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Abstract

Although transplantation has long been regarded as the treatment of choice for solid organ 
failure, unwanted side effects of immunosuppressive drugs and poor long-term allograft 
survival remain important limitations. Achieving tolerance to transplanted organs should 
solve both problems, but this remains elusive for the majority of transplant recipients. Recent 
advances in immunological techniques have led to a resurgence of interest in studying those 
rare transplant recipients who have achieved tolerance to their allografts. The development 
of biomarkers indicative of transplantation tolerance would constitute a major advance in 
the care of organ transplant recipients in that it would allow individualized minimization of 
immunosuppressive therapy in the clinic, so reducing side effects and costs and optimizing 
long-term graft outcomes. The objective of this review is to discuss current and evolving 
techniques for immunological monitoring in clinical transplantation, to explain how 
these techniques are being adapted to meet the challenge of characterizing tolerant liver 
and kidney transplant recipients, and to explore the opportunities and risks of translating 
these techniques into routine clinical practice in order to guide individualized therapy. 
(Trends in Transplant. 2010;4:68-77)
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many fold and has been employed for diverse 
purposes, including treating end-stage organ 
failure, repairing or replacing defective or dis-
eased tissues, treating diseases of the blood, 
bone marrow, and certain types of cancer, 
and resetting the immune system in severe 
autoimmune diseases. Most allograft recipi-
ents require life-long immunosuppressive 
medication, with consequent increased sus-
ceptibility to infection, increased risk of malig-
nancy, and accelerated cardiovascular dis-
ease. This contributes substantially to 
morbidity and mortality among transplant re-
cipients and limits the efficacy and durability 
of transplantation as a therapy. Other key 

Introduction

Since 1954, when the first successful 
kidney transplant was performed, the art of 
transplanting organs, tissues, and cells from 
one individual into another has expanded 
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causes of allograft loss are immunologically 
mediated allograft damage and direct toxicity 
from immunosuppressive drugs, which have 
additional undesirable side effects including 
hypertension, weight gain, and increased risk 
of diabetes, osteoporosis, hyperlipidemia, 
hirsutism, or alopecia. For each patient, a 
constant balance has to be struck between an 
acceptable level of side effects and the risk 
of damaging the allograft through rejection. 
This is particularly challenging for adolescent 
patients. To date there is no clinical test that 
reliably determines how much immunosup-
pressive medication an individual needs at a 
particular time-point to avoid allograft rejec-
tion. Dose ranges and target drug levels are 
based on data from large-scale clinical trials 
rather than on individual needs. More wide-
spread availability of information and a con-
comitant increase in patient engagement in 
healthcare will lead to ever increasing de-
mand for individualized therapy. Some illus-
trative clinical cases are shown in table 1. 

Given the worldwide shortage of do-
nated organs for transplantation, there is 
an ever more pressing need to maximize 
the survival of both patients and allografts. The 
ability to induce, identify, and monitor trans-
plant tolerance would obviate the need for 

immunosuppressive medication, so address-
ing the problem of attrition, maximizing allo-
graft survival, and ensuring optimal use of a 
scarce resource.

Definitions of transplant tolerance

The definition of “true” transplant toler-
ance has been proposed as “a well-function-
ing graft lacking histological signs of rejec-
tion, in the absence of any immunosuppressive 
drugs, in an immunocompetent host capable 
of accepting a second graft of the same donor 
origin, while being able to reject a third-party 
graft”1. Although achieved in several animal 
models2, this has rarely been reported in clin-
ical practice and only after administration of 
aggressive conditioning regimens3,4. In the 
clinic, therefore, a less stringent definition of 
“operational tolerance” is used to describe a 
state of stable graft function, years after stop-
ping all immunosuppression in recipients who 
are otherwise immunocompetent5. Although 
approximately 20% of liver transplant recipi-
ents become operationally tolerant after im-
munosuppression weaning6, the frequency of 
operational tolerance in the kidney transplant 
population is unknown as to date there are no 
controlled trials and no reliable indicators to 

Table 1. Illustrative clinical cases

Case 1  

A patient living in a rural area received a kidney transplant from his brother six years previously. The patient has difficulty 
attending the hospital and obtaining regular supplies of immunosuppressive medication. He wants to withdraw from 
immunosuppressive medication with the support of his transplant physician. The patient is counseled against this on the basis 
that this would increase his risk of acute allograft rejection and compromise the survival of his transplant. The patient 
nevertheless decides to embark upon an unsupervised weaning process over the course of the year. The weaning is 
successful, and when the patient is seen again he is already immunosuppression-free with stable kidney function. The 
question for the transplant physician is how long can this immunosuppression-free period be sustained, and how can this most 
effectively be supported by the clinical team.

Case 2

A patient received a cadaveric kidney transplant 15 years ago. Her graft function is excellent, but she has multiple skin 
lesions, including squamous cell carcinomas and viral warts. She would like to know if it would be safe to reduce or 
discontinue her immunosuppressive medication in order to reduce these skin problems. She is very anxious above all to 
preserve her kidney function. Her transplant physician tells her that there is no way of knowing whether tolerance to the 
allograft has been established and she agrees to remain on her current level of immunosuppressive medication rather than risk 
any loss of kidney function. 
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identify suitable patients for this approach. 
The identification and validation of such indi-
cators or biomarkers would aid the develop-
ment of weaning protocols and open up the 
possibility of offering individualized therapy 
and safe immunosuppression minimization or 
withdrawal to a wider group of transplant re-
cipients.

Definition of a biomarker

The National Institutes of Health Bio-
markers Definitions Working Group has de-
fined a biomarker as “a characteristic that is 
objectively measured and evaluated as an in-
dicator of normal biological processes, patho-
genic processes, or pharmacological respons-
es to therapeutic intervention”7. Biomarkers are 
commonly used as tools for diagnosis, for 
staging disease progression, as indicators of 
disease prognosis, and as predictors of clini-
cal response. Characteristics of ideal bio-
markers are shown in table 2. Within immu-
nological systems, candidate biomarkers 
might include particular cell types, genes, 
proteins, or peptides. They may also be the 
results of specific tests that indicate the func-
tion of cells present in peripheral blood or in 
tissues, or of genes expressed by particular 
cell subsets. 

Conventional biomarkers  
of kidney and liver function

Established biomarkers of kidney and 
liver function are widely used but carry major 
limitations. Glomerular filtration rate (GFR), the 
sum of the filtration rates in all functioning 
nephrons, is a convenient and time-honored 
way of quantifying kidney function. However, 
GFR varies under normal physiological condi-
tions as well as with disease8. Gold standard 
methods of assessing GFR, such as inulin 
clearance, are technically demanding, ex-
pensive, and time-consuming and therefore 

unsuitable for everyday use. Measuring serum 
creatinine, a breakdown product of muscle 
creatine phosphate produced by the body at 
a constant rate and filtered out of the blood 
by the kidneys, is simple to do and is a uni-
versally accepted biomarker for kidney func-
tion. However, although cheap and easy to 
measure, serum creatinine has significant 
limitations when used as an isolated biomark-
er in this way. The rate of production of creatin-
ine is dependent on muscle mass, which is 
subject to the major modifying effects of age, 
gender, and ethnicity. Furthermore, changes 
in serum creatinine may lag behind changes in 
GFR by many days. Measurement of 24-hour 
urinary creatinine clearance gives a more ac-
curate assessment of GFR, but remains sub-
ject to the same nonrenal influences on creatin-
ine generation, compounded by the potential 
for inaccuracy and the inconvenience of 24-hour 
urine collection. 

The liver, metabolically the most com-
plex organ in the body, performs many vital 
functions such as metabolism of ingested nu-
trients, synthesis of key immune, inflammatory, 
and blood coagulation proteins, and process-
ing of endogenous and exogenous toxins. It 
is perhaps therefore unsurprising that the reli-
ability of any single laboratory test of liver 

Table 2. Characteristics of ideal biomarkers

– Quick, reliable, and inexpensive to measure
–  Readily quantifiable in accessible clinical 

samples such as blood or urine
–  Differ specifically in the relevant biological 

process or disease
–  No overlap in level between patients and healthy 

controls
–  Not subject to wide variation in the general 

population
–  Correlate closely with the relevant biological 

process or disease
–  Unaffected by unrelated conditions and 

associated comorbid factors
–  Correlate closely with established 

clinicopathologic parameters of disease
– Vary rapidly in response to specific therapies
–  Have predictive power for disease severity and 

prognosis
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function is relatively limited. The most com-
monly used biomarker of hepatocellular injury 
is the measurement of serum transaminases, 
of which alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) are consid-
ered the most important. These are present in 
high concentration in hepatocytes, where they 
catalyze the transfer of amino groups from 
alanine and aspartate to the α-keto group of 
ketoglutaric acid to produce pyruvic acid and 
oxaloacetic acid, respectively. These enzymes 
leak into the blood when hepatocyte cell 
membranes are damaged. Alanine amin-
otransferase is the more specific marker of 
hepatocellular injury because it occurs exclu-
sively in the liver, whereas AST occurs to 
some extent also in heart, skeletal muscle, 
kidney, and pancreas. Although elevation in 
serum transaminase levels may be regarded 
as a sensitive indicator of hepatocyte dam-
age, the finding is nonspecific9. Furthermore, 
measurements of liver enzymes correlate 
poorly with liver histopathology and generally 
provide no prognostic measure of how liver 
function may further change over time. 

In summary, although both serum 
transaminase levels and serum creatinine lev-
els are widely used in clinical practice as bio-
markers of liver or kidney injury, respectively, 
they correlate poorly with actual liver or kidney 
function and offer little useful prognostic infor-
mation regarding the likelihood of organ fail-
ure or recovery. In the context of solid organ 
transplantation, a further major limitation is 
that these biomarkers signify tissue injury, but 
provide no information about the immune sta-
tus of the organ recipient. Of far greater diag-
nostic and prognostic value would be bio-
markers of immune reactivity, which would 
assist clinical monitoring by indicating the risk 
of allograft rejection versus over immunosup-
pression, would aid individualized tailoring of 
immunosuppressive therapy, would facilitate 
development of new therapeutic strategies, 
and would help identify potentially tolerant in-
dividuals. 

Emerging biomarkers  
in posttransplant monitoring

Blood and urine samples are readily ac-
cessible in clinical practice and are therefore 
ideal starting points in the search for useful 
biomarkers. Urine is the least invasive clinical 
sample to collect, and is most likely to be of 
value in the context of kidney transplantation 
as the effluent of the organ of interest. Unfor-
tunately, high variability in concentration and 
volume makes the quantification of biomarkers 
often difficult and occasionally unreliable. Nev-
ertheless, useful biomarkers have been identi-
fied in urine and studies are underway to 
validate these. In 2001 it was first demonstrat-
ed that messenger RNA (mRNA) analysis of 
urine from kidney transplant recipients could 
be used as a noninvasive marker of acute allo-
graft rejection10. In this study, levels of mRNA 
of perforin and granzyme B genes were mea-
sured. These genes encode proteins that are 
found in cytoplasmic granules in cytotoxic T-cells 
and natural killer cells, and cooperate to in-
duce target cell death. Levels of perforin 
mRNA in urine above a predetermined thresh-
old predicted biopsy-confirmed acute rejec-
tion with high sensitivity and specificity, where-
as levels of granzyme B mRNA were less 
specific. Subsequently, it has been shown that 
expression levels of CD3, perforin, and CD25 
in urine sediment cells are higher in kidney 
transplant patients with acute rejection, and 
expression of forkhead box protein 3 (FOXP3) 
at the time of rejection correlates with response 
to treatment11. Since then, numerous biomark-
ers of cytotoxic T-cell activity have been iden-
tified in urine, including mRNA for serine pro-
tease inhibitor-9 (PI-9), CD103, granulysin, 
inducible protein 10 (IP-10), chemokine (CXC 
motif) receptor 3 (CXCR3), Fas ligand (FasL), 
NKG2D, T-cell immunoglobulin domain (Tim-3) 
and Interferon gamma (IFN-γ). These biomark-
ers, alone or in combination, have been shown 
by a number of different laboratories to be 
able to predict acute rejection in kidney allo-
grafts with a high degree of accuracy12. 
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Other studies have assessed periph-
eral blood gene expression using real-time 
polymerase chain reaction (PCR) in correla-
tion with clinical outcomes in transplant re-
cipients. Several studies have shown in-
creased expression of cytotoxic genes in the 
peripheral blood of patients undergoing acute 
rejection13-15. In another study, expression of 
selected genes in peripheral blood, biopsy 
tissue, and urine was simultaneously evalu-
ated in kidney transplant recipients with de-
layed allograft function. Expression of cyto-
toxic and apoptosis-associated genes, such 
as perforin, granzyme B, and FasL, was sig-
nificantly higher in patients with delayed graft 
function due to acute rejection than in patients 
with acute tubular injury16. 

Similarly, a number of immune monitor-
ing assays have been developed to assess 
recipient T-cell activity using peripheral blood 
cells. These assays may be donor antigen-
specific or antigen-nonspecific and include 
mixed lymphocyte reaction, limiting dilution 
analysis, enzyme-linked immunosorbent spot 
(ELISpot) assay, trans-vivo delayed-type hy-
persensitivity (DTH) assay, and flow cytomet-
ric techniques using carboxyfluorescein suc-
cinimidyl ester (CFSE) to detect cell division, 
cytokine detection, or HLA-tetramer staining. 
While it could be argued that responses in 
peripheral blood may not mirror intra-graft 
events, there are some experimental data to 
suggest that circulating lymphocytes do in-
deed share phenotypic and functional char-
acteristics with those infiltrating the graft16,17. 
Applying some of these methods in the context 
of kidney transplantation, it has been shown 
that that higher antidonor immune responses 
correlate with acute rejection18, chronic rejec-
tion19, and reduced allograft function19,20.

Histological evaluation of biopsy mate-
rial is currently considered the gold standard 
for diagnosing the cause of allograft dysfunc-
tion. Unfortunately, the biopsy procedure is 
expensive, prone to sampling errors and 

interobserver variation, and carries a signifi-
cant risk of morbidity and mortality. Neverthe-
less, various biomarkers have been evaluated 
in biopsy specimens in order to improve inter-
pretation of the biopsy. Some groups have 
studied patterns of T-cell receptor (TCR) us-
age in T-cells infiltrating explanted kidney 
allo grafts, and these appear to be distinct in 
grafts lost to acute rejection and those lost to 
chronic rejection21. Other groups have used 
high-density microarrays to analyze gene ex-
pression in biopsy tissues and have identified 
patterns associated with particular types of 
acute rejection and different clinical out-
comes22,23. Indeed, microarray analysis of kid-
ney transplant biopsies reveals a molecular 
heterogeneity of allograft rejection that is not 
evident by light microscopy alone24.

Recently, expression profiles of microRNA 
(miRNA), small abundant noncoding RNA that 
regulate gene expression, have been used to 
predict human kidney allograft status25. This 
study showed that intra-graft miRNA profiles 
distinguish patients with acute rejection from 
patients with normal allograft biopsy results, 
and that acute rejection can be diagnosed 
with a high degree of accuracy from intra-
graft levels of miRNA. Furthermore, miRNA 
profiles were also predictive of kidney allograft 
function. This study also showed that that 
miRNA overexpressed in biopsies of patients 
with acute rejection are highly expressed in 
peripheral blood mononuclear cells, further 
evidence that findings in peripheral blood 
may correlate well enough with what is hap-
pening in the allograft to support the use of 
peripheral blood as a source of potential bio-
markers. More extensive validation of such 
methods, in correlation with new and estab-
lished blood and urine biomarkers and with 
defined clinical endpoints, will facilitate the 
introduction of some of these techniques into 
clinical practice.

To date, most experience of immune 
monitoring in clinical transplantation has been 
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in assessing donor-specific immune respon-
siveness in order to predict graft rejection. 
This has been of particular benefit in he-
matopoietic cell transplantation in the era be-
fore high-resolution tissue typing techniques26. 
Identifying biomarkers of donor-specific toler-
ance presents a different set of challenges27. 
First and foremost, most solid organ trans-
plants worldwide are carried out to treat end-
stage kidney disease, but tolerant recipients 
of kidney allografts are very scarce. Most kid-
ney transplant recipients will reject their allo-
grafts if immunosuppression is inappropri-
ately tapered or discontinued. Patients who 
have successfully been weaned from immu-
nosuppression, either by their own initiative 
due to noncompliance or under medical su-
pervision due to life-threatening comorbidi-
ties, are few and far between. Secondly, if the 
mechanism of tolerance requires loss of donor-
specific immune reactivity due to T-cell 
depletion28, recognition of this would require 
assessment of an absent immune response. 
The challenge, therefore, would be to ensure 
sufficient sensitivity of the assays used. Alter-
natively, if the mechanism of tolerance re-
quires active regulation of genes or effector 
immune responses, recognition of this should 
be an achievable goal.

Biomarkers of tolerance  
in liver transplantation

Clinically, evaluation of tolerance in 
liver transplantation has been limited to as-
sessment of allograft function, supplemented 
by monitoring through repeated biopsy and 
peripheral blood sampling for biomarker ana-
lysis. Current biomarkers under evaluation in-
clude dendritic cell subsets, regulatory T-cells, 
antidonor antibodies, and gene polymor-
phisms29. While it has long been recognized 
that complete freedom from immunosuppres-
sion is sporadically possible in long-surviving 
recipients of liver and kidney allografts, the first 
serious attempt at clinician-led, prospective, 

immunosuppressive drug weaning began in 
pediatric and adult liver transplant recipients 
in Pittsburgh in 199230. Cytokine gene poly-
morphisms were studied in a cohort of pedi-
atric recipients. All of the immunosuppression-
free children and the majority of those on 
minimal immunosuppression displayed low 
tumor necrosis factor (TNF)-α and high/inter-
mediate interleukin (IL)-10 profiles in com-
parison with control patients on maintenance 
immunosuppression31. In addition, there was 
a difference in dendritic cell subset ratios be-
tween the two groups of patients. In com-
parison with patients on maintenance immuno-
suppression, circulating levels of plasmacytoid 
dendritic cells (pDC2), reported to selectively 
induce T-helper (Th) 2 responses, were more 
prevalent relative to monocytoid dendritic 
cells (pDC1), which induce Th1-type respons-
es, in the immunosuppression-free or mini-
mally immunosuppressed patients32.

The best attempts at identifying bio-
markers of tolerance in adult liver transplant 
recipients have emerged from a group based 
in Barcelona, Spain. Using peripheral blood 
gene expression profiling and extensive blood 
cell immunophenotyping, Martinez-Llordella, 
et al. demonstrated that operationally tolerant 
patients could be identified with a signature 
of genes that encoded γδ T-cell and natural 
killer (NK) cell receptors, as well as genes 
involved in cell proliferation arrest33. They also 
found, in the tolerant patients, greater num-
bers of circulating potentially regulatory T-cell 
subsets, CD4+CD25+ T-cells and γδ T-cells, in 
particular the Vδ1+ subtype that has been im-
plicated in immunoregulatory processes in 
epithelial tissues. Interestingly, previously ob-
served differences in ratios of dendritic cell 
subsets could not be replicated in this patient 
cohort. Additionally, significant upregulation 
of proinflammatory genes was noted in hepa-
titis C virus (HCV)-infected recipients, sug-
gesting that immunosuppression-induced 
nonspecific inflammation could be related to 
the worsened prognosis of HCV-positive liver 
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transplant recipients. The same group have 
studied gene expression profiles in the per-
ipheral blood of liver transplant recipients, 
comparing patients where immunosuppres-
sion weaning was successful (tolerant: n = 28) 
with those where the weaning process was 
attempted but led to acute rejection, requiring 
reintroduction of immunosuppression (non-
tolerant: n = 33) and with healthy controls34. 
They identified three distinct gene signatures 
incorporating a modest number of genes 
(between 2-7) that accurately discriminated 
tolerant and non-tolerant liver allograft recipients 
and healthy non-transplanted controls. This 
genomic footprint of operational tolerance 
has been validated in an independent cohort 
of 23 additional liver transplant recipients 
and is mainly characterized by upregulation 
of genes encoding for a variety of cell-sur-
face receptors expressed by NK, CD8+, and 
γδ T-cells. The previously observed expansion 
of putative regulatory T-cells (CD4+CD25+Foxp3+, 
γδTCR+, and δ1TCR+ T-cells) in peripheral 
blood was replicated in this new set of tolerant 
recipients. 

Taken together, it appears that a com-
bination of transcriptional profiling and flow 
cytometry in peripheral blood may accurately 
identify liver transplant recipients who are 
able to accept their grafts in the absence of 
pharmacological immunosuppression. Valida-
tion of these findings in prospective immuno-
suppression weaning trials is now required. 

Biomarkers of tolerance  
in kidney transplantation

Whereas the liver has a strong regen-
erative capacity and there are few or no ad-
verse consequences of liver allograft rejec-
tion, provided that it is diagnosed and treated 
promptly, the situation is very different for kid-
ney transplantation, in that graft rejection in-
evitably causes some degree of irreversible 
parenchymal damage that comprises graft 

function and longevity. For this reason, the pro-
spective immunosuppression weaning studies 
that have been carried out in liver transplant 
recipients have not been replicated in kidney 
transplantation. Most observations of opera-
tional tolerance in kidney transplantation in-
volve those rare patients who either of their 
own accord, due to nonadherence with immu-
nosuppressive medication, or under medical 
supervision, due to life-threatening infection, 
malignancy, or drug toxicity, discontinue im-
munosuppression but do not suffer allograft 
rejection. These patients represent a highly se-
lected group who may not be representative of 
the total kidney allograft recipient population. 

A collaboration between a group in 
Nantes, France, and another group in Stan-
ford, UK, used expression arrays to identify a 
set of 33 genes that could correctly distin-
guish, with high specificity, operationally toler-
ant kidney transplant recipients from patients 
with acute and chronic allograft rejection and 
healthy age-matched volunteers35. Expression 
of co-stimulatory genes and markers of early 
and late T-cell activation were reduced in tol-
erant patients compared with controls, and 
although expression of the anti-inflammatory 
cytokine transforming growth factor β (TGF-β) 
was not upregulated in tolerant patients, many 
TGF-β-regulated genes were. The same group 
have analyzed blood cell phenotypes and 
transcriptional patterns in a group of eight 
operationally tolerant kidney allograft recipi-
ents, and demonstrated higher absolute num-
bers of circulating B-cells and regulatory T-cells 
(CD25hiCD4+) in comparison with a control 
group of patients with chronic rejection and a 
significant decrease in FOXP3 transcript lev-
els in the recipients with chronic rejection36. 
Interestingly in this study, the blood cell phe-
notype of clinically tolerant patients did not 
differ from that of healthy individuals, suggest-
ing that operational tolerance is not due to an 
increased pool of regulatory T-cells, but may 
be due to maintenance of a natural state that 
is lacking in patients with chronic rejection. By 
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contrast, a different group reported a more 
variable TCR-Vβ repertoire and a higher per-
centage of CD4+CD25high in long-term, stable, 
kidney transplant recipients, two of whom 
were immunosuppression free, in comparison 
with patients with chronic rejection, dialysis 
patients, and healthy controls37.

In parallel, two initiatives were estab-
lished to undertake multi-parameter biomarker 
analyses in tolerant allograft recipients; these 
results have been recently published. The In-
dices of Tolerance study based in Europe and 
the Immune Tolerance Network based in the 
USA have recently identified and validated a 
set of biomarkers that identify operationally 
tolerant, immunosuppression-free kidney 
transplant recipients. The common findings 
from both studies are a somewhat unexpected 
lymphocyte subset distribution, with expan-
sion of peripheral B lymphocytes, and a gene 
expression profile that concomitantly indicates 
an enrichment of B-cell-related genes38,39. In 
the Indices of Tolerance study, a combination 
of cross-platform biomarkers was more sensi-
tive and more specific than individual assay 
biomarkers for identifying tolerance38.

Translation into clinical practice

Once a biomarker or set of biomarkers 
has been found to be associated with a par-
ticular biological process or disease, the next 
challenge is to validate this association prior 
to adoption of the candidate biomarkers into 
routine clinical practice. From a practical per-
spective, this requires access to high through-
put and standardized clinical laboratory pro-
tocols. It also requires broad characterization 
of the biomarkers across a wider population, 
studying variation with gender, age, and 
ethnicity, as well as with unrelated comorbid 
conditions. It is therefore mandatory to assess 
and validate biomarkers in large patient co-
horts. For most disease processes, this is 
likely to require large-scale, prospective, 

multicentre studies. In the context of clinical 
transplantation, if the aim is to discriminate 
tolerant individuals from healthy controls, it 
will be important to ensure that candidate bio-
markers are not simply identifying patients 
who are not taking immunosuppressive drugs. 
In this regard, an important comparator group 
would be non-transplanted patients who re-
ceive courses of immunosuppressive therapy 
for other conditions, as this would help deter-
mine the contribution of the drugs versus the 
allograft in dictating peripheral blood cell phe-
notypes and gene expression profiles. If these 
challenges can be overcome, the next and 
most important validation step will be to de-
termine whether immunosuppressive drugs 
can be withdrawn from transplant recipients 
who display the tolerant phenotype. 

Human liver allografts are less suscep-
tible to rejection than other organs, and it 
appears that approximately 20% of liver 
transplant recipients can successfully be 
weaned from immunosuppression6. This is 
associated with acute cellular rejection in be-
tween 12-76% of cases, but this is generally 
mild and often resolves after restoration of 
baseline immunosuppression. Reassuringly, 
only two cases of graft loss have been re-
ported40,41. In renal transplants, however, the 
situation is somewhat less optimistic. It is well 
known that nonadherence with immunosup-
pressive therapy is prevalent in the renal 
transplant population, with an overall rate of 
over 35 cases per 100 persons/year. There is 
significant correlation between adherence 
and rejection-free survival in the first six 
months posttransplantation, whereas early 
nonadherence correlates with late nonadher-
ence and subsequent adverse clinical 
events42. It is not currently possible to ac-
curately estimate the risk that an individual 
patient undertakes by attempting supervised 
or unsupervised weaning from immunosup-
pression, but the prevailing view is that im-
munosuppression-free stable allograft func-
tion is more difficult to attain in kidney allograft 
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recipients than in liver allograft recipients. The 
obvious implication is that prospective studies 
of immunosuppression weaning guided by 
biomarkers of tolerance in kidney transplant 
recipients will require careful patient selec-
tion, counseling, and close supervision. Con-
comitant use of peripheral blood markers 
predictive of rejection will enable closer mon-
itoring of these patients and may facilitate 
safe conduct of prospective immunosup-
pression weaning studies in kidney trans-
plantation. 

In conclusion, collaborative efforts, 
such as the European transplantation net-
work RISET and the Immune Tolerance Net-
work in the US, have given access to an 
extensive network of standardized laboratory 
facilities and assays, which has, in turn, 
enabled rapid progress in identification of 
candidate biomarkers to aid better evaluation 
of the immune status of the organ transplant 
recipient. The current intensification of efforts 
to identify and validate biomarkers of toler-
ance and rejection will mean that reliable 
biomarkers may soon be available to predict 
both with high accuracy. Individualized ther-
apy for solid organ transplant recipients might 
then underpin clinical practice for the coming 
decade.
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