D. F. Fiorentino, W. M. Flanagan, 
J. Blenis and G. R. Crabtree. Rapamycin selectively 
inhibits interleukin-2 activation of p70 S6 kinase. Nature. 
358, 70-73 (1992) 
 
40. D. J. Price, J. R. Grove, V. Calvo, J. Avruch and B. E. 
Bierer. Rapamycin-induced inhibition of the 70-kilodalton 
S6 protein kinase. Science. 257, 973-977 (1992) 
 
41. H. J. Eisen, E. M. Tuzcu, R. Dorent, J. Kobashigawa, 
D. Mancini, H. A. Valantine-von Kaeppler, R. C. Starling, 
K. Sorensen, M. Hummel, J. M. Lind, K. H. Abeywickrama 
and P. Bernhardt. Everolimus for the prevention of allograft 
rejection and vasculopathy in cardiac-transplant recipients. 
N.Engl J Med. 349, 847-858 (2003) 
 
42. G. I. Snell, V. G. Valentine, P. Vitulo, A. R. Glanville, 
D. C. McGiffin, J. E. Loyd, A. Roman, R. Aris, A. Sole, A. 
Hmissi and U. Pirron. Everolimus versus azathioprine in 
maintenance lung transplant recipients: An international, 
randomized, double blind clinical trial. American Journal 
of Transplantation. 6, 69-177 (2005) 
 
43. D. Mancini, S. Pinney, D. Burkhoff, J. LaManca, S. 
Itescu, E. Burke, N. Edwards, M. Oz and A. R. Marks. Use 
of rapamycin slows progression of cardiac transplantation 
vasculopathy. Circulation. 108, 48-53 (2003) 
 
44. G. I. Snell, V. G. Valentine, P. Vitulo, A. R. Glanville, 
D. C. McGiffin, J. E.  Loyd, A. Roman, R. Aris, A. Sole, A. 
Hmissi and U. Pirron. Everolimus versus azathioprine in 
maintenance lung transplant recipients: an international, 
randomized, double-blind clinical trial.  American Journal 
of Transplantation. 6, 169–177 (2006) 
 
45. D. O. Taylor, M. R. Bristow, J. B. O'Connell, G. D. 
Price, E. H. Hammond, D. B. Doty, S. V. Karwande, W. A. 
Gay, K. W. Jones, D. Lappe and D. G. Renlund. Improved 
long-term survival after heart transplantation predicted by 
successful early withdrawal from maintenance 
corticosteroid therapy. J Heart Lung Transplant. 15, 1039-
1046 (1996) 
 
46. K. R. McCurry, A. Iacono, A. Zeevi, S. Yousem, A. 
Girnita, S. Husain, D. Zaldonis, B. Johnson, B.G. Hattler 
and T. E. Starzl. Early outcome in human lung 
transplantation with thymoglobulin or Campath-1H for 
recipient pre-treatment followed by post-transplant 
tacrolimus near monotherapy. J Thoracic and 
Cardiovascular Surgery. 130, 528-537 (2005) 
 
47. F. Vincenti, R.Kirkman and S. Light. Interleukin-2-
receptor blockade with daclizumab to prevent acute 
rejection in renal transplantation. N Engl J Med. 338, 161-
165 (1998) 

48. C. M. Burton, C. B. Andersen, A. S. Jensen, M. 
Iversen, N. Milman, S. Boesgaard, H. Arendrup, K. Eliasen 
and J. Carlsen. The incidence of acute cellular rejection 
after lung transplantation: A comparative study of anti-
thymocyte globulin and daclizumab. J Heart and Lung 
Transplantation. 25, 638-647 (2006) 
 
49. A. Humar, S. Kerr, K. J. Gillingham and A. J. Matas. 
Features of acute rejection that increase risk for chronic 
rejection. Transplantation. 68, 1200-1203 (1999) 
 
50. R. E. Girgis, I. Tu, G. J. Berry, H. Reichenspurner, V. 
G. Valentine, J. V. Conte, A. Ting, I. Johnstone, J. Miller, 
R. C. Robbins, B. A. Reitz and J. Theodore. Risk factors 
for the development of obliterative bronchiolitis after lung 
transplantation. J Heart Lung Transplant. 15, 1200-1208 
(1996) 
 
51. S. W. Hirt, X. M. You, F. Moller, K. Boeke, M. Starke, 
U. Spranger and H. U. Wottge. Development of obliterative 
bronchiolitis after allogeneic rat lung transplantation: 
implication of acute rejection and the time point of 
treatment. J Heart Lung Transplant 18, 542-548 (1999) 
 
52. W. Land and K. Messmer. The impact of 
ischemia/repurfusion injury on specific and non-specific 
early and late chronic events after organ transplantation. 
Transplant Rev 10, 108-127 (1996) 
 
53. J. A. B. Van der Hoeven and R. J. Ploeg. Effects of 
brain death on donor organ viability. Curr Opin Organ 
Transplant 6, 75-82 (2001) 
 
54. J. Pratschke, M. J. Wilhelm, M. Kusaka, F. Beato, E. L. 
Milford, W. W. Hancock and N.L. Tilney. Accelerated 
rejection of renal allografts from brain-dead donors. Ann Surg 
232, 263-271 (2000) 
 
55. P. Finckenberg, M. Lassila, K. Inkinen, A. K. Pere, L. 
Krogerus, L. Lindgren, E. Mervaala, H. Vapaatalo, M. L. 
Nurminen and J. Ahonen. Cyclosporine induces myocardial 
connective tissue growth factor in spontaneously hypertensive 
rats on high-sodium diet. Transplantation 71, 951-958 (2001) 
 
56. E. Moller, C. Soderberg-Naucler and S. Sumitran-
Karuppan. Role of alloimmunity in clinical transplantation. 
Rev Immunogenet 1, 309-322 (1999) 
 
57. C. Soderberg-Naucler and V. C. Emery. Viral infections 
and their impact on chronic renal allograft dysfunction. 
Transplantation. 71, SS24-SS30 (2001) 
 
58. R. D. Davis, C. L. Lau, S. Eubanks, R. H. Messier, D. 
Hadjiliadis, M. P. Steele and S. M. Palmer. Improved lung 
allograft function after fundoplication in patients with 
gastroesophageal reflux disease undergoing lung 
transplantation.  J Thorac Cardiovasc Surg 125, 533-542 
(2003) 
 
59. P. A. Corris. Lung transplantation. Bronchiolitis 
obliterans syndrome. Chest Surg Clin N Am. 13, 543-557 
(2003) 



Immunosuppression for lung transplantation 

1639 

60. R. I. Whyte, S. J. Rossi, M.S. Mulligan, R. Florn, L. 
Baker, S. Gupta, F. J. Martinez and J. P. Lynch. 
Mycophenolate mofetil for obliterative bronchiolitis 
syndrome after lung transplantation. Ann Thorac Surg  64, 
945-948 (1997) 
 
61. K. L. Hardinger, C. D. Wang, M. A. Schnitzler, B. W. 
Miller, M.D. Jendrisak, S. Shenoy, J. A. Lowell and D. C. 
Brennan. Prospective, pilot, open-label, short-term study of 
conversion to leflunomide reverses chronic renal allograft 
dysfunction. Am J Transplan. 2, 867-871  (2002) 
 
62. J. Savikko, E. von Willebrand and P. Hayry. 
Leflunomide analogue FK778 is vasculoprotective 
independent of its immunosuppressive effect: potential 
applications for restenosis and chronic rejection. 
Transplantation 76, 455-458 (2003) 
 
63. F. Pan, A. Ebbs, C. Wynn, L. Erickson, M. S. Jang, G. 
Crews, O. Fisniku, M. Kobayashi, L. C. Paul, H. 
Benediktsson and A. H. Jiang. FK778, a powerful new 
immunosuppressant, effectively reduces functional and 
histologic changes of chronic rejection in rat renal 
allografts. Transplantation 75, 1110-1114 (2003) 
 
64. J. W. Williams, D. Mital, A. Chong, A. Kottayil, M. 
Millis, J. Longstreth, W. Huang, L. Brady and S. Jensik. 
Experiences with leflunomide in solid organ 
transplantation. Transplantation 73, 358-366 (2002) 
 
65. B. W. McKane, F. Fernandez, K. Narayanan, S. 
Marshbank, S. B. Margolin, M. Jendrisak and T. 
Mohanakumar. Pirfenidone inhibits obliterative airway 
disease in a murine heterotopic tracheal transplant model. 
Transplantation 77, 664-669 (2004) 
 
66. L. E. Otterbein, B. S. Zuckerbraun, M. Haga, F. Liu, R. 
Song, A. Usheva, C. Stachulak, N. Bodyak, R. N. Smith, E. 
Csizmadia, S. Tyagi, Y. Akamatsu, R. J. Flavell, T. R. 
Billiar, E. Tzeng, F. H. Bach, A. M. Choi and M. P. Soares. 
Carbon monoxide suppresses arteriosclerotic lesions 
associated with chronic graft rejection and with balloon 
injury. Nat Med 9, 183-190 (2003) 
 
67. S. G. Tullius, M. Nieminen-Kelha, R. Buelow, A. 
Reutzel-Selke, P. N. Martins, J. Pratschke, U. Bachmann, 
M. Lehmann, D. Southard, S. Iver, G. Schmidbauer, B. 
Sawitzki, P. Reinke, P. Neuhaus and H. D. Volk. Inhibition 
of ischemia/reperfusion injury and chronic graft 
deterioration by a single-donor treatment with cobalt-
protoporphyrin for the induction of heme oxygenase-1. 
Transplantation 74, 591-598 (2002) 
 
68. C. Chauveau, D. Bouchet, J. C. Roussel, P. Mathieu, C. 
Braudeau, K. Renaudin, L. Tesson, J. P. Soulillou, S. Iver, 
R. Buelow and I. Anegon. Gene transfer of heme 
oxygenase-1 and carbon monoxide delivery inhibit chronic 
rejection. Am J Transplant 2, 581-592 (2002) 
 
 69. E. L. Bedard, P. Kim, J. Jiang, N. Parry, L. Liu, H. 
Wang, B. Garcia, X. Li, G. McFadden, A. Lucas and R. 
Zhong. Chemokine-binding viral protein M-T7 prevents 

chronic rejection in rat renal allografts. Transplantation. 
76, 249-252 (2003) 
 
70. J. J. Yun, M. P. Fischbein, D. Whiting, Y. Irie, M.C. 
Fishbein, M.D. Burdick, J. Belperio, R. M. Strieter, H. 
Laks, J. A. Berliner and A. Ardehali. The role of 
MIG/CXCL9 in cardiac allograft vasculopathy. Am J 
Pathol  161, 1307-1313 (2002) 
 
71. J. Savikko, E. Taskinen and E. von Willebrand. Chronic 
allograft nephropathy is prevented by inhibition of platelet-
derived growth factor receptor: tyrosine kinase inhibitors as a 
potential therapy. Transplantation. 75, 1147-1153 (2003) 
 
72. T. Koshiba, B. Van Damme, O. Rutgeerts, M. Waer and J. 
Pirenne. FTY720, an immunosuppressant that alters 
lymphocyte trafficking, abrogates chronic rejection in 
combination with cyclosporine A. Transplantation. 75, 945-
952 (2003) 
 
73. H. Jr. Auchincloss. In search of the elusive Holy Grail: the 
mechanisms and prospects for achieving clinical 
transplantation tolerance. Am J Transplant 1, 6-12 (2001) 
 
74. E. J. Suchin, P. B. Langmuir, E. Palmer, M. H. Sayegh, A. 
D. Wells and L.A. Turka. Quantifying the frequency of 
alloreactive T cells in vivo: new answers to an old question. J 
Immunol. 166, 973-981 (2001)  
 
75. T. Wekerle, J. Kurtz, H. Ito, J. V. Ronquillo, V. Dong, G. 
Zhao, J. Shaffer, M. H. Sayegh and M Sykes. Allogeneic bone 
marrow transplantation with co-stimulatory blockade induces 
macrochimerism and tolerance without cytoreductive host 
treatment. Nat Med 6, 464-469 (2000) 
 
76. C. A. Huang, Y. Fuchimoto, R. Scheier-Dolberg, M. C. 
Murphy, D. M. Neville and D. H. Sachs. et al: Stable mixed 
chimerism and tolerance using a nonmyeloablative preparative 
regimen in a large-animal model. J Clin Invest. 105, 173-181 
(2000) 
 
77. M. L. Schwarze, M. T. Menard, Y. Fuchimoto, C. A. 
Huang, S. Houser, K. Mawulawde, K. S. Allison, D. H. Sachs 
and J. C. Madsen. Mixed hematopoietic chimerism induces 
long-term tolerance to cardiac allografts in miniature swine. 
Ann Thorac Surg. 70, 131-139 (2000) 
 
78. M. Kimikawa, D. H. Sachs, R. B. Colvin,A. Bartholomew, 
T. Kawai, A. B. Cosimi. Modifications of the conditioning 
regimen for achieving mixed chimerism and donor-specific 
tolerance in cynomolgus monkeys. Transplantation. 64, 709-
716 (1997). 
 
79. T. Kawai, G. Abrahamian, H. Sogawa, S. Wee, S. 
Boskovic, D. Andrew, O. Nadazdin, S. Mauiyyedi, D. 
Weymouth, D. Ko, R. Colvin, D. Sachs and A. Cosimi. 
Costimulatory blockade for induction of mixed chimerism and 
renal allograft tolerance in nonhuman primates. Transplant 
Proc. 33, 221-222 (2001) 
 
80. M. Sykes. Mixed chimerism and transplant tolerance. 
Immunity. 14, 417-424 (2001) 



Immunosuppression for lung transplantation 

1640 

81. T. R. Spitzer, F. Delmonico, N. Tolkoff-Rubin, S. 
McAfee, R. Sackstein, S. Saidman, C. Colby, M. Sykes, D. 
H. Sachs and A. B. Cosimi. Combined histocompatibility 
leukocyte antigen-matched donor bone marrow and renal 
transplantation for multiple myeloma with end stage renal 
disease: the induction of allograft tolerance through mixed 
lymphohematopoietic chimerism. Transplantation. 68, 480-
484 (1999) 
 
82. L. H. Buhler, T. R. Spitzer, M. Sykes, D. H. Sachs, F. 
L. Delmonico, N. Tolkoff-Rubin, S. L. Saidman, R. 
Sackstein, S. McAfee, B. Dey, C. Colby and A. B. Cosimi. 
Induction of kidney allograft tolerance after transient 
lymphohematopoietic chimerism in patients with multiple 
myeloma and end-stage renal disease. Transplantation. 74, 
1405-1409 (2002) 
 
83. X. C. Li, A. D. Wells, T. B. Strom and L.A. Turka. The 
role of T cell apoptosis in transplantation tolerance. Curr 
Opin Immunol. 12, 522-527 (2000) 
 
84. F. A. Harding, J. G. McArthur, J. A. Gross, D. H. 
Raulet and J. P. Allison. CD28-mediated signalling co-
stimulates murine T cells and prevents induction of anergy 
in T-cell clones. Nature. 356, 607-609 (1992) 
 
85. L. Van Parijs and A. K. Abbas. Homeostasis and self-
tolerance in the immune system: turning lymphocytes off. 
Science. 280, 243-248 (1998) 
 
86. P.S. Linsley, W. Brady, M. Urnes, L. S. Grosmaire, N. 
K. Damle and J. A. Ledbetter. CTLA-4 is a second receptor 
for the B-cell activation antigen B7. J Exp Med. 174, 561-
569 (1991) 
 
87. C. P. Larsen, E. T. Elwood, D. Z. Alexander, S. C. 
Ritchie, R. Hendrix, C. Tucker-Burden, H. R. Cho, A. 
Aruffo, D. Hollenbaugh, P. S. Linsley, K. J. Winn and T. 
C. Pearson. Long term acceptance of skin and cardiac 
allografts after blocking CD40 and CD28 pathways. 
Nature. 381, 434-438 (1996) 
 
88. T. A. Judge, A. Tang, L. M.  Spain, J. Deans-Gratiot, 
M. H. Sayegh and L. A. Turka. The in vivo mechanism of 
action of CTLA4Ig. J Immunol. 156, 2294-2299 (1996) 
 
89. E. R. Kearney, T. L. Walunas, R. W. Karr, P. A. 
Morton, D. Y. Loh, J. A. Bluestone and M. K. Jenkins. 
Antigen-dependent clonal expansion of a trace population 
of antigen-specific CD4+ T cells in vivo is dependent on 
CD28 costimulation and inhibited by CTLA-4. J Immunol. 
155, 1032-1036 (1995) 
 
90. Y. Li, X. C. Li, X. X. Zheng, A. D. Wells, L.A. Turka 
and T. B. Strom. Blocking both signal 1 and signal 2 of T-
cell activation prevents apoptosis of alloreactive T cells and 
induction of peripheral allograft tolerance. Nat Med . 5, 
1298-1302 (1999) 
 
91. A. D. Wells, X. C. Li, Y. Li, M. C. Walsh, X. X. 
Zheng, Z. Wu, G. Nunez, A. Tang, M. Sayegh, W. W. 
Hancock, T. B. Strom and L.A. Turka. Requirement for T-

cell apoptosis in the induction of peripheral transplantation 
tolerance. Nat Med.  5, 1303-1307 (1999) 
 
92. K. Honey, S. P. Cobbold and H. Waldmann. CD40 
ligand blockade induces CD4+ T cell tolerance and linked 
suppression. J Immunol. 163, 4805-4810 (1999) 
 
93. M. H. Sayegh, E. Akalin, W. W. Hancock, M. E. 
Russell, C. B. Carpenter, P. S. Linsley and L. A. Turka. 
CD28-B7 blockade after alloantigenic challenge in vivo 
inhibits Th1 cytokines but spares Th2. J Exp Med. 181, 
1869-1874 (1995) 
 
94. R. S. Lee, J. R. Rusche, M. E. Maloney, D. H. Sachs, 
M. H. Sayegh and J. C. Madsen. CTLA4Ig-induced linked 
regulation of allogeneic T cell responses. J Immunol. 166, 
1572-1582 (2001) 
 
95. K. S. Kim, M. D. Denton, A. Chandraker, A. Knoflach, 
R. Milord, A. M. Waaga, L. A. Turka, M. E. Russell, R. 
Peach, M. H. Sayegh. CD28-B7-mediated T cell 
costimulation in chronic cardiac allograft rejection: 
differential role of B7-1 in initiation versus progression of 
graft arteriosclerosis. Am J Pathol. 158, 977-986 (2001) 
 
96. H. Jonuleit, E. Schmitt, G. Schuler, J. Knop and A. H. 
Enk. Induction of interleukin 10-producing, 
nonproliferating CD4(+) T cells with regulatory properties 
by repetitive stimulation with allogeneic immature human 
dendritic cells. J Exp Med. 192, 1213-1222 (2000) 
 
97. M. V. Dhodapkar and R. M. Steinman. Antigen-
bearing immature dendritic cells induce peptide-specific 
CD8(+) regulatory T cells in vivo in humans. Blood. 
100, 174-177 (2002) 
 
98. S. M. Barratt-Boyes and A. W. Thomson. Dendritic 
cells: Tools and targets for transplant tolerance. Am J 
Transplantation. 5, 2807-2813 (2005) 
 
99. K. Sato, N. Yamashita and T. Matsuyama. 
Regulatory dendritic cells protect mice from murine 
acute graft-versus-host disease and leukemia relapse. 
Immunity 18, 367-379 (2003) 
 
100. V. Mirenda, I. Berton, J. Read, T. Cook, J. Smith, 
A. Dorling and R. I. Lechler. Modified dendritic cells 
co-expressing self and allogeneic major 
histocompatibility complex molecules: An efficient way 
to induce indirect pathway regulation. J Am Soc 
Nephro.l 15, 987-997 (2004) 
 
101. H. Hackstein and A. W.  Thomson. Dendritic cells: 
Emerging pharmacological targets of 
immunosuppressive drugs. Nat Rev Immunol. 4, 24-35 
(2004) 
 
102. I. J. Fugier-Vivier, F. Rezzoug, Y. Huang, A. J. 
Graul-Layman, C. L. Schanie, H. Xu, P. M. Chilton and 
S. T. Ildstad. Plasmacytoid precursor dendritic cells 
facilitate allogeneic hematopoeitic stem cell 
engraftment. J Exp Med. 201, 373-383 (2005) 



Immunosuppression for lung transplantation 

1641 

103. G. Chalasani and F. G. Lakkis Immunologic ignorance of 
organ allografts. Curr Opin Organ Transplant. 6, 83-86 (2001) 
 
104. G. Klaus, K. Mostert, B. Reckzeh and T. F. Mueller. 
Phenotypic changes in lymphocyte subpopulations in pediatric 
renal transplant patients after T cell depletion. Transplantation. 
76, 1719-1724 (2003) 
 
105. K. J. Wood and S. Luo and A. Akl. Regulatory T cells: 
potential in organ transplantation. Transplantation. 77 (1 
Suppl), S6-S8 (2004) 
 
106. M. Battaglia, A. Stabilini, B. Migliavacca, J. Horejs-
Hoeck, T. Kaupper and M. G. Roncarolo. Rapamycin 
promotes expansion of functional CD4+CD25+FOXP3+ 
regulatory T cells of both healthy subjects and type 1 diabetic 
patients. J Immunol.  177, (12)8338-47 (2006) 
 
107. D. S. Segundo, J. C. Ruiz, M. Izquierdo, G.  Fernandez-
Fresnedo, C. Gomez-Alamillo, R. Merino, M. J. Benito, E. 
Cacho, E. Rodrigo, R. Palomar, M. Lopez-Hoyos and M. 
Arias. Calcineurin inhibitors, but not rapamycin, reduce 
percentages of CD4+CD25+FOXP3+ regulatory T cells in 
renal transplant recipients. Transplantation. 82, (4) 550-557 
(2006) 
 
108. S. K. Takemoto, A. Zeevi, S. Feng, R. B. Colvin, S. 
Jordan, J. Kobashigawa, J. Kupiec-Weglinski, A. Matas, R. A. 
Montgomery, P. Nickerson, J.L. Platt, H. Rabb, R. 
Thistlethwaite, D. Tyan and F.L. Delmonico. National 
conference to assess antibody-mediated rejection in solid organ 
transplantation. Am J Transplant 4, 1033-1041 (2004) 
 
109. C. Chantranuwat, J. H. Qiao, J. Kobashigawa, L. Hong, P. 
Shintaku and M. C. Fishbein. Immunoperoxidase staining for 
C4d on paraffin-embedded tissue in cardiac allograft 
endomyocardial biopsies: comparison to frozen tissue 
immunofluorescence. Appl Immunohistochem Mol Morphol. 
12, 166-171 (2004) 
 
110. S. Maier, C. Tertilt, N. Chambron, K. Gerauer, N. Huser, 
C. D. Heidecke and K. Pfeffer. Inhibition of natural killer cells 
result in acceptance of cardiac allografts in CD28-/- mice. Nat 
Med.  7, 557-562 (2001) 
 
111. H. J. Eisen, E. M. Tuzcu, R. Dorent, J. Kobashigawa, D. 
Mancini, H. A. Valantine-von Kaeppler, R. C. Starling, K. 
Sorensen, M. Hummel, J. M. Lind, K. H.Abeywickrama and 
P. Bernhardt. Everolimus for prevention of allograft rejection 
and vasculopathy in cardiac transplant recipients. N Eng J 
Med. 349, 847-858 (2003) 
 
Key Words: Lung, Transplantation, Immunosuppression, 
Allorecognition, Tolerance, Review 
 
Send correspondence to:  James S. Allan, Massachusetts 
General Hospital, 55 Fruit Street, Blake 1570, Boston, MA 
02114, Tel: 978-745-1581, Fax: 978-745-9024, E-mail: 
jallan@partners.org 
 
http://www.bioscience.org/current/vol14.htm 
 

 
 
 
 
 
 


