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Potential of TCR sequencing in graft-versus-host disease
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Graft-versus-host disease (GvHD) remains one of the major complications following allogeneic haematopoietic stem cell
transplantation (allo-HSCT). GvHD can occur in almost every tissue, with the skin, liver, and intestines being the mainly affected
organs. T cells are implicated in initiating GvHD. T cells identify a broad range of antigens and mediate the immune response
through receptors on their surfaces (T cell receptors, TCRs). The composition of TCRs within a T cell population defines the TCR
repertoire of an individual, and this repertoire represents exposure to self and non-self proteins. Monitoring the changes in the TCR
repertoire using TCR sequencing can provide an indication of the dynamics of a T cell population. Monitoring the frequency and
specificities of specific TCR clonotypes longitudinally in different conditions and specimens (peripheral blood, GvHD-affected tissue
samples) can provide insights into factors modulating immune reactions following allogeneic transplantation and will help to
understand the underlying mechanisms mediating GvHD. This review provides insights into current studies of the TCR repertoire in

GvHD and potential future clinical implications of TCR sequencing.
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INTRODUCTION

Allogeneic haematopoietic stem cell transplantation (allo-HSCT) is
a well-established treatment procedure for haematologic diseases
such as high-risk acute leukaemia. Allo-HSCT involves the transfer
of haematopoietic stem cells (HSCs) obtained from related or
unrelated donors to patients. Donor HSC engraftment and the
transferred donor immune system contribute to the eradication of
remaining malignant cells. This desired immune reaction is the
graft-versus-leukaemia effect [1]. However, a major complication
following allo-HSCT is graft-versus-host disease (GvHD). Per
definition, acute GvHD (aGvHD) usually occurs within the first
months following transplantation. Chronic GvHD (cGvHD) has
different clinical features and may occur de novo after days
80-100 or develop as secondary disease in patients with acute
GVvHD. Both types of GvHD may overlap clinically, leading to
relevant mortality, and cGvHD can greatly affect the quality of life
of long-term survivors after transplantation. The extent of GvHD
can vary from mild signs of inflammation to severe and life-
threatening forms in advanced GvHD [2, 3].

The general concept is that GvHD is initiated by the activation
of donor alloreactive T cells, which recognise host-specific
histocompatibility antigens presented on host antigen-
presenting cells. The activation of donor alloreactive T cells leads
to a clonal expansion of selected T cells and to the attraction of
other proinflammatory effector cells [4-6]. There is a need to
better understand the targets and cellular basis of T cell
alloreactivity and its role in the clinical outcome following allo-
HSCT [1, 4]. Technologies such as next-generation sequencing
(NGS) are promising tools to obtain genetic information and
further insights into the T cell pathophysiology of GvHD.
Application of NGS to profile dynamics in adaptive immunity
includes the adaptive immune receptor repertoire (AIRR)

sequencing studies of both, B and T cell receptors. In this review,
we focus on T cell receptor (TCR) sequencing studies. The TCR
repertoire is likely a footprint of the complex pathophysiology of
GvHD, which is shaped by different factors affecting the type of
the alloantigen like graft source, HLA matching status, infections,
GvHD prophylaxis etc. (Fig. 1) [2, 3, 7-11]. Here, we review the AIRR
sequencing studies on T cells in GvHD post HSCT.

T CELLS AND THEIR T CELL RECEPTORS IN GVHD

T cells have the ability to identify an enormous range of self
and foreign epitopes. This ability is due to the presence of
heterogeneous antigen receptors on their surface (T cell
receptors, TCRs). TCRs are heterodimers that consist of TCR alpha
(TRA) and beta (TRB) chains in >95% of T cells and TCR gamma
and delta chains in the remaining 5% of T cells [12]. Each chain of
the TCR consists of a variable (V) and constant (C) region. The
variable region of the TCR is generated by combinatorial somatic
rearrangement of variable (V), diversity (D) and joining (J) genes.
This somatic rearrangement combined with deletions and
additions of non-templated nucleotides at the junctions between
the recombining genes leads to the generation of highly diverse
TCRs [13]. The variability of the TCR is further enhanced by
heterodimer pairing of alpha and beta chains, leading to the
number of theoretically possible combinations exceeding 10"
[14]. Complementarity-determining region 3 (CDR3), which
encompasses the junction of VDJ segments, is mainly responsible
for the recognition of and interaction with various antigenic
peptides presented by MHC molecules. The other two loops of
CDRs—CDR1 and CDR2 encoded by V region are crucial for the
interaction between TCR and MHC complex. Upon antigen
recognition, assisted by the CD3 zeta chains, T cells and a
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Factors involved in the pathophysiology of Graft-versus-host disease (GvHD) and allogeneic stem cell transplantation (allo-SCT)

altering the T cell receptor (TCR) repertoire. The factors altering TCR dynamics post allo-SCT can be divided into donor-recipient factors, the
GVHD prophylaxis post-transplant and the conditioning regimen prior to transplant. Donor-recipient factors include transplant regimen,
source of graft and HLA matching status between donor and recipient. Other factors are the history of infections of the donor as well as the
post-transplant infections of the recipient and the age of both, donor and recipient. They all influence the diversity of the recipient TCR
repertoire [8-11]. Infections post transplant influence the TCR diversity due to an increase in antigen-specific TCRs [30, 31]. GvHD prophylaxis
requires immunosupressive therapies that influence the TCR repertoire, by depleting T cells [7, 8]. Conditioning regiment involving
chemotherapy and radiotherapy leads to the damage of the thymus. This delays thymic recovery influences the dynamics of immune
reconstitution and thus the time-dependent recovery of the TCR repertoire. The activation of APCs in recipient tissues is one of the important

factors responsible for GvHD [8, 10].

cascade of signal transducers are activated. This leads to rapid
clonal expansion of T cells carrying identical TCRs to generate a
population of effector cells [15-17].

The different TCRs within a T cell population define its TCR
repertoire. The composition of the TCR repertoire of an individual
represents a snapshot of the immunologic state of this individual.
The TCR repertoire may quickly change in response to immuno-
logic challenges, and its dynamic nature can be captured only
with serial assessments.

In healthy individuals, the TCR repertoire is nonstatic [18]. TCRs
can be regarded as molecular identifiers to monitor T cells in
different diseases and clinical conditions [14]. There is an unmet
need for a method to determine the identity, nature and
alloreactivity of T cells present in patients following HSCT [4, 5].
Focusing on the TCR repertoire is therefore considered a
promising approach to obtain insights into processes that mediate
the GvH reaction.

TCR REPERTOIRE ANALYSES—THE PAST AND PRESENT

Initially, spectratyping and PCR subcloning techniques were used
to assess TCR repertoire diversity. Sanger sequencing also
combined with subcloning techniques and spectratyping provides
information regarding the CDR3 region of selected TCR clonotypes
[14, 19, 20]. While these are useful visual methods to characterise a
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recipient’s T cell population, they allow only a glimpse of the
clonotypes present in the sample analysed. In 2009, NGS was first
applied to profile the AIRR [21-24]. AIRR sequencing (AIRRseq)
allows high-throughput TCR profiling at high resolution by
amplifying and analysing millions of sequences and providing
insights into the extent of TCR repertoire diversity [25]. Current
AIRRseq techniques use TCR enrichment steps for either genomic
DNA or RNA to increase the sensitivity using multiplex PCR or 5/
rapid amplification of cDNA ends (RACE) PCR. However, these bulk
approaches to analyse the TCR repertoire are limited in their
ability to sequence single TCR chains and thus do not provide
information on the pairing of the alpha and beta chains of the TCR
[14, 19, 26, 27]. The pairing information of the alpha and beta
chains reflects T cells in vivo and can be accurately obtained only
through single-cell analysis. Single-cell TCR repertoire analysis can
be performed either through TCR sequence reconstruction from
single-cell whole RNA sequencing data or by direct, targeted
amplification of the TCR from single cells [28]. In human samples,
single-cell TCR repertoire analysis for obtaining paired chain
information has not been utilised to investigate GvHD yet. Only
recently, it was applied for the first time to study T cells dynamics
in a mouse model of GvHD [29]. Nevertheless, single-cell
sequencing has been applied following allo-SCT to discover
CMV-specific clonotypes to get exact pairing information of CMV-
specific TCR clonotypes [30, 311.
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Table 1. Important definitions associated with TCR diversity indices.

Important definitions for TCR diversity analysis

- Gini coefficient: inequality of a system or frequency distribution of different TCRs with values ranging between 0 (maximum diversity with perfect

equality) to 1 (maximum unevenness)

- Shannon entropy & diversity index: a measure of the randomness within the system, takes into account both species richness and evenness,
rises with increase in number of TCRs and evenness of their abundance with 0 representing no diversity. There is no upper limit to the value of

Shannon diversity index

- Simpson'’s diversity index, Ds: measures the probability that sequences randomly selected from a sample will belong to different T cell clonotype

(0 = system with no diversity, 1 = system with high diversity)

- Inverse Simpson'’s diversity index, 1/(1-Ds): is inverse of Simpson’s Diversity index (1 = system with no diversity, increasing value = increase in

the diversity)

TCR DIVERSITY IN PERIPHERAL REPERTOIRES OF PATIENTS
AFFECTED BY GVHD

To characterise peripheral immune reconstitution following allo-
HSCT, an evaluation of the TCR repertoire is performed by
measuring and comparing features such as the distribution, clonal
expansion, and diversity of TCR repertoires in patients. Diversity
scores such as Simpson’s diversity index, the Gini coefficient, and
Shannon entropy are used to quantify and compare different TCR
repertoires and in the general range between maximum diversity
and maximum clonality.

The degree of T cell clonal expansion can be estimated with
these diversity indices, which are used to characterise the relative
distributions of multiple TCR clones (Table 1) [32]. Diversity scores
have been used to characterise immune reconstitution of T cells
following transplantation under different conditions, e.g., different
procedural choices or different graft sources of HSCs, but also in
the context of viral infections or GvHD. Studies reporting TCR
diversity in GvHD patients are summarised in Table 2.

Both higher and lower TCR repertoire diversities in patients with
GvHD as compared to those without GvHD have been described
[32-37]. The individual studies cannot be directly compared due
to methodological differences. For example, aGvHD and c¢GvHD
are often not addressed separately. Furthermore, the sampling for
TCR analyses is often performed at different time points. Several
factors as shown in Fig. 1 can affect the TCR repertoire and thus
the TCR diversity post allo-SCT and in GvHD. The donor-recipient
compatibility, age of the patient, immunosuppressive therapies as
part of GvHD prophylaxis, previous damage to thymus by
conditioning regimen are few of the several factors contributing
to the dynamics of T cell regeneration and repertoire post allo-SCT
[7-11, 38-40]. Additionally, conflicting results of TCR diversity
could result from differences in the allowed HLA mismatches,
which may not have been considered during analysis. It has been
shown that patients with permissive HLA-DPB1 mismatches have
a greater immunopeptidome overlap between donor and
recipient, accompanied by fewer alloreactive TCR clonotypes than
their nonpermissive counterparts. This important point needs to
be considered in future TCR sequencing studies [11]. In 2013, a
study described quantitative assessment of the TRB repertoire
following transplantation, comparing patients with aGvHD to
patients without GvHD. In TCR diversity analyses of peripheral
blood samples from patients with aGvHD (grade 2 or 3) and prior
systematic steroid treatment, the TCR diversity was higher in
terms of the CD4" and CD8™ cell TCR repertoire than in patients
without aGvHD and mild grade 1 aGvHD (Table 2). Of note, the
diversity was measured 6 months or 1 year after transplantation
rather than at the time of a clinical event (i.e. the onset of GvHD,
implementation of steroid therapy etc), which allows limited
conclusions only. Other studies, however, correlated aGvHD with
lower TCR repertoire diversity and with expanded TCR clones
(Table 2) [33, 36, 411.

Based on the sequencing of the CDR3 region of the TCRB chain,
it was reported that T cell diversity remained low until 100 days
post HSCT. The study included several time points, i.e., day 15, day
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30, and day 50 post HSCT. When further investigating the
relationship between TCR diversity and acute GvHD, the authors
found an association between an increased number of expanded
T cell clones and acute GvHD, indicating a lower TCR repertoire
diversity in these patients [41].

Others did not distinguish between acute and chronic GvHD
and reported TCR diversity to be inversely correlated with GvHD
scores. The authors suggested that GvHD drives clonal expan-
sions and that this leads to reduced diversity [33]. However, the
differentiation between patients with either type of GvHD seems
to be important. Differences in the CD8" T cell TRA repertoire
diversity between patients with acute and chronic GvHD have
been reported. In acute GvHD patients, the TCR repertoire of the
memory compartment tended towards higher diversity com-
pared to patients without GvHD. In patients with ¢GvHD, TCR
diversity tended to be lower for the memory repertoire than in
patients without GvHD [37]. This tendency implies dynamic
changes in the T cell compartments depending on the two types
of GvHD, emphasising that aGvHD and cGvHD should be
analysed separately. Distinct molecular patterns have been
reported in acute and chronic form of cutaneous GvHD [42].
While at early time points post allo-SCT, aGvHD is mediated by
matured T cells contained in the graft, cGvHD is dependent on
the regeneration of thymic functions and the leakage of
autoreactive T cells. This emphasises the importance to separate
the diseases when analysing T cell receptor repertoire in GvHD
[2, 3, 43].

One key question in GvHD is if the knowledge of TCR diversity
during GvHD can be used to predict the response to steroid
therapy. A recent post-HSCT analysis attempted to examine the
T cell repertoire across aGvHD patients with steroid treatment.
In this study, the TCR diversity of steroid responders and non-
responders was not different when compared using different
diversity indices. The authors also indicated that a small
subset of T cell clones was shared among aGvHD patients,
especially among those who were refractory to steroid
treatment [35]. The study by Kanakry et al. shows that patients
with steroid-refractory GvHD have enhanced clonal expansion
of gastrointestinal-identified TCR clonotypes in comparison to
steroid-sensitive GvHD patients at the time of diagnosis and
30 days post diagnosis in peripheral blood samples [44]. It is yet
to be inferred for certainty if diversity during GvHD can predict
outcome and therapy response.

TCR REPERTOIRE STUDIES IN GVHD-AFFECTED TISSUES

Early spectratyping and PCR subcloning studies with GvHD
tissue analyses

Most studies have used peripheral blood samples as a source to
examine TCR repertoires in patients post HSCT and with GvHD.
Information about GvHD-mediating clonotypes is, however, more
likely obtained by analysing the tissue-specific repertoire. There
are few studies analysing the TCR repertoire from GvHD-affected
tissues. Early studies using TCR spectratyping and PCR subcloning
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reported few expanded TCR clones in GvHD tissues forming an
oligoclonal repertoire [45-48]. In one of the earlier studies on
GVHD, the variable region usage of TRA and TRB chains and their
CDR3 sequences were analysed. Differences between the CDR3
diversity of the TRAV and TRBV regions in GvHD tissues and blood
samples were observed. The study concluded that TCR clones in
blood and GvHD-affected tissues differed from each other in terms
of their CDR3 sequence and gene usage. The low sample size of
this study restricts the conclusions about the organ specificity of
the T-cell populations [46].

In another study, aiming to identify tissue-derived TCR clones as
markers of GvHD, TRBV segments from genomic DNA from skin
biopsy samples from eight patients were amplified using
clonotypic PCR assays. This study reported that the TCR repertoire
of seven GvHD skin biopsy samples had immunodominant
clonotypes. For one out of the seven patients, the authors looked
at the presence of the dominant skin clonotype in the patient’s
peripheral blood sample. The dominant skin clonotype was found
in the blood sample, and the authors suggested that tissue-
derived clonotypes can serve as biomarkers for GvHD if
their presence in tissue and blood can be correlated with active
disease [45].

TCR NGS studies with GvHD tissue analyses

NGS studies analysing the TCR repertoire from GvHD-affected
tissues are summarised in Table 2. In 2013, the first study
sequencing the TRB repertoire from GvHD-affected human tissue
samples was published. In this study, the authors have tried to
address the differences in response to steroid treatment in GvHD
patients using TCR sequencing. TRB was amplified from genomic
DNA from gastrointestinal (Gl) samples from 15 patients with
acute Gl GvHD and was sequenced to identify potential GvHD-
mediating T cell clonotypes. Each patient had repertoires with
very little interindividual overlap. However, different areas of the
Gl tract of the same individual were found to have a higher
similarity in TRB repertoires in patients with severe steroid-
refractory GvHD than in patients with steroid-sensitive GvHD. In
this study, the authors longitudinally tracked Gl-identified TCR
clonotypes in peripheral blood samples. It was shown that
patients with steroid-refractory GvHD had enhanced clonal
expansion of Gl-identified TCR clonotypes in comparison to
steroid-sensitive GvHD patients at the time of diagnosis and
30 days post diagnosis in peripheral blood samples [49].

In another study, TRB sequencing was used to study the TCR
repertoire of skin and/or Gl tract biopsy samples from eight GvHD
patients. The dominant TCR clones from blood samples were
rarely found in Gl biopsy samples and almost never in skin biopsy
samples, with few exceptions. The authors concluded that the TCR
repertoire is compartmentalised and organ specific [44].

In a detailed study to evaluate the TCR repertoire in GvHD
tissues by sequencing the TRB repertoires from different tissue
biopsies, 12 tissue samples (skin and intestine) and 8 blood
samples from 8 transplanted patients with acute GvHD were
analysed. The TCR repertoire was more skewed in the biopsy
samples than in the samples from peripheral blood. In skin
biopsies from one patient, two TCR clonotypes represented 98%
of the TCR repertoire of all T cells infiltrating the skin lesions
[50]. The findings from this study suggest that the dominant
clonotypes differ across tissues within the same patient.
Furthermore, clonotypes identified in GvHD tissue were not
identified in the concurrent blood sample from the patient.
These findings imply that acute GvHD may be mediated by
clonotypes that differ between tissue and blood [50]. The
correlations between the frequencies and tissue specificities of
clonotypes in GvHD-affected tissues and in peripheral blood
remain to be clarified. Sequencing depth of the samples from
various origins and limited initial starting material (DNA/RNA or
cells) can greatly influence the analysis, especially when overlap
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Table 3. Key Questions in the field of TCR sequencing in GvHD.

Key Questions:
Potential clinical applications of TCR sequencing in GvHD
- Does TCR diversity predict the probability of GvHD?

- Does TCR diversity during GvHD predict outcome and/or therapy response?

- Does GvHD directly impact subsequent TCR diversity and does this impact outcome?

- Are common clonotypes shared among individuals with GvHD?

between GvHD-affected tissue- and blood samples is of interest.
Due to the potential local differences, it needs to be clarified if
the local TCR repertoire obtained from a biopsy sample is
representative of the entire GvHD-affected area. Further, the
often low quantity of available starting material limits the
amount of clonotypes that can be recovered from the targeted
tissue biopsies leading to low repertoire coverage in tissue
biopsies, and making ‘missing’ TCR clonotypes to false
negatives. It is still early to say if we will be able to overcome
the differences in the sequencing depth of tissue and blood
repertoires.

So far, bone marrow samples of GvHD patients have not been
analysed. To our knowledge, only one study included samples
taken from bone marrow aspirates in the context of GvHD
including only a sample collected from one donor prior to
transplantation and not from the affected patient [44].

Generally, the findings suggest that monitoring the TCR
repertoires of peripheral blood is at best an indirect measure of
what may be happening at the site of GvHD. Nevertheless, studies
remain few, and comprehensive longitudinal studies are needed.
Longitudinal immune profiling can help to identify changes in the
immune receptor repertoire prior to important clinical events, like
the onset of acute or chronic GvHD and beginning resistance to
therapies. It can also provide insights into clinically permissive
mismatches of minor and major histocompatibility antigens [11].
In addition, clonotypes identified to be expanding over time may
be used to identify target antigens and open avenues for further
therapeutic development [51].

OUTLOOK AND CURRENT LIMITATIONS

With the emergence of TCR sequencing as a more broadly
applicable technique, several major key questions will need to
be addressed by future studies to define its clinical potential in
GvHD (Table 3). Meaningful clinical application would most
likely become possible if TCR diversity can 1) predict the
probability of GvHD occurrence or 2) changes in TCR diversity
during GvHD can predict outcome or therapy response.
Currently, answers to these questions are still open and
longitudinal analysis of larger cohorts of patients with and
without acute or chronic GvHD stratified for underlying disease,
pre-treatment, infections post-transplant, GvHD prophylaxis
need to be performed [18, 41, 49].

A second major challenge is the identification of shared GvHD
mediating clonotypes that allow to predict GvHD. Other than the
diversity, TCR sequencing data can be used to trace individual
clonotypes across time or different tissue samples in an individual.
It can also be used to identify overlapping clonotypes across
individuals. While it is still early to say if there are any common
clonotypes or target epitopes between individuals in GvHD-
affected patients, single-cell paired chain TCR sequencing, as a
more advanced technique, combined with longitudinal tracking of
expanded clonotypes, may help to first identify recurring TCRs and
then to investigate their target antigens. Single-cell TCR sequen-
cing gives access to paired TCR information and thus to the whole
TCR [28]. Additionally, single-cell gene expression can be
combined with the TCR information and thus activation signatures
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of clonally expanded TCRs induced by a clinical condition can be
determined [51]. Identification of such clonotypes and their
signatures would shift TCR sequencing from a prognostic tool to a
therapeutic application as these clonotypes could be potentially
targeted [52].

While there are multiple studies of peripheral blood TCR repertoires
in GvHD patients following HSCT, the majority of these studies have
limitations that make it difficult to draw final conclusions. First, many
studies are based on a limited number of patients and second, there
are no existing gold standards for AIRRseq so far. Studies are therefore
difficult to compare, due to these differences in input for sequencing,
sequencing method, analysis tools used and normalisations per-
formed during analysis. There is a need to develop standards for
AlRRseq studies that allow for the comparison of different AIRRseq
data, and the AIRR Community has been working towards setting
these benchmarks [25, 27, 28].

CONCLUSION

TCR sequencing has the potential to improve our understanding
of GvHD, but standardised protocols are required before this
technique can be implemented into clinical routine. Standardised
approaches, together with prospective longitudinal study proto-
cols combining assessments of both tissue and blood, should
provide insight into targets and the potential use of TCR
repertoires to monitor patients to better understand and treat
post-HSCT GvHD and thus have potential to address key scientific
and clinical questions in the field of GvHD.
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