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Abstract

To avoid toxic side effects caused by permanent immunosuppressive treatment, research in transplantation focuses
on new treatment strategies inducing tolerance or allowing drug weaning. Implementing drug minimization into
clinical routine can be only safely achieved when guided by biomarkers reflecting the individual immune reactivity.
We review recently described biomarkers and assays allowing identification of patients suitable for drug weaning or
at risk of rejection. However, the majority of described biomarkers and assays have not been validated in prospective
clinical trials. Thus, collaborative efforts are needed to design and perform prospective multicenter trials to validate

the identified biomarkers across different laboratories.
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Introduction

In the past 20 years, major progress has been made in
prolonging graft and patient survival after transplanta-
tion as a result of development of improved immunosup-
pressive drugs (IS). Long-term allograft survival has not
significantly changed in particular because of the inher-
ent toxicities of IS therapy. Thus, permanent IS treatment
of transplant patients is associated with increased mor-
bidity and mortality, and their long-term use should be
minimized whenever possible. Furthermore, the occur-
rence of acute clinical and subclinical rejection episodes,
which markedly influences long-term graft survival and
function, could not be completely prevented with the
current standard-of-care immunosuppressive protocols.
It has become apparent that the immunologic status of
the patient awaiting transplantation has a large impact
on graft survival and function. Therefore, we have to
identify biomarkers and develop assays that better reveal
the ongoing antidonor immune responses and help to
guide clinicians in therapeutic decision making pre- and
posttransplant. Here, we summarize the recent results in
identifying such biomarkers for an immune monitoring

of transplant patients. Thereby, we will focus mainly on
kidney graft recipients.

What do we need to monitor in transplant
patients?

The immune response against allogeneic solid organ
grafts is mainly based on the direct and indirect recogni-
tion of foreign donor major histocompatibility complex
(MHC) I and II alleles by recipient effector CD8* and
CD4* T cells, respectively. Therefore, monitoring the fre-
quencies of CD4* and CD8" effector T-cell populations
and their functional competence to produce inflamma-
tory cytokines such as interferon-y (IFN-y) on stimula-
tion with donor antigen is of enormous importance
when determining antidonor immune responses in
transplant patients. The activation and their functional
capacity of effector T cells is controlled by regulatory T
cells; thus, the balance between effector and regula-
tory T-cell populations is decisive for the outcome of an
antidonor response. Apart from T cells, several other cell
types of the innate and adaptive immune systems such as
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dendritic cells, natural killer cells, and B cells are involved
in the effector response. Their relative contribution to the
rejection depends on the recipient’s immune history, the
immunogenicity of the donor organ, timing after trans-
plantation, and the type of immunosuppressive therapy
itself. For all above-mentioned leukocyte cell types,
inflammatory and anti-inflammatory subpopulations
have been described. The relative distribution of these
subpopulations determines the quantity and quality
of the alloresponse and thus also long-term graft out-
come. An overview on the type of immune cells and their
respective function known to take part in the antidonor
immune response is shown in Figure 1.

By determining the quality and quantity of the
patient’s alloresponse, clinicians, in the future, could
design personalized therapeutic regimens and therefore
avoid unnecessary high immunosuppressive regimens
but give sufficient drugs to control the alloresponse in
case of highly reactive patients.

To predict graft outcome based on the ongoing anti-
donor immune response, the results of a pre- and post-
transplant immune monitoring should help answering
the following clinical relevant questions:
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Before transplantation, itis important to knowwhether
the patient is presensitized and thus likely to develop
acute rejections. In contrast, clinicians will need to know
whether a patient can be selected for early drug minimi-
zation protocols or tolerance-inducting protocols.

In the posttransplant period, immune monitoring
should be able to predict acute rejection episodes and
detect inflammatory processes leading to chronic graft
dysfunction. Immune monitoring should also allow iden-
tification of operational tolerant (OT) patient: in whom
IS can be safely minimized or completely withdrawn.

How can we monitor transplant patients?

When designing efficient pre- and posttransplant
immune monitoring protocols, we have to first decide
with which compartments and what kind of assays we
canreveal ongoing antidonor immune responses. Table 1
summarizes the currently accessible tissue compart-
ments and available assays that can be used for such an
immune monitoring. Thereby, we have to discriminate
between invasive procedures such as biopsy sampling
and the broad spectrum of noninvasive procedures.

subpopulations | cCR7- T effector

Adaptive Innate
T cells B cells Dendritic cells NK cells
Balance between
potentially
. - CD4+CD25+ - CD27-IgM+/lgD+ | -Lin-, CD123+, HLA-DR | .CD56brightCD16-
anti-inflammatory | cp127iow Tregs naive B cells + plasmacytoid DCs cytokine producing
NK cells
and CD56dimCD16+
; - CD4+/CD8+ - CD27++CD38++ | -Lin-, CD11c+, BDCA1+ | - im
inflammatory CD45RA/RO+ plasma cells myeloid DCs cytotoxic NK cells

Function Cytokine: IL-10 secretion Cytokine production: APC :illing:“
regulatory TGF8, IL-10 versus type I IFN, IL-27, IL-10 » Lo V5. fiSsue
versus versus anti-donor-mAb versus Cytokine:
pathological IFN-y, IL-17 secretion IL-12, IL-23, TNF-q, IL6 | L-10, TGFB vs. IFN-y

Figure 1. Overview on the type of immune cells and their respective function, which could be monitored in patients to predict transplant
outcome. For cells of the adaptive and the innate immune systems, regulatory functions have been ascribed. Therefore, it is important to
capture the relative proportion of potentially anti-inflammatory and inflammatory subpopulations of T cells, B cells, dendritic cells, and
natural killer cells. Furthermore, if no changes in relative or absolute numbers are detectable, differences in functional competence or the
secreted cytokine profile on stimulation with donor antigen might be revealed.

Table 1. Overview on compartments and assays used to perform immune monitoring.

Invasive methods Noninvasive methods

Intragraft Periphery Fluids draining the graft
Serum Leukocytes Urine
Function Phenotype

Histology ELISA Elispot Flow cytometry ELISA
Transcriptomics Antibodies Cytokine release Transcriptomics Transcriptomics
Proteomics Proteomics Antibodies Proteomics Proteomics
Epigenetics Trans-vivo DTH Epigenetics

TCR profile

BCR profile
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Sampling intragraft material has one advantage because
it can reveal more specifically the local ongoing antido-
nor immune responses. However, there is a big debate
in the transplant community about the risk or benefit of
protocol biopsies in revealing signs of continuous inflam-
mation and fibrosis causing graft function deterioration
at later time points (Rush, 2009). As outlined below,
protocol biopsies can be informative revealing new
mechanisms and cellular players of graft rejection and
predicting long-term graft function. However, protocol
biopsies have several limitations that include their mor-
bidity, cost, and sampling error. Thus, their implementa-
tionin a posttransplantimmune monitoring of transplant
patients has to be carefully planned, so that the benefits
outweigh the risks.

With regard to noninvasive methods, we can analyze
peripheral blood samples, but in kidney transplant recip-
ients, it might be also interesting to study fluids draining
the graft such as the urine. Noninvasive methods analyz-
ing peripheral blood samples can be performed more
frequently but may lack a certain degree of specificity
as they, depending on the assay used, also reflect other
non-antidonor immune responses.

The techniques applied to detect differences in bio-
marker levels and functional competence of cells can vary
from easy to perform enzyme-linked immunosorbent
assay-based techniques on serum and urine samples (Li
etal., 2001; Susal et al., 2002), whole genome-based tran-
scription analysis (Sarwal et al., 2003), protein expression
profiling (Quintana et al., 2009), profiling of T-cell and
B-cell receptor distribution (Baeten et al., 2006) to func-
tional assays such as Elispot and Trans-vivo delayed type
hypersensivity (DTH) responses (Rodriguez et al., 2004).
It has to be proven in future prospective multicenter
clinical trials which of these assays can be routinely
implemented into an efficient pre- and posttransplant
immune monitoring.

Pretransplant identification of sensitized
transplant patients

The importance of sensitization to nonself human leu-
kocyte antigens (HLA) has been recognized since the
beginning of transplantation medicine. Sensitization
can occur through three main routes: blood transfusion,
pregnancy, and previous transplantation. Terasaki et al.
first described antibody-mediated hyperacute rejection
episodes in the setting of a positive antibody crossmatch
and lower graft survival rates in kidney transplant patients
with cytotoxic HLA antibodies detected before transplan-
tation (Terasaki et al., 1971). In the following years, the
role of humoral immunity in causing antibody-mediated
rejection (AMR) has been extensively studied and well
documented. As a result, a negative complement-depen-
dent cytotoxicity crossmatch test between recipient sera
and donor T and B lymphocytes had become a manda-
tory requirement for cadaveric kidney transplantation.
The test has been first implemented to detect donor

HLA-specific antibodies, but later on, it has been shown
that patients with circulating antibodies specific for a
broad range of HLA antigens (panel reactive antibod-
ies (PRA)) are also at increased risk of developing AMR
(Opelz, 2005; Vasilescu et al., 2006). Implementation of
newer techniques such as flow cytometric crossmatching
and Luminex assay has improved sensitivity in determin-
ing anti-HLA I and HLA II antibodies. Although initially
reported to improve pretransplant identification of
patients at high risk (Patel et al., 2007), there are a grow-
ing number of reports indicating that not all antibodies
detected by sensitive solid-phase assays are clinically
relevant (Aubert et al., 2009; Opelz and Claas, 2009).
With the development of new cellular technologies,
measurement of T-cell sensitization gained more atten-
tion. The IFN-y Elispot assay represents a highly sensitive
technique for detecting alloantigen-specific memory
T cells (Heeger et al., 1999; Volk and Kern, 2001). Using
IFN-y Elispot, it has been recently demonstrated, that
kidney transplant recipients with high frequencies of
donor reactive memory T cells before transplantation are
atrisk of severe acute rejection episodes during the early
posttransplant period and of poorer 1-year graft func-
tion independently of the occurrence of clinical rejection
(Figure 2; Heeger et al., 1999; Nickel et al., 2004; Bellisola
et al., 2006; Kim et al., 2007). Allo-specific memory is
not necessarily a result of alloantigen exposure. Cross-
reactivity is a common feature of the human T-cell rep-
ertoire, and the environmentally, e.g. by viral infections,
primed recipient MHC-restricted T cells may cross-react
with donor MHC-peptide complexes, leading to rapid
T-cell activation and early graft injury in individuals
who have not been directly immunized by alloantigens.
It was further shown that panel reactive memory T-cell
reactivity (PRT) might be an additional risk factor for
dialysis patients awaiting a transplant (Andree et al.,
2006; Augustine et al., 2007; Poggio et al., 2006, 2007).
Interestingly, PRT can be independent on the presence of
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Figure 2. Frequency of donor-reactive IFNy-producing T cells
(ELISPOT) in peripheral blood mononuclear cells of renal
transplant patients prior to transplantation experiencing acute
rejection or no acute rejection.

Biomarkers

RIGHTS LI MN Kiy



Biomarkers Downloaded from informahealthcare.com by Peking University on 11/14/12
For personal use only.

humoral sensitization (PRA) because not all PRT-positive
patients are PRA positive and vice versa (Andree et al.,
2006).

Thelevel of donor antigen nonspecificimmune param-
eters can also correlate with graft outcome. These surro-
gate markers reflect the general activation of the adaptive
or innate immunity (Reinsmoen et al., 2008). The CD30
molecule belongs to the tumor necrosis factor receptor
(TNF-R) superfamily. In activated T cells, the membrane-
bound CD30 molecule is proteolytically cleaved, thereby
generating a soluble form (sCD30), which can be mea-
sured in serum (Saini et al., 2008; Spiridon et al., 2008).
Low serum levels of soluble CD30 were found in healthy
humans, whereas increased sCD30 serum concentra-
tions can be detected under pathophysiologic situations
(Schlaf et al., 2007). In addition, it has been suggested
that pre- or posttransplant levels of sCD30 represent a
biomarker for graft rejection associated with an impaired
outcome for transplanted patients (Pelzl et al., 2002;
Susal et al., 2002, 2003; Heinemann et al., 2007; Langan
et al., 2007). Thus, sCD30 seems to reflect the pretrans-
plant activation status of the T cells and thereby allow-
ing the identification of high-risk recipients (Rodriguez
et al., 2007; Spiridon et al., 2008). However, Altermann
et al. (2007) detected a high interindividual alteration in
serum sCD30 levels of potential kidney recipients when
analyzed over time, aggravating its implementation as a
pretransplant risk stratification marker. Indeed, studies
by Platt and Slavcev revealed that, although low sCD30
pretransplant levels identify patients at low risk of devel-
oping acute cellular or humoral rejection, an accurate
identification of patients at high risk was not possible
(Slavcev et al., 2007; Platt et al., 2009).

Posttransplant monitoring of inflammatory
processes leading to acute and chronic
rejections

The ultimate goal of the posttransplant phase is to avoid
not only a state of over-immunosuppression but also
under-immunosuppression. Protocol biopsies have
revealed inflammation below the Banff threshold of
rejection, which was, if persistent, associated with poor
allograft function at 1 and 2 years (Mengel et al., 2007).
Furthermore, de novo expression of CD44 and vimentin
on tubular cells in 6-month protocol biopsies can func-
tion as a surrogate marker for interstitial fibrosis and
tubular atrophy and graft function at 12 months (Kers
et al., 2010). In addition, the quality of intragraft cell
infiltrate may determine transplant outcome. Brown
et al. (2007) showed in a murine kidney allograft model
that mononuclear cell infiltration can occur in both
rejecting and tolerance-developing grafts, but tolerant
kidney grafts demonstrated a higher and sustained level
of Foxp3* regulatory T cells. In contrast, on human graft
biopsies, Foxp3* cells were detected in biopsies with acute
cellular rejection type I and II, and the degree of Foxp3*
infiltrates was associated with worse outcome (Veronese

© 2011 Informa UK, Ltd.
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et al., 2007). Recently, Yapici et al. (2009) demonstrated
that presence of Foxp3* T cells in infiltrates during acute
cellular rejection does not correlate with a response to
antirejection therapy but rather predicts renal fibrosis.
Thus, protocol biopsies can be informative revealing new
mechanisms and cellular players of graft rejection and
predicting long-term graft function.

Several groups have studied the urine mRNA and
protein profile to detect signs of allograft damage.
Following the pioneering work performed by the group of
Suthanthiran describing the possibility of a noninvasive
diagnosis of renal-allograft rejection by measurement
of mRNA for perforin and granzyme B in urine (Li et al.,
2001), many other groups could validate the usefulness
of this analysis not only to diagnose rejection but also
to predict long-term graft function (Kotsch et al., 2004;
Muthukumar, et al., 2005; Seiler et al., 2007; Ho et al.,
2010). In particular, increase of urinary CXCL10 (IP-10)
and its receptor at transcription and protein level is
associated with impaired short-term and long-term graft
function (Tatapudi et al., 2004; Matz et al., 2006; Hu et al.,
2009; Schaub et al., 2009).

As outlined earlier, peripheral blood transcription
analysis of biomarkers can also be used to reveal ongo-
ing antidonor immune responses. Following our earlier
work, where we could show that peripheral and intragraft
Toag-1 expression correlates with transplant outcome in
experimental kidney, heart, and liver transplant models
(Sawitzki et al., 2007), we now revealed that pre- and
posttransplant whole blood expression levels corre-
late with graft function and histologic signs of acute or
chronic rejection (unpublished observation) in trans-
plant patients.

T-cell immune activation status can be also measured
by quantifying the stimulation-dependent adenosine
triphosphate (ATP) release (iATP) of CD4* T cells (Sottong
et al., 2000; Kowalski et al., 2006, 2007). The so-called
ImmuKnow assay (Cylex, Inc., Columbia, MD) allows a
direct and standardized analysis of T-cell function and
can discriminate between under- and over-immunosup-
pression (Israeli et al., 2007). The assay has been recently
approved by the Food and Drug Administration as a tool
to measure lymphocyte reactivity in immune-suppressed
patients. High iATP levels are associated with occur-
rence of acute rejections (Kowalski et al., 2006), whereas
patients characterized by low iATP levels have a high risk
of developing posttransplant infectious complications
and increased risk of short-term mortality (Sanchez-
Velasco etal., 2008; Berglund et al., 2011). However, recent
results have also shown that iATP levels defining a stable
(no rejection + infection), high (rejection), or low-risk
(infection) immune response much depends on patient
age and immunosuppressive regimen, with transplant
recipients younger than 12 years showing lower immune
response levels (Hooper et al., 2005; Israeli et al., 2008;
Rossano et al., 2009; Serban et al., 2009). Huskey et al.
(2011) have shown that a single time point analysis of
iATP levels does not allow accurate prediction of future
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opportunistic infections or acute rejections, highlighting
the importance of longitudinal immune monitoring of
transplant patients.

Codarrietal.(2007) haveinvestigated thedistribution of
two CD4 T-cell populations (CD4*CD25""CD127'"°"Tregs
and CD4*CD25*CD127"" effector T cells) in 36 subjects
after liver and kidney transplantation and in 45 healthy
subjects using a flow cytometry-based approach. They
observed that the Treg population was reduced in
transplant recipients. Interestingly, the effector T-cell
population was significantly increased in stable trans-
plant recipients compared with healthy subjects, and
the expansion of this cell population was even greater
in patients with documented humoral chronic rejec-
tion compared with stable transplant recipients. The
expanded effector T cell contained allo-specific CD4*
T cells secreting effector cytokines such as TNF-a and
IFN-y and were part of the T-cell population infiltrating
the allograft of patients with a documented diagnosis of
chronic humoral rejection. These results indicate that the
CD4*CD25*CD127"¢" effector T-cell population may rep-
resent a valuable biomarker to monitor antidonor CD4*
T-cell responses both in blood and in tissues after organ
transplantation.

Numerous studies have been conducted to determine
the prevalence and significance of de novo develop-
ment of HLA antibodies after transplantation (Seveso
et al., 2009). From the obtained data, it seems that de
novo development of anti-HLA antibodies being donor
specific or nonspecific is associated with poor long-term
graft outcome. However, with the development of new
solid-phase antibody detection methods, this general
assumption was challenged as the number of antibody-
positive patients was markedly increasing. This started a
discussion whether these new techniques are too sensi-
tive and whether the obtained results are always clini-
cally relevant. Recently, Lachmann et al. (2009) using the
Luminex platform could show that anti-HLA antibod-
ies being either donor-specific or nonspecific serve as
biomarkers for chronic rejection. They collected serum
samples of 1014 deceased kidney transplant recipients,
and the patients were followed up for 5.5 years on serum
collection. Especially the presence of donor-specific
antibodies was associated with a significant lower graft
survival compared with the HLA antibody negative
group (49% vs. 83%). These and other reports clearly
show that the presence of HLA antibodies correlates with
graft failure. In some cases, detection of donor-specific
antibodies may give false-negative results because the
antibodies can be absorbed by the graft and therefore
sequestered from the circulation. Recently, expression
analysis of critical factors regulating B-cell maturation
and activation such as B-cell activating factor (BAFF) has
gained attention. Zhang and coworkers could show that
BAFF staining of kidney biopsies was strongly associated
with C4d positivity (Xu et al., 2009b) and that peripheral
BAFF expression correlated with poorer graft outcome
(Xu et al., 2009a). Furthermore, Bloom et al. (2009)

showed that BAFF serum levels are increased in renal
transplant patients after treatment with alemtuzumab.
Because patients treated with alemtuzumab have pro-
pensity to develop alloantibodies and may undergo
AMR, these data suggested an association between
BAFF/BAFF-R and AMR in such patients. Interestingly,
Sarwal and coworkers have recently shown that BAFF
seems to support the repopulation of circulating B cells
after rituximab treatment (Zarkhin et al., 2009). In this
trial, patients with CD20+ renal rejections were treated
with four doses of rituximab. BAFF levels significantly
increased during B-cell depletion. Interestingly, BAFF
levels after B-cell depletion positively correlated with
higher levels of donor-specific HLA-I antibodies and
negatively with creatinine clearance. Thus, BAFF expres-
sion levels may allow not only early monitoring of B-cell
repopulation but also activation and therefore a valuable
tool in revealing developing humoral antidonor immune
responses.

Immune reactivity of patients undergoing
protolerogenic protocols

In a clinical trial performed by Kawai et al. (2008),
complete IS withdrawal could be successfully achieved
in HLA-mismatched renal transplantation by a com-
bined bone marrow and kidney transplant with non-
myeloablative regimen. In four of five patients, it was
possible to discontinue all IS therapy 9-14 months after
transplantation.

However, further analysis revealed that three of the four
patients developed de novo antibodies to donor antigens
and/or C4d deposition in the graft (Porcheray et al., 2009).
Two different types of antibody responses could be dis-
tinguished in these patients, an early transient response
versus a late persistent response. The antidonor antibody
response in the two patients showing persistency was
accompanied by development of autoantibodies preceded
by increased BAFF serum levels. The clinical significance
is not clear yet because there are no other evidences for a
humoral rejection. This seems to be contradictory to the
findings described above. Whether the B-cell responses
and antibodies produced in the presence of T-cell unre-
sponsiveness are qualitatively different or whether the
patients will develop evidences for chronic humoral rejec-
tion has to be investigated in future studies.

Recently, Mathew et al. (2010) described tolerance
profiles in donor bone marrow-infused kidney transplant
patients using ex vivo functional assays. Here, donor bone
marrow cells (DBMC) were infused in a setting of living-
related haploidentical transplantation in combination
with an induction regimen and standard IS maintenance.
Results of DBMC-treated recipients were compared with
those of noninfused haploidentical control group and
HLA identical sibling recipients. The patient samples were
tested for presence of donor-specific antibodies, prolifera-
tive responses (mixed lymphocyte reaction), killing activ-
ity (cell-mediated lympholysis), granzyme B, and IFN-y
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production (Elispot) and trans-vivo DTH responses. The
authors conclude that although individual assay reveal
signs of unresponsiveness, only a cluster analysis com-
bining these assays will reveal tolerant recipients in whom
IS minimization may be safely tested. However, none of
the tested patients was off all IS, and the combinatorial
analysis has not been prospectively validated yet.

Identification of OT patients

Identifying the so-called OT patients applying biomark-
ers is crucial for a safe drug withdrawal in a cohort of
stable transplant recipients. In recent years, there has
been tremendous effort put into profiling of OT patients.
As a result of two multinational collaborative networks
“Indices of Tolerance” and “Reprogramming the Immune
System for Reestablishment of Tolerance RISET” funded
by the FP5 and FP6 program of the European Commission
and the National Institutes of Health funded “Immune
Tolerance Network (ITN)’, last year, two reports char-
acterizing the immune profile of OT kidney transplant
patients have been published (Newell et al., 2010; Sagoo
et al., 2010). Within the European network, OT renal
transplant patients, recipients with stable graft function
receiving different IS maintenance therapy, recipients
undergoing chronic rejection, and healthy subjects were
screened for several biomarkers and functional assays
to identify a signature of tolerance. The study performed
by the ITN aimed to identify immune parameters that
would discriminate tolerant individuals from recipi-
ents with stable graft function while on IS maintenance
and healthy subjects; thus, in contrast to the European
approach, specifically excluding patients undergoing
chronic rejection. In both cases, the collaborative nature
of the project ensured recruitment of a relatively large
cohort of OT patients, who represent a rare population
among kidney recipients. Furthermore, sample exchange
between the European and ITN network allowed valida-
tion of identified biomarkers and assays in a large test set
on both sides. There were important differences between
the European and American OT patient cohort because
the European patients were characterized by a high
degree of HLA mismatches, mainly received cadaveric
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transplants, and most were male patients. In both OT
patient cohorts, a significantly increased frequencies and
absolute numbers of total CD19* B cells were detected
in comparison to patients on maintenance IS therapy or
undergoing chronic rejection. Although OT patients of
both cohorts were characterized by increased periph-
eral B-cell frequencies, they did not have detectable
antidonor HLA-specific antibodies. Further investiga-
tion revealed a particular increase in CD19*CD27-IgD*
naive and CD19*CD27-CD24*CD38*IgD* transitional B
cells. Increased numbers of B cells have been previously
reported in OT kidney recipients (Louis et al., 2006).
Determining the B-cell subset expanded in OT patients
is of extreme importance because this may help to reveal
the underlying mechanism.

The increase in B-cell numbers was accompanied
by an enrichment of B-cell-specific genes in peripheral
blood samples of OT patients. Although the list of most
specifically enriched genes was not identical between
the Indices of Tolerance (IOT) and ITN cohort, several
B-cell-related genes (e.g. TCL1A, CD20, and CD79b)
were common to both lists.
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Figure 3. Combined qRT-PCR gene expression analysis of Foxp3
and o-1,2-mannosidase in whole blood samples of different
kidney transplant patient groups of the “Indices of tolerance”
consortium. HC, healthy controls; Tol-DF tolerant drug free;
s-LP, stale on low dose prednisolone; s-nCNI, stable on non-
Calcineurin-inhibitor-based drugs; s-CNI, stable on Calcineurin
inhibitors; CR, chronically rejecting patients.

Table 2. Examples of biomarkers and assays that may be used for an immune monitoring of transplant patients.

Pretransplant period Donor-/HLA-specific antibodies
Soluble CD30
IEN-vy Elispot

Posttransplant period Urinary IP-10

Serum BAFF

Cylex ImmunoKnow assay
Intragraft vimentin/CD44
TOAG-1 transcription

Frequency of CD4*CD25*CD127"ish

Ratio Foxp3/aMann

Frequency of naive/transitional B cells

Trans-vivo DTH

Presensitization

Presensitization

Presensitization

Acute cellular rejection

Humoral rejection

Acute rejection and infectious complications
Chronic rejection

Acute rejection

Chronic humoral rejection

Identification of operational tolerant patients
Identification of operational tolerant patients
Regulation of antidonor responses

HLA, human leukocyte antigen; IFN, interferon.
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However, analysis of the microarray data resulted in two
distinct sets of genes most predictive for tolerance. An OT
gene signature was identified using different sample collec-
tion (Paxgene vs. Tempus), RNA purification and microar-
ray platforms (Affymetrix vs. Agilent), and data analysis.
Such methodologic variations and the apparent different
clinical characteristics might explain the observed differ-
ences in the OT gene signatures. The B-cell gene signatures
obtained by the ITN and IOT trial correlate only in part with
findings of Brouard et al. (2007), who used cDNA microar-
rays to identify tolerance-specific genes. Here, peripheral
blood mononuclear cells were used instead of whole blood
analyzed within the ITN and IOT studies. Whether the
methodologic differences account for the missing overlap
has to be investigated in future clinical trials.

Sagoo et al. (2010) also studied direct antidonor T-cell
responses of the IOT and ITN OT patients. The IOT
cohort was characterized by significantly reduced fre-
quencies of IFN-y-producing CD4* T cells when stimu-
lated with donor antigen in comparison to third-party
antigen. Although the same tendency was detectable for
the ITN trial samples, this was not significant and only
low frequencies of cytokine-producing T cells could be
detected. This was probably due to high proportion of
completely HLA-matched donor grafts within the ITN
tolerant patients. Thus, results of functional assays,
which are likely influenced by the degree of HLA match-
ing, such as the IFN-v Elispot, have to be interpreted with
caution when screening stable transplant patients for
signs of operational tolerance in future prospective clini-
cal trials. Such assays are much more likely to be used for
a pretransplant risk assessment (Sawitzki et al., 2009) or
when studying longitudinal responses.

The diminished direct T-cell responses indicate an
altered balance of regulatory or anti-inflammatory T cells
and effector T cells in tolerant patients in comparison to
nontolerant stable or chronically rejecting patients. Indeed,
although Foxp3 transcription per se was not significantly
increased in tolerant patients, a combinatorial analysis
calculating a ratio of Foxp3 and MAN1A1 transcription
(Sawitzki et al., 2007) could discriminate between drug-free
patients, stable kidney recipients, or recipients undergoing
chronic rejection (Figure 3). This was shown for the IOT
training set and the ITN test set. Such findings highlight the
importance of analyzing a set of biomarkers reflecting dif-
ferent aspects of the immune response when performing
diagnostic trial on transplant patients. However, similar to
the results obtained by Mathew et al. (2010), the IOT and
ITN tolerance signature have not been prospectively vali-
dated yet and thus need to be interpreted with caution.

Conclusions

Theresults summarized in this review are encouraging. The
described biomarkers and functional assays may help us to
design comprehensive pre- and posttransplant immune
monitoring schemes. A summary of currently described
biomarkers and assays that may be used for an immune

monitoring of transplant patients is shown in Table 2.
However, most of the biomarkers have been identified
based on a retrospective analysis of transplant patients.
Thus, for future clinical implementation, the biomarker
performance needs to be validated in large prospective
clinical trials also comparing the sensitivity and specificity
of several biomarkers side by side. Thus, for these clinical
trials, new monitoring profiles comprising a specifically
adapted set of biomarkers and assays at crucial time points
need to be designed based on the existing data.
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