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B-cell receptors and T-cell receptors are the key molecules responsible for
specific antigen recognition in adaptive immunity. The huge diversity of
immune receptor repertoires constrained their comprehensive studies in
the past. More recently, however, high-throughput sequencing based tech-
niques have revolutionized the field of immune receptor repertoire profil-
ing enabling new insights into the development and function of the
adaptive immune system. In this review we describe current methods for
immune receptor profiling and software tools used for repertoire recon-
struction from raw sequencing data. We also provide examples of how
immune repertoire profiling can be used to study adaptive immunity in
disease and in the course of organ and bone marrow transplantation.
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The key molecules in the adaptive immune response are
the T-cell receptors (TCRs) and B-cell receptors (BCRs)
which are respectively found on the surfaces of T-cells
and B-cells. These receptors are heterodimers consisting
of a/P or /0 chains in the case of TCRs, or heavy and
light chains in the case of BCRs. TCRs usually recognize
antigenic peptides in complex with major histocompati-
bility complex (MHC) molecules, whereas BCRs and
antibodies bind directly to the antigen surface. The
receptor of each mature T or B-cell forms via a specific
gene recombination mechanism (V(D)] recombination),
in which, one from each of the multiple variable (V),
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diversity (D) and joining (J) genomically encoded seg-
ments is selected and joined together. Recombination
occurs in two consecutive stages, wherein D and ] seg-
ment joining is followed by the addition of a V seg-
ment. During this process, exonucleases can remove
several nucleotides from the ends of each segment and
random nucleotides may then also be added to the seg-
ment junctions to form the hypervariable complemen-
tarity determining region 3 (CDR3) that is primarily
responsible for the antigen recognition. It should be
noted that D segment is only present in the TCRp,
TCRS, and BCR heavy chain; for the other chains only
V and ] segments are involved in this recombination
process. This mechanism enables the generation of a
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huge number of different receptor variants, and thus
ensures the possibility to recognize virtually any poten-
tial alien or self-antigen. The set of T-cell or B-cell
receptors in a single individual or in a given sample is
called the TCR or BCR repertoire. The formation of
each repertoire is the result of multiple processes
including: (i) the initial recombination event, which
occurs during immune cell maturation, (ii) positive and
negative selection of T-cells in the thymus, and (iii)
expansion of particular sequences as a result of interac-
tion with the environment, including infectious agents,
commensal microbiota and food.

In the past, the study of immune repertoires was
greatly limited due to their huge diversity and the
skewed distribution of cells with a given receptor. More
recently, the development of high-throughput sequenc-
ing (HTS) techniques has revolutionized the field of
immune repertoire studies. Currently, Illumina is the
most widely used platform for repertoire sequencing, as
it can achieve sequencing read lengths sufficient to
cover the hypervariable CDR3 (for TCRs) and even the
entire variable region (for BCRs), generate a high num-
ber of reads to reveal a vast majority of variants with a
relatively low error rate [1]. Despite the obvious advan-
tages of HTS for immune repertoire studies, there are
several obstacles that should be considered. First are the
errors that are introduced during amplification, the
sequencing process itself, and the reverse transcription
(in RNA-based repertoire profiling methods). Correct-
ing these errors is a challenging bioinformatics task, as
there are no reference sequences for CDR3s in the gen-
ome. The somatic hypermutation of antibodies, which
normally occurs outside the CDR3, provides an addi-
tional challenge for accurate sequence reconstruction.
Second, amplification bias can confound quantitative
assessment of particular TCR/BCR containing cell fre-
quency and compromise overall repertoire diversity.
Third, it remains a challenge to completely reconstruct
receptor structure by the correct pairing of o/f and y/d
chains for TCRs or heavy/light chains for BCRs in large
numbers of cells.

Immunosequencing can provide the information
about counts and receptor chain sequences for the
TCR/BCR clonotypes present in a repertoire. This infor-
mation can then be used to: (i) calculate summary
statistics of clone size distribution, which in turn gives
insight in repertoire diversity and clonality; (ii) track
particular lymphocyte clones across time (e.g., before
and after treatment) or (iii) space (e.g., between periph-
eral blood and tumor, or between cell subsets) using
nucleotide receptor sequence as an identifier; (iv)
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examine the sharing of clonal sequences between donors
in a cohort of interest, such as patients with a particular
disease; (v) examine specific sequence features of anti-
gen receptors such as biased CDR3 length and gene seg-
ment usage distribution, or the presence of specific
sequence motifs.

Deep profiling of immune repertoires in the course
of organ transplantation could be useful for characteriz-
ing adaptive immune cells involved in processes related
to chronic organ rejection or antiviral immune response
under immunosuppressive conditioning. This knowl-
edge can then be used to develop individualized
immunosuppressive regimens that target a particular
group of recipient cells, or to guide the development of
graft tolerance via adoptive transfer of regulatory T-cells
(Tregs).

Here, we review existing methods of immune reper-
toire profiling and describe examples of how repertoire
data is being used to gain insights into underlying biol-
ogy or disease mechanisms. Finally, we review current
repertoire studies in organ and hematopoietic stem cell
transplantation (HSCT).

There are several strategies for reconstructing TCR or
BCR repertoires, and the best choice depends on the
question of interest [2—4] (Fig. 1). The first includes
repertoire sequencing methods that selectively target
TCR/BCR molecules. Targeted repertoire sequencing is
cost effective, allowing for the monitoring immune
response in large cohorts and at multiple timepoints.
These methods can use either DNA [5-7] or RNA [8-
13] for library generation and subsequent sequencing,
and both have various advantages and limitations as
starting material for repertoire sequencing.

RNA-based methods employ 5 rapid amplification of
c¢DNA ends (RACE)-based template switching [14] or
single-stranded RNA ligation [15,16] to add a universal
oligo at the 5 end of the first strand ¢cDNA, and thus
minimize quantitative bias via the use of a single primer
pair for amplification. RNA-based methods can utilize
unique molecular identifiers (UMIs), which comprise a
stretch of 8-12 random nucleotides that is used to mark
each initial cDNA with a unique ‘molecular barcode’.
These represent a powerful tool for TCR/BCR transcript
quantification and error correction [17]. DNA-based
methods rely on multiplex amplification, which results
in quantitation bias that can be partially corrected by
the use of a synthetic spike-in template [18]. On the
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amplification bias. Immune receptor
sequences can also be extracted from
bulk RNA-Seq data.

plus side, DNA-based approaches are resistant to
expression level variations, since each cell contains only
a single DNA copy of the gene encoding each chain of
the TCR/BCR. This is particularly important for the
analysis of B-cells, as BCR transcription levels can vary
by as much as 1000-fold, making RNA-based methods
impractical additional manipulations. For
example, precise FACS sorting of certain populations
can be used to filter out subpopulations with high BCR
expression (e.g., plasma cells), and performing experi-
ments with multiple biological replicates makes it possi-
ble to estimate reproducibility and quantify the noise
introduced by variable expression levels. As an alterna-
tive to multiplex or 5 RACE-based amplification one
can employ the hybridization-based enrichment of
receptor RNA or DNA molecules with RNA baits
[19,20]. These hybridize to TCR or BCR molecules, and
thus can be used to capture and directly sequence them
after few amplification cycles. BCR repertoire sequenc-
ing can also be coupled with proteomics to reconstruct
the antibody repertoire at the protein level [21]. Alter-
natively, TCR or BCR repertoires can be extracted from
bulk RNA sequencing data obtained from any immune
cell-containing tissue [22,23]. Obviously, only a small
portion of such sequencing reads will correspond to
TCRs or BCRs, and a very high sequencing depth is
therefore required to derive informative repertoires
[24].

without

Transplant International 2019; 32: 1111-1123
© 2019 Steunstichting ESOT

f

RNA-SEQ DATA

Another powerful group of methods for studying
repertoires are the single cell-based approaches [3,25].
These include methods that specifically target both
chains of immune receptor molecules [26-30], as well
as standard single-cell transcriptomics analyses from
which the sequences of immune receptors are extracted
[31-35]. In the first case, additional information on cell
phenotype can be obtained either through separation by
FACS sorting with specific surface markers or by tar-
geted amplification of functional genes characteristic of
different  cell [28]. The single-cell-based
approaches have obvious advantages over other meth-
ods as they are able to reconstruct complete receptor
structures by pairing both chains in a given T or B-cell,
and also link them to a particular immune cell’s pheno-
type.

Many computational approaches have been developed
in the last decade to process and analyze HTS immune
repertoire data [36], including software tools that can
be used to extract TCR or BCR repertoires from raw
sequencing reads (e.g., MiXCR, Vidjil, IMSEQ, IgReC
[37—40]). This typically includes creating a list of clono-
types with determined CDR3, V, D, and J segments and
their borders, as well as each clonotype’s count and
basic error correction, based on the collapsing of similar
sequences. Such an error-correction approach works
quite well for TCR repertoires but is less applicable to
the analysis of BCRs, which have hypermutations not

subsets
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only in the randomly-generated CDR3 but also in
genomically The
approach to correct errors introduced during PCR or
HTS is based on the use of UMIs [37-42], which also
allows for more precise measurement of repertoire
diversity. In addition to the above-described clonotype-
building programs, many tools for post-analysis of
repertoires have been developed (e.g., tcR, IgAT, IMEX,
VDJtools [43—46]). These tools are used to assess the
characteristics of different individual repertoires, includ-
ing repertoire diversity and the usage of gene segments,
in order to build evolutionary trees of hypermutated
antibodies, and to compare individual repertoires to
each other. Few programs have been developed that can
predict TCR antigen specificity [47-49] based on their
sequence. Databases containing TCR sequences with
known antigen specificities [50,51] are also used to
characterize repertoires.

Researchers can use the information obtained from
repertoire sequencing in a variety of different ways (see
Fig. 2), which are explored in great detail in the sections
below.

encoded segments. most robust

The potential diversity of a given TCR/BCR repertoire
is many orders of magnitude larger (e.g., 10'* for TCRp
[52]) than the diversity that is actually realized in any
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organism. The latter is estimated to be at least 10°
clonotypes for TCRP, which is still larger than the
diversity observed in the largest repertoire sequencing
experiments [53], while a typical repertoire sequencing
experiment samples less than one million cells. Inferring
diversity from small samples is challenging, and many
different metrics have been proposed for this task
(Shannon entropy [54], RECON [55], DivE [56], Renyi
entropy (https://arxiv.org/abs/1604.00487), and its trans-
formation, Hill number-based diversity estimators [57],
Chao2 estimator [58]). V(D)J recombination and thy-
mic selection result in a very diverse repertoire of naive
T-cells with more or less even distribution of clone
sizes. Clones can subsequently expand upon contact
with their cognate antigen, which skews the observed
clone size distribution such that a relatively small num-
ber of expanded clones occupies disproportionate space
in the repertoire. There are a variety of clonality statis-
tics that can reflect these biases, such as the Gini-Simp-
son index [59]. In many cases, the clonality statistics are
just the inverse of the diversity statistics, such that
higher clonality typically means lower diversity. The
number of ‘expanded clonotypes’
another way to describe narrowed repertoires. While
there is no generally accepted definition,
clonotype’ usually refers to a particular T-cell clone that
either occupies a substantial fraction of the sequenced
repertoire (e.g., >1%) or is repeatedly found in many
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Figure 2 Insights from immune repertoire analysis. Analysis of repertoire data can offer a variety of valuable immunological information,
including: (a) clone size distribution statistics such as diversity and clonality, (b) tracking of clones in time, (c) physical/phenotypic space, (d)
sharing between individuals and (e) clonal sequence features (motifs, VJ-usage biases etc.).
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sampling replicates [60]. These ‘expanded clonotypes’
should not be mistaken with clonotypes that expanded
between timepoints in the longitudinal studies (see sec-
tion below).

The estimation of various clonality and diversity met-
rics is a part of most repertoire sequencing studies.
Summary statistics reduce the complexity of repertoire
data to a single number per sample, thus enabling the
comparison of experimental groups with routine statis-
tical tests in order to identify meaningful correlates of
disease, health, or therapeutic response. In autoimmune
disease diminished diversity and increased clonality at
an active disease site may be a sign of an ongoing
autoreactive clonotype expansion. For example, patients
with systemic lupus erythematosus exhibit less diverse
TCR repertoires in peripheral blood than healthy con-
trols, and their clone size distribution is skewed towards
more expanded clonotypes [61]. TCR clonal expansion
in the ileum mucosa of Crohn’s disease patients has
been shown to significantly correlate with smoking sta-
tus at the time of the assay, and more importantly, has
also been found to be predictive of disease relapse such
that patients with postoperative recurrence have a
higher proportion of high-frequency clones in their
TCR repertoire [62]. Matos et al. [63] showed the pres-
ence of large oligoclonal subpopulations of o/f T-cells
in clinically resolved skin lesions from patients with
psoriasis. A large fraction of these T-cells was able to
produce IL-17A, which is believed to be an important
driver of psoriasis pathogenesis. Interpretation of reper-
toire sequencing results is particularly complicated in
modern cancer research focused on immunotherapy.
Different repertoire summary statistics could be espe-
cially helpful in this case, offering potential markers of
immunotherapy efficacy. For example, higher intra-tu-
moral TCR clonality has been observed in responders to
anti-PD1 antibody treatment at both pre-treatment and
during-treatment timepoints, whereas no such effect
was observed for CTLA4 blockade therapy [64-67]. In
contrast, higher TCR repertoire diversity in the periph-
eral blood after CTLA4 blockade was correlated with
drug-related toxicities in prostate cancer [68,69] and
metastatic melanoma [70].

Even though biased clone size distribution may corre-
late with a condition of interest, the underlying mecha-
nisms must be proven and investigated in detail using
methods we describe further below. When using reper-
toire summary statistics, one should also be aware that
differences in both sampling and sequencing depth may
confound diversity or clonality estimates, making it
important to properly normalize the data [60].

Transplant International 2019; 32: 1111-1123
© 2019 Steunstichting ESOT

Immune repertoire profiling

Due to the high diversity of immune repertoires,
nucleotide sequences of antigen receptor chains can be
used as unique identifiers for lymphocyte clones. Com-
parison of the frequencies of clonotypes in a repertoire
before and after an immune challenge by an antigen can
directly show the expansion of responding clonotypes.

Clonotype tracking has been used to investigate TCR
repertoire alterations after yellow fever (YF) immuniza-
tion — a safe model of acute viral infection in humans
[71]. In the recent study, each donor responded to the
vaccine with ~1000 different clonotypes corresponding
to both cytotoxic and helper T-cells [72], with dynamics
similar to those observed in previous studies using
MHC-multimer and T-cell activation marker staining
[73,74]. The specificity of a substantial fraction of the
HTS-identified YF-responding clonotypes was
firmed by independent assays [72]. In another study, Qi
et al. [75] tracked the expansion of varicella-zoster virus
(VZV)-specific CD4+ T-cells after immunization with a
live vaccine, and showed both reactivation of previously
existing memory cells and recruitment of VZV-specific
naive T-cells.

In the case of B-cells, it is generally more interesting
to track the total amount of a particular serum anti-
body produced by a given clone rather than the fre-
quency of the cells with such BCR in the peripheral
blood, which may be low and is generally irreproducible
between timepoints, except for the most abundant
clones [76]. This can be achieved by combining reper-
toire sequencing with proteomics, where mass-spec-
trometry is used to determine the serum concentration
of antibodies produced by B-cells. Lee et al. [21] used
such an approach to show that ~60% of serum antibod-
ies identified after seasonal influenza vaccination were

con-

present in serum prior to immunization.

Clonal tracking has also been used to measure the
effects of therapeutic interventions. Using TCRp
sequencing, Chapuis et al. [77] were able to track
tumor-specific, adoptively-transferred cytotoxic T-cells
in peripheral blood of melanoma patients. The fre-
quency of these T-cell clonotypes peaked at day 7, and
then declined for most clonotypes to baseline levels
30 days after the transfer. Interestingly, in patients with
a complete response, a single clonotype dominated after
the transfer, and was detectable in blood up to 300 days
post-transfer. The authors speculated that these
expanded clones are responsible for tumor control. In
other work, de Jong ef al. [78] and coauthors per-
formed a longitudinal study of the effects of a pan-JAK
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inhibitor drug on T-cells in patients with alopecia
areata, an autoimmune hair loss disorder. They found
that the scalp repertoire of patients was enriched with
abundant CD8+ T-cell clones, and the concentration of
these clones decreased significantly in response to ther-
apy. In some cases, the abundance of clones in a
peripheral repertoire may be independent of disease
symptom progression. For example, in patients with
systemic lupus erythematosus, Thapa ef al. [61] found
no significant alterations between TCRP repertoires at
timepoints of disease quiescence and at a flare.
Sequencing based clonal tracking in time is a very
useful tool for revealing clonotypes responding to differ-
ent challenges without any prior knowledge of antigens
causing clonal expansions. However, the pre-challenge
timepoint is needed for clonal expansion identification.
In YF-vaccination [72] study contraction dynamics
from the peak of the response to the later timepoint
was used to overcome this challenge. In general, strong
clonal expansion in tissue of interest is needed to iden-
tify disease-associated clonotypes using this approach.

One can also use nucleotide sequences of antigen recep-
tors to track clones between body compartments, or
between cell subsets of different phenotypes. In this
way, identify significantly
enriched in a subpopulation of interest, such as T-cells
infiltrating a tumor or a transplanted organ compared
to the background (e.g., peripheral blood), or to esti-
mate an overlap of TCR/BCR repertoires between differ-
ent organs. It was recently shown that both PD1+CD8+
[79] and CD4+ Treg clonotypes [80] from peripheral
blood match corresponding tumor-resident clones and
appear to be tumor-reactive. Similarly, Wong et al. [81]
found that the repertoire of urine-derived lymphocytes
accurately represents the
repertoire in patients with muscle invasive bladder can-
cer. These studies thus provide a method to sample
intra-tumoral repertoires non-invasively.

The overlap between tissues is likely to be specific to
memory cells but practically absent for naive T-cells.
Thome et al. [82] demonstrated this by sequencing
repertoires of effector memory and naive T-cells from
inguinal, lung-draining lymph nodes and spleens of
deceased donors. Meng et al. [83] sequenced BCR
repertoires in eight tissue samples from six donors.
Strikingly, they found two non-overlapping B-cell net-
works inside the body: one spanning blood-rich tissues
(i.e., blood, bone marrow, mesenteric lymph node, and

researchers can clones

tumor microenvironment
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lung) and another spanning the gastrointestinal (GI)
tract (i.e., jejunum, ileum, and colon). The construction
the B-cell lineage trees revealed differences between
these two networks. In blood-rich tissues, each branch
of the tree was tissue-specific, whereas in the GI tract,
each branch contained clones from different parts of the
intestine, suggesting the proliferation and intensive
migration of somatically hypermutated clonotypes
inside the GI tract. For all donors, the most highly
hypermutated B-cells were found in the jejunum, sug-
gesting intense interactions with the microbiome and
environmental antigens at this site.

Although TCR/BCR nucleotide sequences can be used
as unique clone identifiers, the occurrence of highly
similar or identical receptor amino acid sequences
between individuals is not impossible. Indeed, thou-
sands of such ‘convergent’ immune receptor sequences
can be found in bulk receptor repertoires from different
individuals [53,57,84]. Clonotypes present in more than
a single donor are termed ‘public’, whereas clonotypes
specific to an individual are considered ‘private’. The V
(D)J recombination mechanism generates some antigen
receptor sequences much more frequently than others.
There are efficient algorithms that can calculate the
probability of generation for a given antigen receptor
sequence [52,85,86], and these could theoretically esti-
mate the number of donors sharing such sequence [87].
Thus, there is no sharp border between public and pri-
vate clonotypes, but rather a continuous spectrum of
publicness defined by the probability of an antigen
receptor being produced by the recombination machin-
ery. Such purely stochastic sharing provides little infor-
mation for biomedical research, but TCR/BCR sharing
is also defined by selection, both in the thymus and in
the periphery in response to pathogens. The latter leads
to clonal expansion and loss of the naive lymphocyte
phenotype, and thus makes antigen-experienced clones
easier to sample in a repertoire sequencing experiment.
This means that patients sharing a disease may also
share clonotypes recognizing disease-specific antigens
that would not be detected in repertoires of healthy
people.

A great example of this was provided by Emerson
et al. [88]. Their study featured the largest cohort of
donors subjected to repertoire sequencing to date: 666
individuals with a known cytomegalovirus (CMV) infec-
tion status. CMV-associated clonotypes were identified
as predominantly shared between CMV-positive patients
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using Fisher’s exact test. The resulting collection of
CMV-associated clonotypes was afterwards used to cre-
ate an accurate classifier of donor CMV status, which
was also tested on an independent cohort [48]. In
another study, (89]
approach to identify a set of TCR amino acid sequences
overrepresented in a cohort of ankylosing spondylitis
patients. At the same time, Komech et al. [90] identified
the similar motif in an independent cohort, using a dif-
ferent statistical approach based on the estimation of
TCR recombination probability (described in detail in
[91]). Sharing of putatively pathogenic clonotypes was
also described in psoriasis [63]. Latorre et al. [92]
showed sharing of hypocretin-specific T-cell clones
between patients suffering from narcolepsy. In some
patients, self-reactive clonotypes were among the most
frequent in peripheral blood, suggesting intense clonal
expansion. These findings have solidified evidence for
narcolepsy being an autoimmune disorder. Public BCR
sequences have also been found in response to several
infections, including dengue [93], HIV [94], influenza
[95], and malaria [96]. It has been speculated that stim-
ulation of such clones could represent a goal for novel
vaccines, as they co-occur in many people.

However, there are pitfalls to strategies focused on
shared clonotypes. First, for TCRs, sharing depends on
the recognition of the same epitope, where the implica-
tion is that the antigen is presented by the same or
highly similar MHC-alleles. A reanalysis of the above-
mentioned data from Emerson et al. [88] by Dewitt
et al. [97] identified clusters of TCRs that co-occur with
certain MHC-alleles, many of which contained previ-
ously identified TCRs specific to common pathogens.
Second, for some epitopes there might be few or no
public sequences [98]. In the majority of cases, antigen-
specific clones are unique to a single donor, with little
sharing observed even between genetically identical
twins [72,75].

Overall TCR/BCR sequence sharing in large cohorts
of patients may provide a diagnostic signature, and may
in some cases identify T-cell and B-cell clonotypes par-
ticipating in the immune response to disease.

Faham et al. used a similar

B cell receptor and TCR specificities of are encoded in
their sequences, although there is currently no algo-
rithm that can reliably predict which epitope a TCR or
BCR recognizes based on its sequence. However, it is
still possible to identify specific TCR/BCR sequence fea-
tures that are crucial for the recognition of antigens
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associated with the disease of interest. TCRs recognizing
the same epitope often have highly similar sequences,
and several sequence similarity measures have been
recently proposed to cluster TCRs recognizing them
[47-49]. Shared TCR motifs arise by the same mecha-
nism as described for public clonotype generation in the
previous section: independent convergent recombination
of the same sequence feature in many precursor cells,
followed by clonal selection for the cognate antigen in
the periphery.

In some cases, CDR1 and CDR2 sequences encoded
by germline V segments make important contacts with
the antigen, leading to strong biases in V segment usage
among antigen-specific clonotypes. For example, TCRs
recognizing the NS4b,4 55, peptide from YF virus fre-
quently incorporate the alpha chain V segment
TRAV12, which was shown to make a contact with the
peptide [99]. There are many other such examples that
have been observed in antigen-specific TCR repertoires
[100,101]. Similar V segment usage biases are also often
found in repertoires of B-cell subpopulations. Blum
et al. [102] identified preferential usage of certain IGHV
segments in the plasmablast repertoires of Lyme disease
patients. Tucci et al. [103] reported disrupted B-cell
repertoires in a cohort of chronic HCV patients due to
preferential usage of several IGHV segments in IGM
memory B-cells. While CDR3 may be conserved within
a subset of antigen-specific sequences, even withinTCRs
recognizing one epitope, there are frequently many dis-
tinct motifs, each successfully solving the task of antigen
recognition [47,104].

Sometimes sequences analysis can reveal very unex-
pected sequence features. Tan et al. [105] isolated B-cells
producing broadly reactive antibodies to Plasmodium-
infected erythrocytes. BCR sequencing revealed an
unusually large (~100 nt) insertion between the V and
DJ segments of the antibody heavy chains, which
appeared to be a collagen-binding domain from the
LAIR1 gene. Such antibodies were found in 5-10% of
donors from malaria-endemic regions but were abcent in
European donors. Strikingly, in all observed cases, the
LAIR1-containing antibodies were derived from a single
clone, suggesting that this insertion happens rarely but is
subsequently favored by selection in response to malaria
antigens. Such genome segment insertions represent a
novel and poorly understood mechanism of antibody
diversification. Such insertions are not specific to LAIR1;
in European cohorts, 1 in every 1000 B-cells has such an
insertion from almost any part of the genome [96]. Anti-
gen specificity and function of these chimeric BCRs
remain to be determined.
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Only a few studies have reported immune repertoire
profiling in the context of organ transplantation. Yang
et al. [106] have reported TCRp repertoire profiling of
six patients in the course of liver transplantation. The
authors found some shared clonotypes that were charac-
teristic for transplant recipients and absent in the blood
of healthy controls. Common sequences were also
observed at certain timepoints pre- and post-transplan-
tation. These findings remain to be validated by further
analysis, including calculation of recombination proba-
bility, and searching for similar sequences in databases
of TCRs with known specificity or MHC association.
Other studies [107,108] have compared bulk TCRp
repertoires before and after kidney transplantation. The
authors found that repertoire diversity is decreased after
transplantation, suggesting clonal expansion of donor
T-cells. In two other studies on kidney transplantation
[109,110], the authors first identified a TCRp repertoire
of donor-reactive cells using repertoire sequencing of
mixed lymphocyte reaction (MLR)-expanded T-cells
[111] for each donor-recipient pair. These pools of
donor-reactive repertoires were tracked after combined
kidney and bone marrow transplantation (CKBMT) in
patients that developed allograft tolerance and in non-
tolerant patients. The authors showed that in the blood
of patients who developed graft tolerance the number of
donor-reactive T-cells was lower than in non-tolerant
patients [109]. In the other study [110], the number of
donor-specific Treg cells was positively correlated with
immunotolerance in CKBMT patients.

B cell receptor repertoire reconstruction after
CKBMT in four patients [112] showed that the diversity
of B-cell receptors in graft-tolerant subjects recovered to
pre-transplant levels after 1 year post-transplantation.

Hematopoietic stem cell transplantation is used for
the treatment of various diseases, including autoim-
mune disorders, cancer, and primary immunodeficien-
cies [113-116]. The success of HSCT-based therapy
depends on immune repertoire reconstruction and its
ability to eliminate malignant cells, control infections
after conditioning, and suppress autoimmune reactions.
Many studies on immune repertoire profiling in the
course of HSCT have revealed details about repertoire
reconstitution after autologous and allogeneic stem cell
transplantation under various accompanying therapy
and graft manipulations. The curative effect of autolo-
gous HSCT in autoimmune diseases is believed to be a
result of repertoire resetting that establishes a new
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balance between autoreactive effector cells and suppres-
sive Treg cells. Indeed, recent TCRP repertoire studies
show that in patients with multiple sclerosis, CD4+ cells
can be completely renewed after HSCT, whereas CD8
cells retain some signatures of the pre-transplantation
repertoire [117]. Other work [118] reports increased
Treg diversity in patients in remission for autoimmune
juvenile idiopathic arthritis or juvenile dermatomyositis
after transplantation.

For cancer patients undergoing HSCT, allogeneic
transplanted cells are intended to kill malignant cells
that escape patient adaptive immunity (GVT, Graft-ver-
sus-tumor). In addition, undifferentiated cells from the
graft provide faster immune repertoire reconstruction,
which is needed to control opportunistic infections.
However, mature donor cells can also attack the
patient’s organs due to antigen or HLA mismatches,
leading to graft-versus-host disease (GVHD), a common
cause of HSCT-associated mortality. Thus, grafts are
commonly depleted of mature T-cells by ex vivo anti-
body (anti-TCRa/f) capture or by chemical agents such
as anti-thymocyte globulin or cyclophosphamide [119].
TCRp repertoire evaluation has revealed lower diversity
of both CD4+ and CD8+ subsets in recipients of T-cell-
depleted grafts after 6 months compared to cord blood
graft recipients [120]. In the early stages of immune
repertoire reconstitution (1-4 months post-transplanta-
tion), T-cell clones originate from rapidly increasing
non-depleted T-cells of the donor, which are eventually
replaced by a new, diverse repertoire, with naive cells
coming from the thymus after approximately 1 or
2 years [121]. The former population of early T-cells
may originate from donor naive T-cells [122] and dif-
ferentiate into a special type of memory stem T-cells;
alternatively, they come mainly from the blood/marrow
memory CD8+ compartment [123]. Further systematic
investigations of various HSCT protocols are needed to
fully unravel the source of early repertoire reconstitu-
tion. Oligoclonal T effector memory cell expansions
correlate with CMV activation [124,125], and these
CMV-specific clonal expansions contract the underlying
naive CD8+ repertoire. A study based on TCRa reper-
toire sequencing [126] indicated that, unlike for the
TCRp repertoire, the vast majority (up to 80%) of early
post-transplant cells at 2 and 6 months share their
CDR3 sequences with donor memory T-cells. Surpris-
ingly, 41-61% of naive T-cell TCR sequences post-
transplantation are found among memory TCRs of the
donor graft. These results could be potentially con-
founded by sharing of convergently recombined public
TCRa chains with a high probability of generation.
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Several studies indicate that both donor TCR reper-
toire diversity [127-129] and post-transplant recipient
repertoire diversity correlate with better prognosis,
including lower risk of GVHD or relapse risk and CMV
re-activation. Accordingly, Gkazi et al. [127] proposed
to use accurate UMI-based TCRf repertoire diversity
measures for monitoring of immune repertoire reconsti-
tution in the clinic.

The specific molecular mechanisms underlying chronic
rejection or immune tolerance after organ transplanta-
tion are still largely unknown. The vast majority of cur-
rently published studies are based on small cohorts, lack
detailed phenotypic or functional characterization of
reactive cells and are focused on bulk repertoires of
peripheral blood. As a consequence these studies are
mainly descriptive and lack sufficient biological insights.
Moving forward, intensive study of immune repertoires
pre- and post-transplantation, identification and pheno-
typic characterization of specific responding clones will
help to unravel these mechanisms and enable targeted
personalized manipulation of the adaptive immune
response.

At present, single cell-based approaches are the most
powerful way to study immune repertoires, as these can
link the complete receptor sequence to functional traits
of the cell. This knowledge can then be complemented
with direct determination of antigen specificity based
on libraries of antigen-loaded MHC-multimers [130].
Although existing commercial solutions are still very
expensive, extensive efforts of many research groups
and biotech companies will decrease prices in the near
The accumulation of single-cell TCR/BCR
sequencing data will also require further development of
computational tools for both primary (e.g., receptor
sequence reconstruction, chain pairing, and gene
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