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Summary

Despite major improvements in short-term survival of organ allografts, long-term

graft survival has not changed significantly. It is also known that toxic side effects

of current immunosuppressive drugs (IS) especially calcineurin inhibitors (CNI)

contribute to the unsatisfactory graft and patient survival following transplanta-

tion. Thus, clinicians strive to reduce or wean IS in potentially eligible patients.

Research in the last 10 years has focussed on identification of biomarkers suitable

for patient stratification in minimization or weaning trials. Most of the described

biomarkers have been run retrospectively on samples collected within single-cen-

tre trials. Thus, often their performance has not been validated in other poten-

tially multicentre clinical trials. Ultimately, the utility of biomarkers to identify

potential weaning candidates should be investigated in large randomized prospec-

tive trials. In particular, for testing in such trials, we need more information about

the accuracy, reproducibility, stability and limitations of the described biomar-

kers. Also, data repositories summarizing crucial information on biomarker per-

formance in age- and gender-matched healthy individuals of different ethnicity

are missing. This together with improved bioinformatics tools might help in

developing better scores for patient stratification. Here, we will summarize the

current results, knowledge and limitations on biomarkers for drug minimization

or weaning trials.

Introduction

Solid organ transplantation has evolved to an effective

treatment of most end-stage organ failures [1–3]. Improve-

ments in organ procurement, surgical techniques but espe-

cially IS have led to impressively increased short-term

organ and patient survival [4,5]. In particular, use of CNIs

such as Cyclosporin A (CsA) or tacrolimus has reduced

occurrence of biopsy proven acute rejection rates within

the first months post-transplant to sometimes below 10%

[6]. This immunosuppressive effectiveness comes with

some major drawbacks. The chronic use of IS, for example

CNIs leads to toxic side effects such as nephrotoxicity,

increased susceptibility to tumour formation and infec-

tions, development of diabetes and hypertension [7,8].

Indeed, these side effects contribute to the so far unsatisfac-

tory long-term graft and patient survival [9]. Although sci-

entists and also industry continuously search for novel

immunomodulatory therapies with similar effectiveness

but decreased toxicity, it is generally accepted that IS mini-

mization or even complete withdrawal might help to

improve long-term outcomes in a significant proportion of

patients [10,11]. Thus, over the last 10–15 years, many

researchers worldwide have tried to identify biomarkers or

functional assays suitable for an identification of patients

eligible for IS minimization or weaning [12–14]. Surpris-
ingly, many biomarkers and assays have been described,

but very often their performance was not tested in other

and especially prospective randomized clinical trials involv-

ing different clinical centres. In the following paragraphs,

we will summarize the current knowledge on potential bio-

marker and assays. We will also point out their limitations
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and missing gaps before taking such diagnostic approaches

into daily clinical decision-making.

Potential markers and assays suitable for patient
stratification in minimization approaches

When aiming at identification of biomarkers for IS mini-

mization, it is important to consider when and to what

degree medications are planned to be reduced. In principle,

three scenarios can be envisaged: (i) patients will be

enrolled into tolerance inducing trials with CNI avoidance

or transient use; (ii) early post-transplant minimization

(up to 1 year post-transplant) in patients receiving stan-

dard IS treatment regimens or combination therapies with

immunomodulatory agents such as belatacept; (iii) late

post-transplant minimization (> 1 year post-transplant) or

complete withdrawal in potentially ‘operationally’ tolerant

patients (see also Fig. 1). We will focus mainly on the latter

two as tolerance inducing protocols such as induction of

chimerism by combined hematopoetic stem cell (HSC) and

solid organ transplantation have been only recently

approached in a limited number of patients and thus a

longer follow-up and more data are required to draw

meaningful conclusions [15–20].
Potential markers or functional assays suitable for identi-

fication of patients eligible for IS minimization should fulfil

certain criteria. They should indicate the global or even bet-

ter antigen-specific immune reactivity of the patient and

should be highly reproducible across different centres. Fur-

thermore, the sample material required to run the analysis

should be representative and potentially easy accessible.

Therefore, researchers have searched for quantitative and

qualitative differences between eligible and noneligible

patient groups of immune cells, their function or products

in blood, plasma or serum samples, biopsy material or flu-

ids draining the graft. Examples for biomarkers and assays

tested for their suitability in IS minimization approaches

are listed in Table 1. With results from preclinical studies

showing the importance of regulatory cell populations such

as CD4+CD25+Foxp3+ T cells for long-term graft accep-

tance investigators have studied their proportions and

numbers in intragraft or peripheral samples in relation to

occurrence of acute or chronic rejection, development of

tolerance and success or failure of IS minimization [21–
27]. Contrary predominance of effector cell populations

may identify patients likely to develop acute rejections or

deterioration of graft function upon IS reduction

[24,28,29]. Alternatively, quantification of inflammatory

chemokines directing intragraft infiltration of effector cells

such as CXCL9 or CXCL10 (IP-10) in serum or urine sam-

ples may substitute the analysis of their target cells [30–35].
In addition, a few functional assays allowing quantification

of donor-reactive memory or effector T or B cells such as

IFNg Elispot have been established and partially tested in IS

minimization trials [36–39]. We will discuss the suitability

of each of the markers and assays according to clinical

question or trial design as mentioned above in the follow-

ing paragraphs.

In addition to biomarkers characterizing the patient’s

immune reactivity towards the allograft, other biomarkers

of IS drug toxicity and efficacy (e.g. pharmacodynamic,

pharmacokinetic or pharmacogenetic biomarkers) should

be included into an immune monitoring programme

of transplant patients. Together with biomarkers of

Time post-Tx (years)

1 2 3

Perioperative minimization
in low risk patients

Tolerance
inducing regimens

Weaning in
“tolerant”patients

1.

2.

3.

Figure 1 Clinical approaches leading to drug minimization or withdrawal.
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over-immunosuppression, they will help clinicians in indi-

vidualizing IS treatment. These topics are not the focus of

the current review but have been excellently reviewed else-

where [40–42].

Patient selection for tolerance inducing regimens
or novel immunomodulatory therapies

To date, as mentioned earlier, only induction of chimerism

by combined HSC and solid organ transplantation has

actively achieved drug-free long-term graft acceptance in

patients [15–20,43]. The patient numbers enrolled into such

clinical trials so far are very small and the success awaits

worldwide validation in larger patient groups. So far, the

limited results indicate that successful drug withdrawal in a

majority of patients is more likely to happen with condi-

tioning favouring induction of durable chimerism [15,17].

Unfortunately, nothing is known about the special pretrans-

plant features of patients in whom chimerism induction

using a reduced conditioning could be achieved. Identifying

such important features would make induction of chime-

rism more applicable to a broader transplant community.

Table 1. Overview on potential biomarkers for patient selection in minimization approaches.

Objective Serum/plasma/urine Blood leucocytes Biopsy Functional assays

Pretransplant

patient selection

for early peri- or

postoperative

drug minimization

Antibodies:

Anti-HLA and / or

DSA predict AMR

[76–78]

Autoantibodies predict

acute rejection [79]

Chemokines:

Increased serum CXCL9

and CXCL10 expression

predict acute rejection

and CAN [32,80,81]

Flow cytometry:

Frequency of memory or

effector T cells predictive of

acute rejection [28]

qRT-PCR:

Low TCAIM expression in

acute rejection [82]

ELISPOT:

Donor-specific

IFN-c ELISPOT

predictive for

acute rejection

[37,39]

Activation

marker:

Donor-induced

CD154/CD137

expression [45]

Post-transplant

patient selection

for drug

minimization or

weaning of

operationally

tolerant patients

Antibodies:

Relevance of de-novo

DSA for acute and chronic

rejection [83–90]

Association of autoantibodies

with acute and chronic

rejection [91,92]

Chemokines:

Urinary CXCL9 and

CXCL10 indicate

acute rejection

[31,33,47,93]

CCL2:Cr predicts

fibrosis [94]

Urinary qRT-PCR:

Diagnosis of acute

rejection and fibrosis

by CXCL10, PRF, GZB

[35,48,49,95,96]

miRNAs:

Urinary expression of

miR-210 indication of

acute rejection [97]

Urinary miRNA profile

diagnosis progression

of CAD [98]

Flow cytometry:

High frequency of

CD4+ CD25+ /Foxp3+ Tregs

identifies tolerant patients

[21,25]

High frequency of naive,

transitional or regulatory B

cells identifies tolerant

patients [13,14,68]

Epigenetics:

Increased TSDR

demethylation in tolerant

patients (Braza F JASN in

press)

RNA microarray / qRT-PCR:

Low TCAIM expression prior

to and at acute rejection

[29,60,82]

High TLR4 expression in

chronic rejection [61]

Gene marker of reduced

costimulation in tolerant

patients [12]

B-cell gene marker in

tolerance [13,14,67]

DUSP1, PBEF1, PSEN1,

MAPK9, NKTR as a gene set

of acute rejection [62,63]

miRNAs:

Increased miR142-3p

expression in PBMCs/B cells

of tolerant patients [99]

RNA microarray / qRT-PCR:

Increased CXCL10 and RANTES

expression in 3-months protocol

biopsies predicts early graft loss

[46]

Increased or decreased Foxp3

expression at acute rejection and

fibrosis [27]

Molecular score for progressive

chronic diseases [100]

Molecular score for AMR [52]

Association of CXCL13 with

chronic AMR [55]

Tribbles-1 as a marker of

chronic AMR [56]

Decreased tubular PI3K and c-

Rel expression in tolerance [101]

miRNAs:

Expression of miR142-5p,

miR155 and miR223 predictive

of acute rejection [57]

CAD signature in paired biopsy

and urine samples [59]

ELISPOT:

Donor-specific

IFN-c ELISPOT

[38,39]

Self-Ag-specific

IFN-c ELISPOT

[102]

Activation

marker:

Donor-induced

CD154/CD137

expression at

acute rejection

[44]

Cytokine

production:

IL-10 production

of B cells in

tolerance [68]

© 2015 Steunstichting ESOT 28 (2015) 911–920 913

Schlickeiser et al. Minimization strategies based on novel diagnostics



Reduced perioperative or early post-transplant
immunosuppression

It is assumed that a significant proportion of transplant

recipients would achieve stable graft function in the

absence of acute rejection episodes with a less intensive

standard of care IS regimen. Testing this hypothesis in clin-

ical trials requires their pre- or early post-transplant identi-

fication. It has been described several times that patients

characterized by a high frequency of memory or effector T

cells have an increased risk of developing acute rejections

following transplantation [24,28,29]. Indeed, pre- and early

post-transplant quantification CD4+ effector memory or

effector T cells prior to transplantation allowed identifica-

tion of patients developing acute cellular and humoral

rejection following liver transplantation [28]. Here, a global

quantification of all memory/effector T cells in recipient

PBMCs has been carried out by flow cytometry, which

allowed capturing the patient’s general immune compe-

tence. Whether such a more global analysis of T-cell subset

composition probably in conjunction with analysis of other

leucocyte subpopulations allows patient pretransplant risk

stratification needs to be tested in future prospective ran-

domized trials. More specific and appropriate are probably

functional assays quantifying the frequency of antigen-reac-

tive T cells responding with an increase in expression of

activation markers, for example CD40L (CD154) or effec-

tor cytokines, for example IFNg upon stimulation with

donor cells [44,45]. In particular, the latter approach, when

used as an IFNg Elispot, was selectively applied by several

groups to identify rejection prone recipients [38,39].

Indeed, the IFNg Elispot is the only ‘biomarker’ so far,

which was applied in a prospective clinical trial for patient

stratification into an either intensive or reduced IS treat-

ment arm [37]. The results indicate that it might be safe to

treat Elispot negative patients early on with a CNI sparing

protocol. However, those results need further validation, as

this was a nonrandomized clinical trial performed at a sin-

gle transplant centre. Such a randomized multicentre trial

is currently designed within the EU consortium BIO-DrIM

(www.biodrim.eu). Although very informative, functional

assays have also their limitations. They are error-prone and

require a high level of standardization to achieve compara-

ble results across different transplant centres [36]. These

aspects will be addressed later in much more detail. In

addition, they require live donor leucocyte material either

from blood in case of living donation or spleen in case of

deceased donation. Furthermore, recipients need to donate

a large blood volume (> 30 ml) per analysis, which all

hampers their frequent use in clinical routine. Thus, scien-

tists and clinicians need to carefully discuss and decide

when to implement functional assays into patient immune

monitoring.

As pointed out earlier quantification of inflammatory

chemokines directing intragraft infiltration of effector

cells could also be informative in drug minimization

trials. Investigators have detected an increased expres-

sion of CXCL10 and RANTES in biopsies of patients

with acute rejection [46]. However, more importantly,

analysis of serum or urinary CXCL9 and CXCL10

allows a noninvasive monitoring of acute or even

chronic rejection [30–35,47,48]. Recent evidence from a

multicentre validation trial indicates that low CXCL9

protein concentration in 6-month post-transplant urines

obtained from stable allograft recipients was associated

with a reduced probability to develop a decline in renal

function as estimated by eGFR [49]. The study results

have their limitations as the positive predictive value

was rather low, but were obtained in a multicentre set-

up, which makes it an attractive biomarker to be incor-

porated into a carefully designed monitoring pro-

gramme.

In contrast to a hypothesis-driven approach in quanti-

fying chemokine expression, scientists have also per-

formed intragraft and whole blood gene expression

screens of mRNAs but lately also miRNAs to identify

expression patterns, which help to diagnose or predict

acute rejection. Intragraft transcriptome analysis enabled

the establishment of molecular classifiers for T-cell-medi-

ated rejection [50], antibody-mediated rejection [51,52]

or acute kidney injury [53,54]. Furthermore, such analy-

ses resulted in the identification of mediators driving

chronic antibody-mediated rejection, such as CXCL13 or

Tribbles-1 [55,56]. Lately, micro RNA profiles predictive

for occurrence of acute rejection and development of

chronic allograft dysfunction have been identified [57–
59].

In addition, peripheral mRNA profiling resulted in iden-

tification of gene markers being down- or up-regulated

prior to or at the time of acute rejection [60,61].

The group of Minnie Sarwal has done tremendous work

in developing over a series of validation steps a qRT-PCR-

based diagnostic kit incorporating quantification of five

mRNAs (DUSP1, PBEF1, PSEN1, MAPK9 and NKTR) and

defining a score for the identification of acute rejection

[62,63].

It has to be said that some of the above-mentioned

biomarkers can be probably used for patient selection

regardless of organ transplanted such as CXCL10,

whereas other biomarkers are specific for, for example

kidney transplant patients or have not been investigated

in recipients of other organ grafts. Also as depicted in

Table 1, some biomarkers especially gene marker sets

vary dependent on the sample type and are, for example

different between peripheral blood leucocytes and biopsy

samples.
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Late post-transplant minimization of
immunosuppression

As mentioned earlier at later stages following transplanta-

tion (> 1 year post-transplant), it is assumed that a signifi-

cant proportion of kidney (ca. 10%) and especially liver

transplant patients (up to 30%) could maintain good and

stable graft function with dramatically reduced (partial

weaning) or even without (complete weaning) IS [64,65].

The later stage is also described as ‘operational’ tolerance

and was first observed in transplant patients in whom IS

treatment was stopped for clinical indications, for example

PTLD or by the patient himself [14,65,66]. The underlying

mechanisms for induction and maintenance of operational

tolerance in transplant patients still remains to be defined.

Thus, researchers have strived to identify biomarkers for

monitoring the development and stability of operational

tolerance, which would help to safely select transplant

patients in whom IS could be withdrawn [12–14,25]. With

more results being published, it became clear that mecha-

nisms leading to spontaneous tolerance of liver and kidney

transplants may be distinct [67]. Whereas, tolerant liver

transplant patients seem to be characterized by a peripheral

expansion of gd T cells and NK cells [25], tolerant kidney

transplant patients have increased peripheral proportions

and numbers of na€ıve and transitional B cells [13,14,68].

The expansion of potentially ‘less pathogenic’ B cells is

associated with a B-cell specific gene expression profile and

increased IL-10 production [68]. Although several groups

have reported this expansion of B cells in tolerant kidney

transplant patients, the B-cell subpopulations described to

be increased in such patients and the associated gene

expression pattern do not completely overlap. This raises

an issue about the reproducibility and validity of the pub-

lished findings.

What are the missing gaps before we can
implement biomarker-driven patient stratification
into clinical practice?

As exemplified in the previous paragraphs, many biomar-

kers for an early or late post-transplant selection of patients

for drug minimization and withdrawal have been

described. However, it is important to note that nearly

none of the published biomarkers have been implemented

in patient stratification yet. Also, no biomarker information

is used to broadly manage IS treatment of transplant

patients. So what are the reasons and missing gaps before

we can implement such biomarkers or functional assays

into clinical practice? Vary often findings on biomarker

profiles could not be reproduced by other groups in differ-

ent patient cohorts. This may be in part due to insuffi-

ciently standardized methodologies and too small patient

cohorts. In the next paragraphs, we will therefore discuss

open issues, which should be investigated or established to

implement safe and efficient biomarker-driven patient

stratification.

Biomarker/Assay standardization

Biomarkers for patient selection have been identified in

research laboratories in an environment, which is not

used to follow strict diagnostic guidelines. However, bio-

marker measurement requires accuracy and reproducibil-

ity of analytical methods [69]. A biomarker is defined as

‘a characteristic that is objectively measured and evalu-

ated as an indicator of normal biological processes, or

pharmacological responses to a therapeutic intervention’

[70]. The term ‘objectively measured’ already indicates

that a biomarker needs to be thoroughly validated and

the performance standardized before it can be intro-

duced into clinical decision-making. Unfortunately, this

is very rarely the case with many of the biomarker

described in the context of transplantation. Already in

the discovery process certain rules should be followed to

allow fast transition into clinical application. Before initi-

ating a clinical trial for biomarker discovery for each

method used standard operating procedures (SOPs)

should be filed, which not only define the steps of sam-

ple analysis (e.g. incubation time and temperature, buffer

supplies), but also define certain rules for the kind of

sample material, the age of the sample material and their

storage conditions [71]. Following those strict rules

already during the discovery process will increase the

power and specificity of discovered biomarkers but also

minimize the risk for failures during afterwards per-

formed validation studies. Furthermore, the variability or

reproducibility of the biomarker performance should be

tested as early as possible. Thus, the following tests

should be performed prior to biomarker application: in-

terassay variability (analyse the same samples simulta-

neously), intra-assay variability (analyse the samples on

several consecutive days), interoperator variability (analy-

sis of the same samples by different operators = people)

and as an application of such biomarkers in multicentre

centre clinical trials is most likely also an intercentre or

interlab variability (analysis of the same samples at dif-

ferent laboratories/centres) [36,49,71]. In particular, esti-

mating the variability (coefficient of variation) of the

biomarker performance when the same samples are anal-

ysed at different centres will really allow you to deter-

mine a certain cut-off for meaningful and reproducible

differences between different clinical entities. Along the

same line additional assay parameters need to be analy-

sed to assess the biomarker performance [69]. This refers

especially to the lowest reliably measurable concentration
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of a biomarker, often termed as lower limit of detection

(LoD) or lower limit of quantitation (LoQ). This again

will be important for defining cut-offs for biomarker dif-

ferences between certain clinically interesting patient

groups.

Data validation in independent larger patient cohorts at

different transplant centres

In addition to a carful characterization of biomarker per-

formance regarding their variability or reproducibility an

independent validation of the biomarker suitability to dis-

tinguish between different clinical entities in different

transplant centres at larger patient numbers needs to be

performed. As such an investigation is very expensive only

carefully validated biomarkers should be considered and

most likely support through collaborative network grants

or industry is needed.

Data repositories and reference values for healthy

individuals and patients according to different age groups,

gender and ethnicity

As transplant rejection or acceptance is a result of continu-

ous immunological responses very often as outlined earlier,

the discovered biomarkers relevant for IS minimization are

reflecting differences in numbers or function of certain

immune cell subpopulations. Baring that in mind, we

should not forget that those parameters are not only depen-

dent on the clinical status of the patient but also on their

age, gender and ethnicity. Thus, in order to define inflam-

matory alterations in a given patient it will be important to

create secured data repositories of data from patients but

also healthy individuals of various age and ethnic back-

ground.

Bioinformatics tools

With the acquisition of large data sets from single or very

often multiple parameters, it is evident that in order to

define statistical significant but also meaningful differences

between different clinical entities such as patients suitable

or not for IS minimization new bioinformatics tools need

to be applied or even for some methods such as flow

cytometry to be established. This should be performed with

collaborative network grants.

Prospective clinical trials testing minimization strategies

according to biomarker performance

The best biomarker will always be pure association as

long as its results are not used for clinical decision-mak-

ing. This requires that the suitability of a biomarker for

decision-making has been proven in prospective con-

trolled randomized clinical trials. Recently, Bestard and

colleagues could show in a prospective clinical trial that

treating potentially ‘low risk’ kidney transplant patients,

who showed a negative pretransplant donor-specific IFN-

c Elispot response, with a calcineurin inhibitor free regi-

men is safe with regard to, for example occurrence of

acute rejection [37]. Those results are clearly superior to

historic findings treating all, ‘low’ and ‘high’ risk,

patients with a calcineurin inhibitor free regimen [72–
75]. However, although the results are very positive, we

have to be still cautious as the study design did not

include a control arm. Thus, there is a huge demand for

such validation trials most likely performed as multicen-

tre clinical trials as currently performed within the EU-

granted project BIO-DrIM (www.biodrim.com).

Conclusions

The results summarized within this review are very encour-

aging. The described biomarkers and functional assays may

help us to stratify patients into those being eligible or non-

eligible for drug minimization or weaning approaches.

However, they also highlight that we as a community need

to put enormous efforts into the analysis of biomarker per-

formance including their variability/reproducibility. In

addition, it is time to now validate the suitability for clini-

cal decision-making of the most promising biomarkers

within large prospective controlled trials.
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