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Abstract
Background: Kidney transplantation is the optimal treatment in end stage renal disease but the allograft survival is
still hampered by immune reactions against the allograft. This process is driven by the recognition of allogenic
antigens presented to T-cells and their unique T-cell receptor (TCR) via the major histocompatibility complex (MHC),
which triggers a complex immune response potentially leading to graft injury. Although the immune system and
kidney transplantation have been studied extensively, the subtlety of alloreactive immune responses has impeded
sensitive detection at an early stage.
Next generation sequencing of the TCR enables us to monitor alloreactive T-cell populations and might thus allow
the detection of early rejection events.
Methods/design: This is a prospective cohort study designed to sequentially evaluate the alloreactive T cell
repertoire after kidney transplantation. The TCR repertoire of patients who developed biopsy confirmed acute T cell
mediated rejection (TCMR) will be compared to patients without rejection.
To track the alloreactive subsets we will perform a mixed lymphocyte reaction between kidney donor and recipient
before transplantation and define the alloreactive TCR repertoire by next generation sequencing of the
complementary determining region 3 (CDR3) of the T cell receptor beta chain.
After initial clonotype assembly from sequencing reads, TCR repertoire diversity and clonal expansion of T cells of
kidney transplant recipients in periphery and kidney biopsy will be analyzed for changes after transplantation,
during, prior or after a rejection.
The goal of this study is to describe changes of overall T cell repertoire diversity, clonality in kidney transplant
recipients, define and track alloreactive T cells in the posttransplant course and decipher patterns of expanded
alloreactive T cells in acute cellular rejection to find an alternative monitoring to invasive and delayed diagnostic
procedures.
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Discussion: Changes of the T cell repertoire and tracking of alloreactive T cell clones after combined bone marrow
and kidney transplant has proven to be of potential use to monitor the donor directed alloresponse. The dynamics
of the donor specific T cells in regular kidney transplant recipients in rejection still rests elusive and can give further
insights in human alloresponse.
Trial registration: Clinicaltrials.gov: NCT03422224, registered February 5th 2018.
Keywords: T cell receptor, Alloreactivity, Kidney transplant, Rejection, Next generation sequencing,

Background
After the introduction of highly potent immunosuppressive regimens in combination with induction therapy, a
significant reduction of acute rejection episodes and an
improvement in short term graft survival have been
achieved [1, 2]. However, a number of transplanted organs are persistently lost following an acute rejection
episode, and long-term graft function and survival following this kind of immunological event poses even
greater problems to patient management [3, 4].
Acute cellular rejection with infiltrating CD8+ and CD4+
T lymphocytes play a central role and account for the larger
fraction of acute rejection episodes [5]. Lymphocyte infiltrates in the kidney are the leading finding of T cell mediated rejection and therefore the nature of infiltrating
lymphocytes in the transplanted kidney is of special interest
even more as little is known about the antigen specificity of
the T cell receptors and the molecular properties of these
infiltrates.
Likewise, T cells play a crucial role in the initiation of
antidonor antibody formation and consecutively antibody mediated rejection (ABMR). T helper cells support
B cells after encountering their antigen by direct interaction and cytokine production which leads to proliferation, differentiation and affinity maturation of B cells to
memory B cells or long-lived plasma cells secreting
high-affinity antibodies [6–8].
During early T cell development T cell precursors
enter the thymus and differentiate to immature T cells.
In the thymus, random recombination of germlineencoded TCR variable (V), diversity (D), and joining (J)
gene segments aims for the formation of a functional
TCR protein and generation of a highly diverse TCR
repertoire [9].
Junctional diversification further increases the combinatorial diversity by trimming gene ends or adding nucleotides
between the recombining genes and thereby generating hypervariable complementarity-determining regions (CDR1CDR3). The complementarity-determining region 3 (CDR3),
which is the most variable CDR, spans over the V(D) J junction and forms the primary site of antigen contact [9, 10].
The cells expressing a recombined T cell receptor only survive if self MHC (major histocompatibility complex) and a
self-peptide presented by thymic antigen presenting cells is

recognized with adequate affinity to transmit a survival signal (positive selection). In a second selection process (negative selection) T cells with an operational TCR but an
activation above an affinity- or cross-reactivity threshold are
send to apoptosis by a death signal as these cells would be
more likely to become activated by self-peptides or by the
MHC molecule itself and cause autoimmunity [9].
This complex development of the T cell receptor repertoire and selection process results in the generation of
a highly diverse repertoire capable of defending an individual against a variety of pathogens and being ideally
tolerant to antigens present in the own body. This leads
to a large number of unique TCR rearrangements with
in theory over 10^13 unique T cell clonotypes representing the immune repertoire [11–13].
After the generation of the immune repertoire events
such as infections, aging or immune modulating therapies cause an alteration which can lead to the expansion
or deletion of clones and effect the diversity of the overall repertoire [10, 14, 15].
In solid organ transplantation T cells recognizing a
foreign antigen or MHC protein, so called alloreactive T
cells, expand and cause a rejection with severe organ
damage. Receptor diversity analysis of these alloreactive
cells using conventional methods such as PCR-based
hybridization methods, flow cytometry of V region usage
or TCR spectratyping, is a major technical challenge
[16–18]. Additionally, these techniques have limitations
regarding their resolution:
Fluorescence activated cell sorting (FACS) is limited
by the availability of antibodies against T cell receptor’s Variable, Diversity and Joining (VDJ) elements
and PCR-based length analysis by spectratyping does
not allow to discriminate between clones with identical CDR3 lengths [19, 20].
With the development and technical progress of
next-generation sequencing (NGS) technologies it is
now feasible to sequence millions of receptor clones
simultaneously, which provides a much more detailed and precise picture of the immune repertoire
[11, 21, 22]. It is possible to obtain several million
sequences per sequencing run and only recently the
focus has been put on receptor sequencing of the
alloreactive lymphocyte population and the changes
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in abundancy of these clones and repertoire diversity
over time [23].
Two studies of TCR repertoire analysis based on NGS
data were published in 2009 using two different experimental designs [11, 21]. These designs differ in the starting material used being either genomic DNA (gDNA) or
messenger RNA/complementary DNA (mRNA/cDNA)based approaches [24, 25]. Both strategies have advantages but also shortcomings. Using genomic DNA in
contrast to mRNA as a starting template has the advantage of superior quantification as every T cell only possesses one functional TCR chain, depicting in theory a
more precise overall T cell receptor repertoire. A major
downside of using gDNA is the significant multiplex
PCR bias introduced by different primer annealing or
amplification efficiencies leading to over/underrepresentation or dropout of those elements by non-uniform
amplification. This bias is reduced in the mRNA/cDNA
approach by using template switch during cDNA library
preparation which forms universal primer annealing sites
on both ends of the library and can be further counteracted by the introduction of unique molecular identifiers
(UMIs). However, the mRNA/cDNA approach is known
to be less specific and conclusions on absolute frequencies of cells is more difficult due to unequal mRNA expression levels in cells.
Morris et al. recently used mixed lymphocyte reactions
(MLR, incubating donor antigen presenting cells (APCs)
with recipient T cells) to select alloreactive T cell clones
prior to transplantation. Using high-throughput sequencing data of the CDR3 a unique fingerprint of the
donor-reactive T cell repertoire was identified before
transplantation and donor reactive T cells were tracked
posttransplant in blood samples [26]. Further studies
validated this approach in different solid organ settings,
as in small bowel transplantation, also analyzing T cell
repertoires in tissue biopsies [27, 28].
We aim to apply a similar approach in this project to
get a closer insight into the alloreactive lymphocyte
population prior to transplantation and follow these
populations over time and analyze associations of repertoire diversities with the histomorphological phenotype
of T cell mediated rejection in the kidney transplantation setting. Further we would like to decipher patterns
of expansion of these clones prior to rejection and decline in graft function to hopefully foresee rejection episodes before graft damage occurs.

Methods/design
This is a single center prospective cohort trial designed
to evaluate the value of T cell receptor repertoire sequencing of T cells in the periphery and in the allograft
during a biopsy proven rejection episode compared to
absence of histological findings of rejection conducted at
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the General Hospital of Vienna/Medical University of
Vienna, Department of Nephrology.
These alloreactive T cells are defined prior to transplantation via a mixed lymphocyte reaction as shown in
previous studies [26, 27].
Fifteen patients with histological proven acute T cell
mediated rejection will be compared to 15 patients without histopathological signs of alloimmune response in
time matched for-cause biopsies. Only recipients of
donor organs evaluated and accepted by the local transplant team in Vienna will be included due to lack of
availability of donor peripheral blood mononuclear cells
(PBMCs) of donors evaluated by Eurotransplant, an Europe-wide program allocating and exchanging deceased
donor organs across-borders [29]. The proposed duration of the trial is 36 months. The sample size of 15 patients experiencing an acute T cell mediated rejection
and an accrual phase of 24 months was calculated based
on historic data from our center. The study protocol and
informed consent were designed following the “Standard
Protocol Items: Recommendations for Interventional
Trials (SPIRIT) 2013 statement” guidelines and the standards of the world health organization research ethics
review committee (Additional files 1 and 2) [30, 31].
Outcome parameters

Expansion or deletion of the pre-transplant defined
alloreactive T cell repertoire against the allograft during
acute T cell mediated rejection will be compared to patients without biopsy proven rejection. Further analysis
of local T cell expansion in the allograft during a rejection episode will be performed via RNA extraction of
the frozen biopsy. Additionally an analysis will concentrate on T cell clonality analysis and repertoire diversity
of patients over time and of rejecting and non-rejecting
individuals.
Sample collection

For our analysis we will include a minimum of 150 kidney transplant recipients with a for-cause biopsy after
transplantation that were enrolled prospectively between
february 2018 and february 2020. A medical doctor obtained informed consent of eligible recipients prior to
transplantation and recipient and donor PBMCs will be
stored at time of transplantation. Only recipients of donors evaluated by the local transplant coordinators will
be included in this study due to availability of donor
PBMCs. Additionally, surveillance biopsies will be performed at 3 and 12 months and tissue samples as well as
PBMCs will be stored in liquid nitrogen and − 80 °C
(Fig. 1). De-identification of included patient samples is
performed before sample processing by a study specific
patient identifier.
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Fig. 1 Study Flowchart. All eligible patients receiving a kidney transplant from donors evaluated at our center will be included and TCR repertoire
of total PBMCs and alloreactive T cells will be analyzed. TCR repertoire in the periphery and in biopsies will be assessed at surveillance biopsies
and TCMR. DSA: donor reactive antibodies, TCR: T cell receptor, PBMC: peripheral blood mononuclear cells, KTX: kidney transplant, TCMR: T cell
mediated rejection

Including 15 samples per group (Rejectors, non-rejectors) our study has 80% power to detect a minimum difference of 0.106 in the mean proportion of alloreactive
clones in the posttransplant repertoire of patients from
the two groups assuming a standard deviation of 0.1
each. This calculation was performed using Power and
Sample Size Version 3.0 (Fig. 2) [32].
Inclusion and exclusion criteria

Inclusion criteria for this study are: (1) Kidney transplant recipient, (2) age ≥ 18 years, (3) donor evaluation by the local
transplant coordinators and (3) written informed consent.
Exclusion criteria for this study are: (1) Donor evaluation by
Eurotransplant or (2) lymphodepletional induction therapy.
Blood samples

At time of transplantation and at time of biopsies as well
as 3 and 12 months after transplantation, blood samples
will be collected as part of the routine blood draw at the
follow up at the outpatient clinic (Table 1). PBMC isolation will be carried out as described.

be isolated out of whole blood via density gradient at time
of transplantation, as described previously [26, 27].
After isolation cells will be stored in liquid nitrogen
and − 80 °C for future analysis.
Tissue samples
Surveillance biopsies

At 3 and 12 months surveillance biopsies are performed
at our transplant center for patients included in the
study with informed consent prior to transplantation
and tissue as well as blood samples will be stored.
All biopsies will be evaluated on standard formalin fixed
paraffin-embedded (FFPE) sections at the Department of
Pathology as part of the clinical routine. Histological slides
from FFPE tissue will be made and will be used for routine
staining (Hematoxylin-Eosin, Acid Fuchsin Orange G
(AFOG), Periodic acid Schiff, Methenamine) and immunohistochemistry. Histopathology scoring will be performed according to BANFF 2017 [33].
A second core will be stored at − 80 °C (in tissue plus
OCT compound) until DNA and RNA will be extracted
for further analysis (see below).

PBMCs isolation

PBMCs of donors evaluated by our transplant center at the
Medical University of Vienna will be isolated via density
gradient from whole blood which will be sent along with
the renal allograft at transplantation. Recipient PBMCs will

For-cause biopsies

For-cause biopsies are performed routinely in patients
with delayed or deteriorating graft function with a low
diagnostic threshold to guide and optimize clinical
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In short, we will label donor cells with BD HorizonTM
Violet Proliferation Dye 450 (VPD-450 catalog # 562158)
and recipient cells with carboxyfluorescein succinimidyl
ester (CFSE) according to the manufacturer’s protocol prior
to resuspension in MLR medium (AIM-V supplemented
with 5% AB heat- inactivated human serum, 0.01 M
HEPES, and 50 μM 2-ME and 1% Pen/Strep) at a concentration of 2 × 106 cells/mL. Donor cells will additionally be
irradiated at 35 Gray [27].
Preparation of CFSE-labeled responder cells

After thawing cryopreserved recipient PBMCs will be labeled with carboxyfluorescein succinimidyl ester (CFSE).
Subsequently cells will be washed twice, resuspended in
MLR medium at 2 × 106 cells/mL.
MLR will be performed by plating 2 × 105 CFSE-labeled transplant responder cells and 2 × 10^5 VPDlabeled irradiated stimulator cells will be plated in
each well of a 96-well plate (total well volume
200 μl). MLR cultures will be incubated at 37 °C for
6 days. After incubation, the different dyes will allow
us to differentiate between the cells of interest
(CFSE- labeled recipient cells) and the unessential
cells (VPD-labeled donor cells) [27].
Fig. 2 Detectable effect size versus sample size. Depicted is the
relationship between number of samples in the study and minimal
detectable difference in population means for standard deviations of
0.05 (red), 0.1 (blue) and 0.15 (pink). SD: Standard deviation

decision-making. The evaluation and biopsy collection
will be performed as mentioned above.
In vitro expansion of donor-specific alloreactive T cell
lymphocytes

The protocol of in vitro expansion of donor-specific T cell
lymphocytes will be performed as described previously [26].

Fluorescence activated cell sorting (FACS)

Cells will be harvested from the 6 day MLR culture from
the 96 well plate, washed with FACS Buffer and counted.
Unstimulated PBMCs will be thawed, washed twice with
media and PBS, resuspended in FACS buffer and
counted [26, 27]. Subsequently the cells will be resuspended in FACS buffer, blocked for 30 min with blocking buffer (10% human serum, 1% BSA) stained for 30
min with fluorochrome-conjugated anti-CD3, anti-CD4,
anti-CD8, anti-CD25, anti-CD127, anti-CD45RA and
anti-CCR7. Sorting will be done on a FACS Aria II high

Table 1 Schematic diagram of the patient’s timeline (adjusted from SPIRIT guidelines for trial protocols)
Timepoint

Study period
Enrolment

Biopsy

Transplantation

For cause

Close-out
M3

M12

Enrolment:
Eligibility screen

X

Informed consent

X

Interventions:
PBMC collection

X

Kidney Biopsy

X

X

X

X

X

X

X

X

X

X

X

X

Assessments:
TCR repertoire sequencing of unstimulated PBMCs

X

TCR sequencing of Alloreactive T cells after MLR

X

Phenotypic analysis of peripheral T cell populations

X

M3 Month 3, M12 Month 12, MLR Mixed lymphocyte reaction, TCR T cell receptor, PBMC Peripheral blood mononuclear cells

M24
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speed cell sorter. We will isolate two populations after
MLR (CFSE low CD4/CD8) and three discrete cell populations for unstimulated PBMCs (CD4, CD8, Treg).
Phenotypic analysis of the unstimulated PBMCs pre-and
posttransplant includes the following markers:
T helper cells (CD3+, CD4+, CD8-), cytotoxic T cells
(CD3+, CD4-, CD8+), Treg cells (CD4+, CD25+++,
CD127-, FOX-P3+), central memory cells (CD4/CD8,
CD45RA-, CCR7+), effector memory cells (CD4/CD8,
CD45RA-, CCR7-) [27, 34]. The sorting of T cell populations is followed by RNA isolation and library preparation for TCR sequencing.
T cell receptor repertoire sequencing
RNA isolation

RNA isolation is done following the original Trizol
protocol (Invitrogen, Carlsbad, CA).
NGS library preparation

The library preparation is described in [35]. Total RNA
from PBMCs was transcribed using the SmartScribe kit
(Clontech, USA) and universal primers specific for the
constant region of T cell receptor.
Custom cap-switching oligonucleotides with unique
molecular identifiers (UMI) and sample barcodes were
used to introduce the universal primer binding site to the
3′ end of the cDNA molecules. cDNA was treated (45
min, 37 °C) with 5 U UDG (NEB, USA) for 30 min, 37 °C,
followed by a purification (Qiagen PCR purification kit).
PCR amplification was used to amplify the cDNA and
to introduce Illumina TruSeq adapters and a second
sample barcode. The first PCR step consists of 16–18 cycles of: 94 °C for 20 s., 60 °C for 15 s., 72 °C for 60 s. Reactions were done in a total volume of 15 μl (1x Q5
polymerase buffer (NEB), 5 pmol of Sm1msq and
RPbcj1, RPbcj2, RPacj primers, dNTP (0.125 mM each),
0.15 μl of Q5 polymerase). One microliter of the purified
PCR product was used for the second amplification step
(94 °C 20 s, 60 °C 15 s, 72 °C 40 s 12–18 cycles).
Total reaction volume of 25 μl: 1x Q5 polymerase buffer, 5 pmol of Smoutmsq and “Il-bcj-ind” or “Il-acj-ind”
primers (with sample specific Illumina index sequences),
dNTP (0.125 mM each) and 0.25 μl of Q5 polymerase.
Size selection and purification for 500-800 bp fragments
of the purified PCR product was performed using SPRI
bead technology (Beckman Coulter, CA, USA).
A detailed list of Primer sequences used has been published previously [15].
Bioinformatics

A computational workflow for the evaluation of results
from NGS based analysis of T cell receptor repertoires
will be established. The workflow will cover all aspects
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of data quality evaluation, demultiplexing of samples and
the determination of clonality and diversity (Fig. 3).
FastQC will be employed for quality control of raw sequencing data. The quality of each run will be further
checked by analyzing the frequency of sample barcodes,
their position in the reads, as well as the recovery of
phiX. Only reads passing the initial quality control will
be analyzed further. Sequences assigned to the individuals characterized by unique nucleotide barcodes are
identified and separated.
In preparation for determining the immunological interesting regions (especially the V(D) J regions), the appendages will be trimmed to remove barcodes and any
adapters. In the same step the UMIs will be extracted
and stored separately for subsequent use during reference gene clustering. Remaining sequences which either
miss barcodes or have invalid barcodes will be collected
for further analysis of the origin of these sequences.
After preprocessing V(D) J region containing reads will
be subjected to reference gene clustering. Therefore, all
reads will be aligned to T cell receptor reference sequences, using Bowtie2, a tool for aligning sequencing
reads to reference genes [36]. Subsequently, reads
aligned to the same position in a reference sequence and
sharing an UMI will be collapsed into a single read.
Finally, ImmunExplorer will be used to perform clonotype assembly based on the reference gene clustered sequences with MiXCR and to carry out clonality,
diversity and repertoire overlap analysis [37, 38].
Statistical methods

After identification of alloreactive T cell clones prior
to transplantation-via one way MLR- the proportion
of alloreactive clones in the posttransplant repertoire
of rejectors and non-rejectors will be compared by
means of t-test.
Study registration

The study was registered in a public clinical trial
database on February 5th 2018 (ClinicalTrials.gov
NCT03422224) [39].

Discussion
Adaptive immunity and T cell activation plays a crucial
role in rejection of solid organ transplants [40, 41]. Until
now the description of T cells responsible for allograft rejection has been elusive mostly due to technical limitations. With the rising of cutting edge techniques as next
generation sequencing it has been possible to characterize
and track alloreactive T cells potentially responsible for rejection episodes.
In the transplantation setting the questions raised
using these novel methods have until now mostly been
focusing on elucidating the mechanisms of tolerance
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Fig. 3 Bioinformatic Flowchart. A pipeline for the analysis of T cell repertoires. A: First, barcode analysis is done as well as separating the
sequences belonging to the different individuals (B). C: Reads that cannot be assigned to a specific individual are stored in a separate FASTQ file
for later investigation regarding the origin of these sequences. D: Adapters and barcodes from sequences are trimmed. During this step the UMIs
are determined and stored in a separate file (D1). E: Afterwards the sequences are clustered with respect to their reference genes and UMIs. F/G:
Clonotypes are assembled and clonality, diversity and repertoire overlap analysis is performed

induction in the setting of combined kidney and bone
marrow transplantation [26]. In the paper of Morris et
al., who were one of the first using the technique of
TCR sequencing of alloreactive T cells and tracking
these over time, showed a decline of these distinct clones
in tolerant patients compared to no significant reduction
in a patient experiencing a rejection episode.
These findings raise potential questions if a similar pattern of increase of alloreactive clones in the periphery can
be seen in kidney transplant patients at a rejection episode. Of additional interest in our study will be if these
alloreactive clones expand and can not only be tracked in
the periphery but also in the allograft itself during rejection. These questions have partially been raised in two papers published by two different groups [42, 43].
The results were promising although patient numbers
with complete follow up in the paper of Alachkar et al.
were low and emphasis was not put on alloreactive
clones, but more on TCR clone kinetics during rejection
[43]. The detection and TCR sequencing of the pretransplant defined alloreactive T cell clones targeting the
allograft and causing rejection episodes may open new
opportunities to predict rejections prior to clinical deterioration of graft function. Further the identification of
the patients individual alloreactive T cell repertoire can

potentially help to decipher antigen specificity of these
cells as new techniques show promising results in predicting epitopes targeted by T cells [44, 45].
The antigen-prediction system developed in the paper
of Glanville et al. managed to assign TCRs to antigenspecific binding groups and define enriched sequence
motifs which were mainly responsible for antigen binding. They used these motifs to design a set of synthetic
TCRs not found in the biological samples and predict
their specificity to a known antigen. These synthetic
TCRs were proven to successfully induce T cell activation upon antigen contact.
By using the TCR repertoire sequencing approach it
will generally be possible to identify T cell clonotypes
which are expanded compared to the baseline repertoire and decipher changes in overall diversity and
clonality. The analysis of the expanded T cell population taking the clinical phenotype of a patient into
consideration could provide new insights into several
questions. In delicate situations for example as rise in
serum creatinine in presence of a coexisting significant
viraemia (e.g. BK Virus, Cytomegalovirus), an expansion of a virus specific T cell population compared to
alloreactive clones could give important information
for clinical decision making, as virus specific T cells
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have already been isolated and sequenced successfully
[42, 46–50]. Zeng et al. compared the frequency of BK
virus and alloreactive T cell clones, defined by flow cytometric measurement of T cell responses to HLA and
BK peptide stimulation in vitro, in the periphery and
in kidney biopsies of transplant patients during BK nephropathy and rejection [42]. They found that biopsies
with BK nephropathy contain more alloreactive than
virus specific clones and theorize that the leading
element of tissue injury in viral nephropathy is primary mediated by an ‘innocent bystander’ mechanism
and secondary T cell migration caused by both antiviral and anti-HLA immunity.
Dziubianau et al. included next to BK virus also CMV
specific T cell clones in their analysis but final conclusions were hampered by the small sample number [46].
Nevertheless, they could prove TCR repertoire sequencing as a reliable and reproducible technique for the detection of T cell mediated pathology.
Another possible use could be the description of T cell
plasticity regarding the conversion of pre-transplant non
Treg, effector/central memory cells into Tregs, or other
effector cells which were defined by their distinct T cell
receptor. This has been already partly shown in a paper
of Sprangers et al. [27].
Besides T cell conversion also T cell reconstitution
after anti-thymoglobulin (ATG) induction has been
studied by several research groups [51–55]. The results
showed an imbalanced reconstitution of the entire T cell
population and an altered response of alloreactive T cells
after ATG induction therapy [51, 56]. But there was no
specific emphasis put on the reconstitution of the alloreactive T cell population.
Regarding the Treg subpopulation, also the properties
of specific Treg cells defined by their TCR in tolerant
patients or patients with good graft function and low
amount of immunosuppressant therapy, compared to
patients experiencing rejection episodes as well as the
influence of immunosuppressants (e.g calcineurin inhibitors), which are known to particularly affect this population, could be of interest [57, 58].
This promising technique shows to have a broad field
of application giving answers to diverse questions regarding the T cell repertoire in kidney transplantation.
An analysis of our data repository showed that these 30
samples will be available within the first 2 years after study
initiation accounting for a transplant frequency of local
evaluated donors of roughly 120 per year at our center.
Only biopsy proven T cell mediated rejections according to current pathology classification, BANFF 2017 or
total absence of rejections will be included in our
analysis.
A shortcoming of this study will be a technical limitation regarding the definition of alloreactive T cell clones
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as the MLR mostly represents antigen presentation via
the direct pathway and only to a fewer extent the indirect pathway, which seems the leading mechanism behind
chronic allograft function. This may be limiting or hamper conclusions made to chronic allograft nephropathy
but should not compromise the assertions concluded in
the setting of acute T cell mediated rejection in the first
months of transplantation.

Additional files
Additional file 1: Informed consent Version 1 for the research study:
Next generation sequencing based assessment of the alloreactive T- cell
receptor repertoire in kidney transplant patients during rejection: a
prospective cohort study. (PDF 158 kb)
Additional file 2: EQUATOR Network Reporting Checklist. “Standard
Protocol Items: Recommendations for Interventional Trials 2013
statement” checklist. (PDF 76 kb)
Abbreviations
ABMR: Antibody mediated rejection; AFOG: Acid fuchsin orange G;
APC: Antigen presenting cell; ATG: Antithymocyte globulin;
cDNA: Complementary DNA; CDR3: Complementarity determining region 3;
CFSE: Carboxyfluorescein succinimidyl ester; FACS: Fluorescence activated cell
sorting; FFPE: Formalin fixed paraffin-embedded; gDNA: Genomic DNA;
IMEX: ImmunExplorer; IMGT: ImMunoGeneTics; MHC: Major histocompatibility
complex; MLR: Mixed lymphocyte reaction; mRNA: Messenger RNA;
NGS: Next-generation sequencing; PBMC: Peripheral blood mononuclear cell;
SPIRIT: Standard protocol items: Recommendations for interventional trials
statement; TCMR: T cell mediated rejection; TCR: T cell receptor; UMI: Unique
molecular identifiers; V(D)J: Variable, Diversity, Joining; VPD-450: Violet
Proliferation Dye 450
Acknowledgements
We thank Ilgar Mamedov, Mikhail Pogorelyy and Anastasia Minervina
(Department of Genomics of Adaptive Immunity, Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Science, Moscow, Russia)
for the technical assistance and helpful inputs.
Authors’ contributions
RO and RRS were responsible for conception, design, financial support,
critical revision and final approval of the manuscript. CA, AH and KJ are
responsible for manuscript writing, sample collection, in vitro experiments
and data analysis. KH, LP, GG, ME and HR are responsible for sample and
data collection, analysis and revision of the manuscript. SS, SW, AK, JV and TF
are responsible for statistics, bioinformatic analysis and revision of the
manuscript. All authors read and approved the final manuscript.
Funding
The study was founded by a peer reviewed funding by the Scientific Funds
of the Austrian National Bank-OeNb project number 17289 (https://www.
oenb.at). The funding body had no influence on design, collection, analysis
and interpretation of data and writing the manuscript.
Availability of data and materials
Patient information will be stored at the main data repository of the general
hospital of Vienna, following international standards of patient data security
in accordance with the Austrian Data Protection Act.
Biological samples will be stored at the Biobank of the General Hospital/
Medical University of Vienna, where samples will be labeled with specific
patients’ identifier, unique for the biobank. The decrypting code is separated
strictly from the encoded records and only the person in charge of this
project will be able to link personal data (name, sex) and genetical
information (CDR3 region of the TCR). Access to clinical data and biological
samples will be limited to authorized persons. For this study no data
monitoring committee (DMC) will be installed as this is a sponsor
independent non interventional single center study [59].

Aschauer et al. BMC Nephrology

(2019) 20:346

The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.
Ethics approval and consent to participate
Institutional ethics committee approval (EK NB: 1973/2017, signed 7/11/2017;
ethik-kom@meduniwien.ac.at) was obtained for all aspects of the study. All
study participants will have to sign the written informed consent prior to
transplantation to participate in the study. We will adhere to all the trialrelated requirements, good clinical practice requirements (International Conference on Harmonization Good Clinical Practice), good laboratory practice
and the applicable regulatory requirements.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Division of Nephrology and Dialysis, Department of Medicine III, Medical
University of Vienna, Waehringer Guertel 18-20, 1090 Vienna, Austria.
2
Bioinformatics Research Group, University of Applied Sciences Upper Austria,
Softwarepark 13, 4232 Hagenberg im Muehlkreis, Austria. 3Department of
Pathology, Medical University of Vienna, Waehringer Guertel 18-20, 1090
Vienna, Austria.
Received: 4 April 2019 Accepted: 27 August 2019

References
1. Yabu JM, Vincenti F. Novel immunosuppression: small molecules and
biologics. Semin Nephrol. 2007;27:479–86.
2. Hariharan S, Johnson CP, Bresnahan BA, Taranto SE, McIntosh MJ, Stablein
D. Improved graft survival after renal transplantation in the United States,
1988 to 1996. N Engl J Med. 2000;342:605–12.
3. Almond PS, Matas A, Gillingham K, Dunn DL, Payne WD, Gores P, et al. Risk
factors for chronic rejection in renal allograft recipients. Transplantation.
1993;55:752–6 discussion 756-757.
4. Lodhi SA, Lamb KE, Meier-Kriesche HU. Solid organ allograft survival
improvement in the United States: the long-term does not mirror the
dramatic short-term success. Am J Transplant. 2011;11:1226–35.
5. Cornell LD, Smith RN, Colvin RB. Kidney transplantation: mechanisms of
rejection and acceptance. Annu Rev Pathol. 2008;3:189–220.
6. Walters GD, Vinuesa CG. T follicular helper cells in transplantation.
Transplantation. 2016;100:1650–5.
7. Süsal C, Slavcev A, Pham L, Zeier M, Morath C. The possible critical role of Tcell help in DSA-mediated graft loss. Transpl Int. 2018;31:577–84.
8. Gloor J, Cosio F, Lager DJ, Stegall MD. The spectrum of antibody-mediated
renal allograft injury: implications for treatment. Am J Transplant. 2008;8:
1367–73.
9. Charles A Janeway J, Travers P, Walport M, Shlomchik MJ. Generation of
lymphocytes in bone marrow and thymus. Immunobiology: the immune
system in health and disease. 5th ed; 2001. https://www.ncbi.nlm.nih.gov/
books/NBK27123/. Accessed 29 May 2018
10. Hou D, Chen C, Seely EJ, Chen S, Song Y. High-throughput sequencingbased immune repertoire study during infectious disease. Front Immunol.
2016;7:336.
11. Robins HS, Campregher PV, Srivastava SK, Wacher A, Turtle CJ, Kahsai O, et
al. Comprehensive assessment of T-cell receptor beta-chain diversity in
alphabeta T cells. Blood. 2009;114:4099–107.
12. Davis MM, Bjorkman PJ. T-cell antigen receptor genes and T-cell
recognition. Nature. 1988;334:395–402.
13. Arstila TP, Casrouge A, Baron V, Even J, Kanellopoulos J, Kourilsky P. A direct
estimate of the human alphabeta T cell receptor diversity. Science. 1999;
286:958–61.
14. Britanova OV, Putintseva EV, Shugay M, Merzlyak EM, Turchaninova MA,
Staroverov DB, et al. Age-related decrease in TCR repertoire diversity
measured with deep and normalized sequence profiling. J Immunol. 2014;
192:2689–98.

Page 9 of 10

15. Zvyagin IV, Mamedov IZ, Tatarinova OV, Komech EA, Kurnikova EE, Boyakova
EV, et al. Tracking T-cell immune reconstitution after TCRαβ/CD19-depleted
hematopoietic cells transplantation in children. Leukemia. 2017;31:1145–53.
16. Currier JR, Robinson MA. Spectratype/immunoscope analysis of the
expressed TCR repertoire. Curr Protoc Immunol. 2001;Chapter 10:Unit 10.28.
17. Kitaura K, Fujii Y, Matsutani T, Shirai K, Suzuki S, Takasaki T, et al. A new
method for quantitative analysis of the T cell receptor V region repertoires
in healthy common marmosets by microplate hybridization assay. J
Immunol Methods. 2012;384:81–91.
18. Baum PD, McCune JM. Direct measurement of T-cell receptor repertoire
diversity with AmpliCot. Nat Methods. 2006;3:895–901.
19. Krell PFI, Reuther S, Fischer U, Keller T, Weber S, Gombert M, et al. Nextgeneration-sequencing-spectratyping reveals public T-cell receptor
repertoires in pediatric very severe aplastic anemia and identifies a β chain
CDR3 sequence associated with hepatitis-induced pathogenesis.
Haematologica. 2013;98:1388–96.
20. Ciupe SM, Devlin BH, Markert ML, Kepler TB. Quantification of total T-cell
receptor diversity by flow cytometry and spectratyping. BMC Immunol.
2013;14:35.
21. Freeman JD, Warren RL, Webb JR, Nelson BH, Holt RA. Profiling the T-cell
receptor beta-chain repertoire by massively parallel sequencing. Genome
Res. 2009;19:1817–24.
22. Weinstein JA, Jiang N, White RA, Fisher DS, Quake SR. High-throughput
sequencing of the zebrafish antibody repertoire. Science. 2009;324:807–10.
23. Newell EW, Davis MM. Beyond model antigens: high-dimensional methods
for the analysis of antigen-specific T cells. Nat Biotechnol. 2014;32:149–57.
24. Six A, Mariotti-Ferrandiz ME, Chaara W, Magadan S, Pham H-P, Lefranc M-P,
et al. The past, present, and future of immune repertoire biology - the rise
of next-generation repertoire analysis. Front Immunol. 2013;4:413.
25. Georgiou G, Ippolito GC, Beausang J, Busse CE, Wardemann H, Quake SR.
The promise and challenge of high-throughput sequencing of the antibody
repertoire. Nat Biotechnol. 2014;32:158–68.
26. Morris H, DeWolf S, Robins H, Sprangers B, LoCascio SA, Shonts BA, et al.
Tracking donor-reactive T cells: evidence for clonal deletion in tolerant
kidney transplant patients. Sci Transl Med. 2015;7:272ra10.
27. Sprangers B, DeWolf S, Savage TM, Morokata T, Obradovic A, LoCascio SA,
et al. Origin of enriched regulatory T cells in patients receiving combined
kidney-bone marrow transplantation to induce transplantation tolerance.
Am J Transplant. 2017;17:2020–32.
28. Zuber J, Shonts B, Lau S-P, Obradovic A, Fu J, Yang S, et al. Bidirectional
intragraft alloreactivity drives the repopulation of human intestinal allografts
and correlates with clinical outcome. Sci Immunol. 2016;1. https://doi.org/1
0.1126/sciimmunol.aah3732.
29. Persijn GG, Gabb BW, van Leeuwen A, Nagtegaal A, Hoogeboom J, van
Rood JJ. Matching for HLA antigens of A, B, and DR loci in renal
transplantation by Eurotransplant. Lancet. 1978;1:1278–81.
30. Chan A-W, Tetzlaff JM, Altman DG, Laupacis A, Gøtzsche PC, Krleža-Jerić K,
et al. SPIRIT 2013 statement: defining standard protocol items for clinical
trials. Ann Intern Med. 2013;158:200–7.
31. WHO | Research Ethics Review Committee. WHO. http://www.who.int/
ethics/review-committee/en/. Accessed 24 Apr 2019.
32. Power and Sample Size Version 3.0. http://biostat.mc.vanderbilt.edu/wiki/
Main/PowerSampleSize. Accessed 1 Nov 2018.
33. Haas M, Loupy A, Lefaucheur C, Roufosse C, Glotz D, Seron D, et al. The
Banff 2017 kidney meeting report: revised diagnostic criteria for chronic
active T cell–mediated rejection, antibody-mediated rejection, and
prospects for integrative endpoints for next-generation clinical trials. Am J
Transplant. 2018;18:293–307.
34. Sallusto F, Lenig D, Förster R, Lipp M, Lanzavecchia A. Two subsets of
memory T lymphocytes with distinct homing potentials and effector
functions. Nature. 1999;401:708–12.
35. Pogorelyy MV, Elhanati Y, Marcou Q, Sycheva AL, Komech EA, Nazarov VI, et
al. Persisting fetal clonotypes influence the structure and overlap of adult
human T cell receptor repertoires. PLoS Comput Biol. 2017;13:e1005572.
36. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat
Methods. 2012;9:357–9.
37. Schaller S, Weinberger J, Jimenez-Heredia R, Danzer M, Oberbauer R,
Gabriel C, et al. ImmunExplorer (IMEX): a software framework for
diversity and clonality analyses of immunoglobulins and T cell receptors
on the basis of IMGT/HighV-QUEST preprocessed NGS data. BMC
Bioinformatics. 2015;16:252.

Aschauer et al. BMC Nephrology

(2019) 20:346

38. Bolotin DA, Poslavsky S, Mitrophanov I, Shugay M, Mamedov IZ, Putintseva
EV, et al. MiXCR: software for comprehensive adaptive immunity profiling.
Nat Methods. 2015;12:380–1.
39. Clinical Trials.gov; NCT:03422224. https://clinicaltrials.gov/ct2/show/
NCT03422224. Accessed 5 Feb 2018.
40. Rosenberg AS, Singer A. Cellular basis of skin allograft rejection: an in vivo model
of immune-mediated tissue destruction. Annu Rev Immunol. 1992;10:333–58.
41. Benichou G, Gonzalez B, Marino J, Ayasoufi K, Valujskikh A. Role of memory
T cells in allograft rejection and tolerance. Front Immunol. 2017;8. https://
doi.org/10.3389/fimmu.2017.00170.
42. Zeng G, Huang Y, Huang Y, Lyu Z, Lesniak D, Randhawa P. Antigen-specificity of T
cell infiltrates in biopsies with T cell-mediated rejection and BK polyomavirus
viremia: analysis by next generation sequencing. Am J Transplant. 2016;16:3131–8.
43. Alachkar H, Mutonga M, Kato T, Kalluri S, Kakuta Y, Uemura M, et al.
Quantitative characterization of T-cell repertoire and biomarkers in kidney
transplant rejection. BMC Nephrol. 2016;17:181.
44. Glanville J, Huang H, Nau A, Hatton O, Wagar LE, Rubelt F, et al. Identifying
specificity groups in the T cell receptor repertoire. Nature. 2017;547:94–8.
45. Dash P, Fiore-Gartland AJ, Hertz T, Wang GC, Sharma S, Souquette A, et al.
Quantifiable predictive features define epitope-specific T cell receptor
repertoires. Nature. 2017;547:89–93.
46. Dziubianau M, Hecht J, Kuchenbecker L, Sattler A, Stervbo U, Rödelsperger C, et al.
TCR repertoire analysis by next generation sequencing allows complex differential
diagnosis of T cell-related pathology. Am J Transplant. 2013;13:2842–54.
47. Link CS, Eugster A, Heidenreich F, Rücker-Braun E, Schmiedgen M,
Oelschlägel U, et al. Abundant cytomegalovirus (CMV) reactive clonotypes
in the CD8(+) T cell receptor alpha repertoire following allogeneic
transplantation. Clin Exp Immunol. 2016;184:389–402.
48. Suessmuth Y, Mukherjee R, Watkins B, Koura DT, Finstermeier K, Desmarais C, et
al. CMV reactivation drives posttransplant T-cell reconstitution and results in
defects in the underlying TCRβ repertoire. Blood. 2015;125:3835–50.
49. Babel N, Brestrich G, Gondek LP, Sattler A, Wlodarski MW, Poliak N, et al.
Clonotype analysis of cytomegalovirus-specific cytotoxic T lymphocytes. J
Am Soc Nephrol. 2009;20:344–52.
50. Heutinck KM, Yong SL, Tonneijck L, van den Heuvel H, van der Weerd NC,
van der Pant KAMI, et al. Virus-specific CD8 + T cells cross-reactive to donoralloantigen are transiently present in the circulation of kidney transplant
recipients infected with CMV and/or EBV. Am J Transplant. 2016;16:1480–91.
51. Thibaudin D, Alamartine E, Mariat C, Absi L, Berthoux F. Long-term kinetic of
T-lymphocyte subsets in kidney-transplant recipients: influence of anti-T-cell
antibodies and association with posttransplant malignancies.
Transplantation. 2005;80:1514–7.
52. Gurkan S, Luan Y, Dhillon N, Allam SR, Montague T, Bromberg JS, et al.
Immune reconstitution following rabbit antithymocyte globulin. Am J
Transplant. 2010;10:2132–41.
53. Weimer R, Ettrich M, Renner F, Dietrich H, Süsal C, Deisz S, et al. ATG
induction in renal transplant recipients: long-term hazard of severe infection
is associated with long-term functional T cell impairment but not the ATGinduced CD4 cell decline. Hum Immunol. 2014;75:561–9.
54. Sewgobind VDKD, Kho MML, van der Laan LJW, Hendrikx TK, van Dam T,
Tilanus HW, et al. The effect of rabbit anti-thymocyte globulin induction
therapy on regulatory T cells in kidney transplant patients. Nephrol Dial
Transplant. 2009;24:1635–44.
55. Pearl JP, Parris J, Hale DA, Hoffmann SC, Bernstein WB, McCoy KL, et al.
Immunocompetent T-cells with a memory-like phenotype are the dominant cell
type following antibody-mediated T-cell depletion. Am J Transplant. 2005;5:465–74.
56. Cherkassky L, Lanning M, Lalli PN, Czerr J, Siegel H, Danziger-Isakov L, et al.
Evaluation of alloreactivity in kidney transplant recipients treated with antithymocyte
globulin versus IL-2 receptor blocker. Am J Transplant. 2011;11:1388–96.
57. De Serres SA, Sayegh MH, Najafian N. Immunosuppressive drugs and Tregs:
a critical evaluation! Clin J Am Soc Nephrol. 2009;4:1661–9.
58. Akimova T, Kamath BM, Goebel JW, Meyers KEC, Rand EB, Hawkins A, et al.
Differing effects of rapamycin or calcineurin inhibitor on T-regulatory cells in
pediatric liver and kidney transplant recipients. Am J Transplant. 2012;12:3449–61.
59. Calis KA, Archdeacon P, Bain R, DeMets D, Donohue M, Elzarrad MK, et al.
Recommendations for data monitoring committees from the clinical trials
transformation initiative. Clin Trials. 2017;14:342–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 10

