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Abstract: The adaptive immune system uses several strategies to generate a repertoire of T- and B-cell antigen re-
ceptors (TCR/BCR) with sufficient diversity to recognize the wide array of potential pathogens. The Immunoglobulin 
and TCR repertoires are a mirror of the human immune system, which reflects processes caused by infections, can-
cer, autoimmunity and aging. The rapid advances in sequencing technologies have provided improvements in read 
length, throughput and cost. Nowadays, high-throughput sequencing (HTS) of lymphoid receptor genes is an emerg-
ing technology that could comprehensively assess the diversity of the immune system, and has been applied to vac-
cine development and efficacy assessment, biomarker discovery, minimal residual disease detection, autoimmune 
diseases, transplant rejection and tolerance. As biotechnology progresses, immune repertoire sequencing will ap-
plied more and more. The following review details some of the technologies and recent achievements in this field.
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Introduction

The ability of the adaptive immune system to 
respond to any of the vast number of potential 
foreign antigens to which a person might be 
exposed relies on the highly polymorphic recep-
tors expressed by B cells (immunoglobulins) 
and T cells (T-cell receptors [TCRs]). B-cell 
receptors (BCRs) are surface membrane immu-
noglobulins that can recognize antigens and 
have antigen-binding specificity. T lymphocytes 
are key mediators of adaptive immunity, which 
can recognize specifically antigen peptides pre-
sented by MHCs through TCRs on the cell sur-
face. Each BCR comprises a pair of heavy and 
light chains. The heavy chain can be divided 
into a consistent region (C region), a variable 
region (V region), a transmembrane domain 
and a cytoplasmic domain, while the light chain 
only has a V region and C region. The V regions 
consist of a variable light (VL) domain and a 
variable heavy (VH) domain, which contain 
three complementary determining regions 
(CDR1, CDR2 and CDR3), respectively. Most 

TCRs comprise an α-chain and β-chain, while 
the rest consist of γ and δ-chains. Each chain 
can be divided into consistent region (C region), 
variable region (V region), transmembrane 
domain and cytoplasmic domain. The V region 
of the a and β-chains contains three hypervari-
able regions: CDR1, CDR2 and CDR3. The CDR3 
loop is much more variable in length, sequence 
and structure [1], as it is generated by somatic 
recombination of variable (V), joining (J) and, in 
the case of the β-chain, also diversity (D) genes, 
termed V(D)J recombination. Random trimming 
and addition of non-template nucleotides at the 
junction sites (N-diversity mechanisms) greatly 
increases the diversity further [2, 3]. Theo- 
retically, a repertoire of approximately 1018 dif-
ferent TCRs could be generated in humans. As 
CDR3 interacts most closely with the antigenic 
peptide, the diversity of CDR3 amino acid 
sequences provides a measure of T cell diver-
sity in an antigen-selected T cell repertoire. 

However, the immense theoretical combinato-
rial diversity represents a challenge to immu-
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nology. Over the past two decades, several 
strategies have been developed to probe 
human TCR diversity. One strategy aimed to 
identify the presence of different TCR families 
using PCR or flow cytometry to determine the 
usage of different TCR variable (V) genes [4]. 
However, fluorescence-activated cell sorting 
(FACS) analysis is applicable to all the TCRAV 
and TCRBV segments, because specific mono-
clonal antibodies (mAbs) are not available for 
all TCRAVs and TCRBVs. Furthermore, FACS 
analysis requires a substantial number of  
cells to estimate the expression of TCRAV and 
TCRBV genes. Therefore, it is difficult to analyze 
a small number of T cells from inflammatory 
lesions. To overcome the disadvantage of FACS 
analysis, PCR based methods have been devel-
oped in many laboratories. However, different 
amplification efficiencies among individual 
primers and cross-reactivity between subfami-
lies have hampered the estimation of the pre-
cise frequency of individual TCRBV families [5]. 
A third strategy, called CDR3 size spectratyp-
ing, aims to determine the polyclonality of the 
repertoire using fluorescent primers to mea-
sure length variation of the CDR3 region within 
each TCR V family [6]. Spectratyping has been 
useful in documenting substantial [7]. However, 
spectratyping does not assess TCR CDR3 diver-
sity at the sequence level, and cannot deter-
mine directly the number of distinct TCRs in a 
population of a and b T cells. Overall, as neither 
of these strategies can provide information 
about the relative frequency of each receptor in 

advantages of NGS and provides an opportuni-
ty to analyze clones with extremely low frequen-
cies. A realistic analysis of the immune reper-
toire is crucial to understand the basic molecu-
lar mechanisms of adaptive immunity in health 
and disease, including the consequences of 
autoimmunity, infections, irradiation, immuno-
suppression and blood transplantation thera-
pies, aging, and other conditions [8]. Nowadays, 
immune repertoire sequencing is applicable to, 
for example, vaccine development and efficacy 
assessment, biomarker discovery, minimal re- 
sidual disease detection, autoimmune diseas-
es, transplant rejection and tolerance (Figure 
1). In the present article, we summarized the 
current knowledge in this field for a better 
understanding of the applied and basic re- 
search into immune repertoire sequencing.

Pathogenic mechanisms of complex diseases 
and the discovery of biomarkers

The TCR and BCR sequence repertoire of an 
individual represents a surrogate of their T and 
B-cell clonality status in health and disease, 
with the potential to provide new insights into 
the adaptive immune response, as well as to 
obtain a sufficient amount of sequences to pro-
vide biomarkers to assess disease risk, diagno-
sis or prognosis.

Infectious diseases 

Cellular immunity is indispensable for combat-
ing numerous infections. The protective capaci-

Figure 1. Applications of im-
mune repertoire sequencing.

the population, they can only 
provide an estimate of reper-
toire complexity. Sanger se- 
quencing can deliver single 
clone resolution. However, 
the enormous workload pre-
cludes detailed analysis by 
Sanger sequencing, which 
characterizes only highly do- 
minant clones with biased fre-
quency and leaves low-abun-
dance clones aside. Nowa- 
days, with the advent of next 
generation sequencing (NGS) 
technologies, it is possible to 
sequence millions of recep- 
tor clones representing the 
entire immune repertoire in a 
routine experiment. High-re- 
solution is one of the main 
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ties of pathogen-specific T cells are defined not 
only by their phenotype and amount, but also 
by the TCR repertoire diversity allowing target-
ing of different pathogenic epitopes [9, 10]. 
Thus, in-depth clonotype analysis will contrib-
ute to a comprehensive understanding of infec-
tion pathogenesis and immunity. The first 
reports of TCR bias emerged in the early 1990s 
from studies of individuals exposed to Epstein-
Barr virus (EBV) and influenza A virus [11, 12]. 
In 1991, Moss et al. [11] observed the first 
example of type IV TCR bias in humans. In this 
instance, HLA-A*0201-restricted CD8+ T-cell 
clones specific for the influenza virus matrix 
protein (MP)58-66 peptide (GILGFVFTL[GIL]) were 
observed to encode highly homologous 
TRBV19/TRBJ2-7 TCRs. Since this initial study, 
many additional reports of TCR bias have sur-
faced in the setting of infectious diseases. A 
recent study demonstrated the presence of 
multiple biased TRBV families in recovered 
acute hepatitis B virus infection (AHI) subjects 
[13]. TRBV11, BV15 and BV20, especially from 
the CD8+ T-cell subset, might be relevant to the 
pathogenesis of subjects with AHI. In addition, 
the preferentially selected TRBV5.1 and BV20, 
with their relatively conserved CDR3 motifs, 
might be potential targets for personalized 
treatments of chronic HBV infection. In addi-
tion, Kim et al. [14] devised a deep sequencing-
based approach to track the evolution of TCR 
repertoires after acute infection. They found 
that sustained TCR-pMHCII interactions are a 
key component of the memory T cell differentia-
tion signal for CD4+ T cells.

Autoimmune diseases

It is widely believed that TCR bias is chiefly con-
fined to foreign antigen-specific T-cell respons-
es. However, it is often underappreciated that 
this phenomenon is also deeply entrenched in 
the cellular immune response to self. Many 
examples of TCR bias in autoimmunity have 
been published. Klarenbeek et al. [15] used an 
NGS protocol to profile quantitatively the T-cell 
repertoire in peripheral blood and multiple 
joints of patients with recent onset (early) or 
established rheumatoid arthritis (RA) to iden- 
tify potential autoreactive clones. Their data 
showed clear oligoclonal expansions in the 
synovium, with great overlap between different 
joints. In contrast, the TCR repertoire in periph-
eral blood was polyclonal and there was hardly 

any overlap between the synovium and blood. 
This observation was in accordance with previ-
ous studies in type 1 diabetes mellitus (T1DM), 
which reported an extremely low frequency of 
pancreas-specific T cells in the blood (<0.001%) 
and enrichment for autoreactive T cells in the 
(T1DM) pancreas compared with the peripheral 
blood [16, 17]. These findings implied that an- 
alysis of clonality in blood samples might not  
be informative for the T-cell repertoire in the 
inflamed synovium. It is tempting to speculate 
that this retention is caused by the presence of 
specific (auto) antigens in the synovium. In 
addition, they addressed the question of 
whether the highly expanded clones (HECs) 
identified in the synovium showed similarities 
in their TCR sequences between different 
patients. They found that at the sequence and 
peptide level, there was no evidence of strong 
similarities of HECs between different patients, 
despite the presence of at least one DRB1 
04-allele in at least nine of the 12 patients. 
This was confirmed in another study [18], which 
also reported that each patient had a unique 
repertoire, with little overlap among patients.

Tumour immunology 

Recent work in tumour immunology has high-
lighted the need for quantitative, reproducible 
and simple measures of the host anti-tumor 
immune response, both to predict patient 
response to immunotherapy and to improve 
prognosis. Sherwood and co-workers demon-
strated that ultra-deep TCR sequencing could 
determine the clonality of T cells directly in DNA 
extracted from tumor tissues [19]. This provid-
ed a powerful new tool to investigate the diver-
sity and magnitude of T cell responses in 
tumors. However, a major barrier to the clinical 
assessment of the predictive power of these 
quantitative methods has been the suggestion 
that the intratumoral immune repertoire is 
inconsistent and so cannot be measured mean-
ingfully with a single tissue sample. Subsequent 
to this, Gerlinger et al. [20] reported that the 
clonal composition of T cell populations could 
be heterogeneous across different regions of 
the same clear cell renal cell carcinoma 
(ccRCC), demonstrating intratumor heterogene-
ity of T cell immunity. Relevant to this investiga-
tion, Emerson et al. [21] used a multiplex PCR 
approach to amplify the TCRB CDR3 regions, 
followed by high-throughput sequencing (HTS) 
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to quantify the antigen receptor repertoire of 
multiple tumor punch biopsies from each ovar-
ian carcinoma patient, as well as matched 
peripheral blood samples. They found that the 
T-cell response within ovarian carcinoma tu- 
mors was primarily homogeneous across the 
spatial extent of these large tumors, but periph-
eral blood samples showed TCRB repertoires 
that were quite distinct from the tumor tissue. 
In addition, type III and type IV TCR bias has 
been observed in tumor-associated antigens 
(TAA)-specific T cells from synovial sarcoma, 
melanoma, and prostate cancer patients [22]. 
These TRBV12-3/TRBJ2-1/TRAV17/TRAJ31-ex- 
pressing T cells were found to be specific for 
the HLA-A*0201-restricted NY-ESO-1157-165 
peptide. This TAA is of particular interest 
because it is expressed by numerous cancers, 
including the above malignancies, transitional 
cell carcinoma [23], lung and bladder cancer 
[24], and ovarian cancer [25]. Therefore, the 
HTS approach provides a useful tool to track T 
cell expansion kinetics, assessing immune 
competence and identifying antigen-specific T 
cell clones in patients with cancer. Under- 
standing those is likely to aid the development 
of immunotherapy for the treatment of tumors.

Other immunity-related diseases

In addition, Wu et al. [26] reported that the TCR 
repertoire diversity in CD8+ Temra cells and 
CD45RO+ CD4+ cells of patients with Wis- 
kott–Aldrich syndrome (WAS) was significantly 
skewed compared with that seen in age-
matched control subjects. They used the Ds 
and H’ diversity index to evaluate quantitatively 
the overall diversity of patients’ TCR reper-
toires, and found that both the Ds and H’ values 
of the patient group were lower than those of 
the control group in all T-cell subsets, which 
indicated that the TCR repertoires of the 
patients were less diverse than those of control 
subjects. These findings suggested that 
decreased and skewed TCR Vβ diversity may be 
involved in the pathogenesis of autoimmunity 
and immunodeficiency in patients with WAS. 
Moreover, to test the hypothesis that IgG4+ 
clones in idiopathic IgG4- related disease 
(IgG4-RD) are accompanied by a manifestation 
of IgG4- associated cholangitis (IAC), Maillette 
de Buy Wenniger et al. [27] used an NGS 
approach to screen the BCR repertoires. They 
observed highly abundant IgG4+ BCR clones in 
blood and tissue of patients with active IAC, 

which disappeared upon corticosteroid treat-
ment, which suggested that specific B cell 
responses are pivotal to the pathogenesis of 
IAC. Relevant to this investigation, larger pro-
spective cohorts are needed to verify the feasi-
bility of using the dominant IgG4+ clones as a 
diagnostic marker for IgG4-RD. In addition, 
Rachael and co-workers reported recently that 
BCR sequencing in chronic lymphocytic leuke-
mia (CLL) might provide an additional prognos-
tic value for the disease [28].

Tracking and evaluating the disease treat-
ment effect

High-throughput sequencing for minimal re-
sidual disease (MRD) quantification

T-lineage acute lymphoblastic leukemia/lym-
phoma (T-ALL) is an immature, aggressive, 
malignant T cell neoplasm that affects both 
pediatric and adult patients. Although there 
has been progress in treating T-ALL patients, 
with some achieving durable responses, a sub-
set of these patients are over-treated because 
of an inability to sufficiently individualize clini-
cal treatment. By contrast, others are inade-
quately treated and suffer disease relapse. 
Several studies have confirmed the importance 
of assessing MRD to predict clinical outcomes 
of patients [29, 30]. Current methodologies to 
monitor MRD in ALL include multiparametric 
flow cytometry (mpFC) and quantitative poly-
merase chain reaction (PCR)-based methods, 
which can detect recurrent and/or persistent 
disease with a sensitivity of 0.01% and 0.001%, 
respectively. However, these methods are oper-
ator and laboratory-dependent, and are diffi-
cult to implement in a uniform manner [31]. 
More importantly, the sensitivity of MRD moni-
toring methods needs to be improved. Recently, 
HTS of lymphoid receptor genes has been used 
to monitor lymphocyte diversity after adoptive 
immunotherapy using chimeric antigen recep-
tor-modified T cells to treat chemotherapy-
refractory chronic lymphocytic leukemia [32], 
as well as to monitor disease in B lymphoprolif-
erative disorders [33]. In this regard, Wu and 
his colleagues compared HTS to mpFC for MRD 
assessment in patients with T-lineage ALL [34], 
and found that HTS of TCRB and TCRG identi-
fied MRD that was not detected by flow cytom-
etry in a subset of cases (25 of 35 HTS com-
pared with 13 of 35, respectively), which high-
lighted the potential of this technology to define 
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lower detection thresholds for MRD that could 
affect clinical treatment decisions. To further 
assess the suitability of HTS to monitor MRD  
in ALL, Faham et al. [35] compared its capacity 
to measure MRD to that of flow cytometry and 
allele-specific oligonucleotide (ASO)-PCR in fol-
low-up samples from more than 100 patients 
with ALL. This study also demonstrated that 
HTS allows monitoring of the treatment 
response in ALL with great sensitivity and pre-
cision, and suggested that the sequencing 
assay sensitivity was limited only by the num-
ber of input cells and thus could detect residual 
disease at levels well below 1 in 1 million leuko-
cytes (0.0001%). This was confirmed in anoth-
er study, which also reported that HTS might 
facilitate routine MRD quantification in clinical 
trials. The authors applied the LymphoSIGHT 
method, an IGH-HTS MRD platform with a vali-
dated detection limit of 10-6 and a quantitative 
range above 10-5, to predict relapse in 40 
patients who underwent reduced-intensity allo-
HCT for high-risk CLL. They found that disease-
free survival was 86% in patients with MRD< 
10-4 and 20% in those with MRD≥10-4 (P< 
0.0001) with a median follow-up of 36 months 
[36]. Additionally, MRD was predictive of 
relapse at other time points, including 9, 18 
and 24 months post-HCT. An MRD doubling 
time <12 months with a disease burden ≥10-5 
was associated with relapse within 12 months 
of MRD assessment in 50% of patients, and 
within 24 months in 90% of patients. In sum-
mary, the universal applicability, sensitivity and 
capacity to capture clonal evolution of the HTS 
method described here, together with the 
results of comparisons with standard MRD 
assays in clinical samples, strongly support its 
potential as a next-generation MRD test for 
ALL.

Therapeutic efficacy assessment of infection 
diseases

The human immune system mounts continu-
ous responses against viruses to prevent them 
from causing disease. Understanding this 
response might help to understand why the 
immune system does not clear these viruses 
and might help in preventive and therapeutic 
strategies. In this regard, chronic viral infec-
tions with extensive variation, such as human 
immunodeficiency virus (HIV) and hepatitis C, 
pose a great challenge for the cellular immune 

response [37, 38]. Numerous reports have  
documented changes in the TCR Vβ repertoire 
during HIV infection in relation to the effect  
of therapy and disease progression [39-41]. 
Successful antiretroviral therapy (ART) decre- 
ases viral loads and reduces the level of T cell 
activation. A recent study by Conrad et al. [42] 
determined the TCR repertoires of 14 HIV-
specific CD8+ T cell responses from eight HIV-
positive individuals before and after initiation 
of ART. They found decreased activation of 
CD4+ and CD8+ T cell populations and chang-
es in memory subset distributions after initia-
tion of ART. The TCR repertoire diversity 
decreased (P<0.0001), and this was accompa-
nied by a reduction in the magnitude of HIV 
epitope-specific T cell responses (P=0.024) 
after ART. Despite this narrowing of the T cell 
response to HIV, the overall hierarchy of domi-
nant T cell receptor clonotypes remained sta- 
ble compared with that pre-ART, and these T 
cell populations retained a PD-1 high pheno-
type compared with subdominant clonotypes. 
These data suggested that the antigen burden 
might maintain TCR diversity and that domi- 
nant clonotypes are sensitive to antigens even 
after dramatic reductions after initiation of ART. 
Relevant to this investigation, many lines of evi-
dence have suggested that HIV infection 
causes specific depletion of CD4-negative 
Vγ2Vδ2 T cells (a subset of γδ T cells) in patients 
with HIV disease [43]. Prolonged ART appears 
to reconstitute the Vγ2Vδ2 T cells [44]. Un- 
treated HIV-positive patients with persistent 
low-level viremia had low levels of Vγ2Vδ2 T 
cells [45] and significant damage to their T-cell 
receptor (TCR) repertoire [43]. Chaudhry et al. 
[46] applied HTS for repertoire analysis to 
determine the mechanism for Vγ2Vδ2 T-cell 
reconstitution after long-term virus suppres-
sion. They found that prolonged HIV suppres-
sion with ART leads to reconstitution of the 
Vγ2Vδ2 T-cell subset deleted in HIV disease. 
Direct evidence for the repair of the T-cell 
receptor repertoire supports a view that treat-
ment-associated immune reconstitution acts 
via new cell synthesis and not by expansion of 
residual cell populations. In addition, to track 
virus-specific CD4+ T cell repertoires after bac-
terial or acute viral infection, Kim and co-work-
ers generated a single-chain TCR transgenic 
mouse that expressed the TCR α-chain cloned 
from the SMARTA TCR [47]. Subsequent to this, 
the authors employed a deep-sequencing-
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based approach to track the evolution of TCR 
repertoires after acute infection [14]. They 
found that sustained TCR-pMHCII interactions 
were a key component of the memory T cell dif-
ferentiation signal for CD4+ T cells.

Therapeutic efficacy assessment in autoim-
mune diseases

Patients with multiple sclerosis (MS) exhibit 
TCR repertoire alterations [48], with several 
expansions being found in the CSF or in MS 
brain lesions [49, 50]. The antibody natalizum-
ab is an effective therapy for relapsing-remit-
ting MS. However, natalizumab alters the cellu-
lar composition in the perivascular spaces and 
in the CSF, leading to an inhibitory effect on 
CNS immune surveillance [51]. This might 
increase the risk of progressive multifocal leu-
koencephalopathy (PML) caused by JC poly-
omavirus (JCV) [52, 53]. Relevant to this inves-
tigation, Warnke et al. [54] applied CDR3 spec-
tratyping to assess the TCR repertoire in CSF 
and blood in 59 patients with relapsing-remit-
ting MS treated with natalizumab for at least 18 
months, five cases of natalizumab-associated 
PML, 17 age- and sex-matched patients with 
MS not treated with natalizumab, and 12 
healthy controls. They found that patients with 
MS exhibited peripheral TCR repertoire expan-
sions in their blood, which confirmed the results 
of several previous studies. However, it was 
worth noting that natalizumab therapy led to a 
reduction of Vβ elements with TCR repertoire 
expansions in peripheral venous blood T cells 
compared non-natalizumab-treated patients 
with MS. In addition, TCR repertoire restrictions 
observed in the CSF were most pronounced in 
patients with MS treated with natalizumab, 
which reflected an altered immune surveillance 
of the CNS and might contribute to an increased 
risk of developing PML. Based on these find-
ings, natalizumab seems to induce a delayed 
and impaired peripheral expansion of antigen-
specific T cells, whereas increased reconstitu-
tion of peripheral T-cell expansion following 
plasma exchange might trigger PML-immune 
reconstitution inflammatory syndrome (PML-
IRIS). In conclusion, their data showed that 
treatment with natalizumab results in broader 
changes in the T-cell immune repertoire beyond 
lymphocyte migration.

Efficacy assessment of gene therapy

X-linked severe combined immunodeficiency 
(SCID-X1) is caused by mutations in the com-

mon cytokine receptor γ chain. Classically, 
these mutations lead to complete absence of 
functional T and natural killer cell lineages, as 
well as intrinsically compromised B cell func-
tion. Gene therapy offers a highly effective 
option for treatment of SCID-X1 when HLA-
matched donors are unavailable, and provides 
long-term reconstitution of a polyclonal T cell 
repertoire that effectively restores clinical 
immunity. Gaspar et al. [55] applied immune 
repertoire technology to analyze the clinical 
outcome in ten children with molecularly de- 
fined SCID-X1 who underwent gene therapy at a 
median age of 10 months. They found that a 
functional polyclonal T cell repertoire was 
restored in all patients, and all the patients 
were alive after a median follow-up of 80 
months (range, 54 to 107 months). Humoral 
immunity was only partially recovered, but was 
sufficient in some patients to allow for with-
drawal of immunoglobulin replacement. There 
were no deaths, although one patient devel-
oped T-ALL as a result of vector-mediated in- 
sertional mutagenesis, and three patients 
developed antibiotic-responsive acute pulmo-
nary infection after discontinuation of immuno-
globulin replacement and/or antibiotic prophy-
laxis. In terms of immunological reconstitution, 
their findings were similar to those reported 
recently from another study. Hacein-Bey-Abina 
et al. [56] reported long-term follow-up (medi-
an, 108 months; range, 96 to 144 months) of 
nine patients with a similar pattern of T cell, B 
cell and NK cell recovery. Such data provide 
important independent evidence that gene 
therapy is clinically effective.  

Applications of immune repertoire sequencing 
in post-transplant monitoring

Organ transplantation has become the pre-
ferred modality for the treatment of organ fail-
ure because of ongoing advances in transplant 
immunology and surgical techniques, and has 
led to improved survival, reduced healthcare 
costs, and significantly improvement the quali-
ty of life. However, viral infections are the major 
causes of morbidity and mortality in the post-
operative period after solid organ transplanta-
tion [57]. T cells are crucial for control of viral 
infections. Therefore, qualitative and quantita-
tive analyses of antiviral T cell immunity are 
beneficial for the successful management of 
transplant recipients, allowing personalized 
adjustment of immunosuppression. The main-
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tenance and selection of CD8+ T-cell clones is 
pivotal in antiviral immune responses. Whether 
virus-specific CD8+ T-cell repertoires in res- 
ponse to herpes viruses in humans are indeed 
stable or do they show signs of flexibility over 
time? To investigate this, Klarenbeek et al. [58] 
combined tetramer sorting with quantitative 
NGS to study primary infections of human cy- 
tomegalovirus (hCMV) and Epstein Barr virus 
(EBV) in renal transplant recipients. For both 
viruses, they found that nearly all virus-specific 
CD8+ T-cell clones that appeared during the 
early phase of infection were maintained at 
high frequencies during the 5-year follow-up 
and hardly any new anti-viral clones appeared. 
In the viral latency phase, EBV and hCMV-spe-
cific clones remained amongst the most abun-
dant clones in the CD8+ T-cell population, illus-
trating the relentless and stable continuation 
of the responses to these herpes viruses by the 
immune system. In addition, Dziubianau and 
his colleagues performed TCR repertoire analy-
sis of various specimens in clinical settings, 
including polyomavirus BK (BKV) reactivation, 
CMV and acute cellular allograft rejection, and 
demonstrated a critical contribution of NGS-
based clonotype analysis for differential diag-
nosis and further therapeutic decisions in clini-
cal cases of post-transplant allograft impair-
ment [57].

In addition, immune repertoire sequencing 
technology also has a great ability to assess 
immune reconstitution after allogeneic hema-
topoietic cell transplantation. Hematopoietic 
stem cell transplantation (HSCT) is an effective 
therapy for a wide range of hematological and 
non-hematological malignancies [59]. The ben-
efits of HSCT are in a large part related to the 
development of effective immune responses 
against the underlying malignancy. In clinical 
trials, HSCT has been evaluated for severe 
autoimmunity as a method to “reset” the im- 
mune system and produce a new, non-autoim-
mune repertoire. However, before transplanta-
tion, patients undergo conditioning with che-
motherapy, with or without irradiation, which 
results in severe immunodeficiency that can 
take months or years to restore, particularly in 
the T cell compartment [60, 61]. Restricted TCR 
diversity and delayed T cell recovery after HSCT 
predispose patients to infection and cancer 
relapse [62, 63]. Accurate and quantitative 
determination of the relationship of regenerat-

ed T cells to the baseline repertoire has been 
difficult to assess. In this context, Muraro et al. 
[64] used high-throughput deep TCRβ chain 
sequencing to assess millions of sorted CD8+ 
and CD4+ T cells from each multiple sclerosis 
patient before and after HSCT. They found that 
HSCT has distinct effects on CD8+ and CD4+ T 
cell repertoires. In the case of CD8+ T cells, 
dominant CD8+ clones were not effectively 
removed, and the reconstituted CD8+ reper-
toire was created by clonal expansion of cells 
that were present before treatment. By con-
trast, dominant CD4+ TCR clones present 
before treatment were undetectable following 
reconstitution, and patients largely developed 
a new repertoire. Moreover, it was noted that 
patients who failed to respond to treatment 
had a less diverse T cell repertoire early during 
the reconstitution process, underpinning the 
notion that repertoire complexity is critical for 
the reestablishment of immune tolerance. A 
similar study by van Heijst et al., [65] combined 
5’ rapid amplification of complementary DNA 
ends PCR with deep sequencing to quantify 
TCR diversity in 28 recipients of allo-HSCT 
using a single oligonucleotide pair. They found 
that after 6 months, cord blood-graft recipients 
approximated the TCR diversity of healthy indi-
viduals, whereas recipients of T cell-depleted 
peripheral-blood stem cell grafts had 14-fold 
and 28-fold lower CD8+ and CD4+ T cell diver-
sities, respectively. After 12 months, these 
deficiencies had improved for the CD4+, but not 
for the CD8+ T cell compartment. These find-
ings indicated that there was substantial vari-
ability in the rate of recovery between different 
stem cell sources. In addition, the kinetics of B 
and T cell immune recovery are also affected by 
many pre and post-transplant factors. Con- 
sidering this, Atar Lev and co-workers enrolled 
a unique group of patients (recombination acti-
vating gene 2 (RAG-2)-deficient severe com-
bined immunodeficiency (SCID) patients) with 
profoundly depleted baseline B and T cell 
immunity to track the kinetics of B and T cell 
immune recovery after BMT [66]. They showed 
that the early peripheral presence of newly pro-
duced B and T lymphocytes from their produc-
tion and maturation sites after BMT suggested 
donor stem cell origin rather than peripheral 
expansion. Although we could not explain this 
discrepancy, it might depend on the stage of 
cell differentiation, the cell type and the experi-
mental methods; these observations need fur-
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ther investigation. In HSCT, it is also worth not-
ing that immune reactivity against the recipient 
in the form of acute graft-versus-host disease 
(aGVHD) is a leading cause of morbidity and 
mortality. For the 30% to 45% of patients that 
develop aGVHD, more than half develop gastro-
intestinal (GI) tract manifestations. Symptoms 
of GI aGVHD include anorexia, nausea, abdomi-
nal pain, diarrhea and hemorrhage [67]. The 
severity of these symptoms is a predictor of 
poor survival. Meyer et al. [18] analyzed the 
clonal TCRβ repertoire in patients with GI GVHD 
and found that the T-cell repertoire was more 
similar at different sites in the GI tracts of 
patients with severe treatment refractory GI 
GVHD compared with patients with mild, treat-
ment-responsive aGVHD or with aGVHD-like 
symptoms without an identified cause. In addi-
tion, no clones were shared between all 
patients with aGVHD. One interpretation of this 
finding may be that there exists no universal 
aGVHD allogeneic antigen; however, it is also 
possible that multiple TCRβ CDR3 sequences 
may recognize the same antigen. Their study 
was on a small group, and we think that evalu-
ating more patients who share HLA alleles 
could yield dominant shared clonotypes and 
other reproducible patterns. Based on these 
findings, it is likely that HTS technology would 
provide unprecedented views of the T cell rep-
ertoire recovery after HSCT and may identify 
patients at high risk of infection, GVHD or 
relapse.

Immune repertoire sequencing in vaccine de-
sign and antibody screening 

Vaccine design 

Large-scale repertoire analysis of immune 
receptors can provide powerful results. This 
technology may aid the development and dis-
covery of vaccines and antibody therapeutics, 
and help us to gain a deeper understanding of 
the humoral response. A major challenge for 
vaccine development in the 21st century has 
been to identify immunogens that can elicit 
antibodies (Abs) capable of neutralizing diverse 
strains of HIV [68, 69]. Current vaccines that 
protect against a variety of pathogens most 
often use identical immunogens for priming 
and boosting, demonstrating that the elicited 
high-affinity, somatically mutated protective 
Abs and their non-mutated germline precursors 
can be engaged by the same structures. 

However, the predicted non-mutated germline 
ancestors of extensively mutated HIV-neu- 
tralizing Abs recognize HIV only weakly or not  
at all [70, 71], and this may in part explain why 
HIV envelope glycoprotein-based vaccines fail 
to induce broadly protective responses. Deep 
sequencing technology has the potential to aid 
these efforts by identifying efficiently bona fide 
human germline Igs as candidate precursors to 
any Ab of interest within multiple human reper-
toires. To demonstrate the potential utility of 
this new technology to informed, rational vac-
cine design, Larimore et al. [72] searched their 
germline IgH data for putative precursors of the 
membrane-proximal external region (MPER)-
specific HIV-neutralizing Ab 4E10. They found 
292 candidate precursors across four individu-
als from among 343,225 unique IgH rearrange-
ments. These putative 4E10 IgH precursors 
represented 0.02~0.12% of unique IgH rear-
rangements from each individual. Moreover, 
their results indicated that although the closest 
germline 4E10H precursors were not shared 
between individuals, more distantly related 
candidate germline 4E10 precursors could be 
identified in multiple human germline Ig reper-
toires, suggesting the possibility that a priming 
immunogen could be developed to engage 
these precursors reproducibly in most individu-
als. Thus, their data demonstrated the poten-
tial utility of HST technology for vaccine devel-
opment. Similarly, a recent study illustrated the 
usefulness and application of this methodology 
in the analysis of the human TR repertoire 
response towards a model immune challenge, 
the H1N1 vaccine [73]. In addition, Thomas et 
al. [74] used HTS to assess comprehensively 
how the naïve epitope-specific CD8+ cytotoxic 
T lymphocyte (CTL) repertoire translates to that 
found following an influenza-virus-specific 
immune response. They found that epitope-
specific TCR use in an antiviral immune 
response was the consequence of a complex 
interplay between the naïve cytotoxic T lympho-
cyte precursor pool and extrinsic (likely antigen 
driven) influences, the contribution of which 
varied in an epitope-specific fashion. Moreover, 
work carried out by Zhu et al. reported that der-
mal-epidermal junction (DEJ) CD8aa+ T cells 
were tissue-resident cells that seemed to have 
a fundamental role in immune surveillance and 
in initial containment of HSV-2 reactivation in 
human peripheral tissue, and provided evi-
dence that DEJ CD8aa+ T cells might mediate a 
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effective and rapid peripheral immunity to con-
trol frequent HSV antigen exposure in the 
human genital tract and skin [75]. Therefore, 
eliciting CD8aa+ T cells might be a critical com-
ponent to develop effective vaccines against 
skin and mucosal infections.  

Antibody production platform

After exposure to a foreign antigen, the mam-
malian humoral immune response generates a 
diverse repertoire of antibodies through chang-
es in the genome of B cells by V(D)J gene 
recombination, gene conversion (in chicken 
and rabbit) and somatic hypermutation [76]. 
Each B-cell clone that undergoes this process 
contributes a specific monoclonal antibody to 
the diverse polyclonal response that is critical 
to fending off the infection. Antibodies are 
reagents valued for their ability to bind molecu-

ing was used to identify sequences of interest. 
This posed major limitations because only a 
minute fraction of the library was actually sam-
pled; therefore, its content received only a 
superficial evaluation. Remarkably, HTS app- 
roaches are much better suited to library evalu-
ation. Although massively parallel sequencing 
instrumentation was not even commercially 
available until a few years ago, we have seen a 
rapid expansion of HTS, reflecting a dynamic 
technology transition in this field [84]. Larman 
et al. [85] have developed an antibody produc-
tion platform that incorporates seamless inte-
gration with short-read DNA sequencing tech-
nology. In addition, Weinstein and co-workers 
used the 454 GS FLX high-throughput pyrose-
quencing technology to characterize the anti-
body repertoire of zebrafish by analyzing CDR3 
sequences of the heavy chain [86]. In their 

Figure 2. Overview of the high-throughput methodology for paired VH:VL an-
tibody repertoire analysis. A. B-cell populations are sorted for desired phe-
notype (e.g., memory B cells, naive BCs, naive B cells, mBCs). B. Single cells 
are isolated by random settling into 125-pl wells (56-µm diameter) printed in 
polydimethylsiloxane (PDMS) slides the size of a standard microscope slide 
(1.7 × 105 wells/slide); 2.8-µm poly (dT) microbeads are also added to the 
wells (average 55 beads/well). C. Wells are sealed with a dialysis membrane 
and equilibrated with lysis buffer to lyse cells and anneal VH and VL mRNAs 
to poly (dT) beads (blue figure represents a lysed cell, orange circles depict 
magnetic beads, black lines depict mRNA strands; see Supplementary Video 
1). D. Beads are recovered and emulsified for cDNA synthesis and linkage 
PCR to generate an ~850-base pair VH:VL cDNA product. E. Next-generation 
sequencing is performed to sequence the linked strands. F. Bioinformatic 
processing is used to analyze the paired VH:VL repertoire [88].

lar surfaces with specificity 
and high-affinity. Antibodies 
and related products repre-
sent the fastest growing class 
of therapeutic agents [77, 78]. 
A variety of in vitro approach-
es have been developed to 
generate libraries to identify 
antibodies against numerous 
targets [79]. Some of these 
alternative strategies-involv-
ing single-cell sorting and 
molecular cloning, B-cell im- 
mortalization or phage dis-
play-have become increasing-
ly effective; however, the anti-
bodies they generate do not 
necessarily represent the 
actual antibody repertoire 
found in circulation and their 
production is often time con-
suming and labor intensive 
[80, 81]. In this regard, DNA 
sequencing has played a vital 
role in our understanding of 
antibody structure, function 
and diversification by the 
immune system [82]. It was 
instrumental in the identifica-
tion of antibody variable and 
hypervariable regions, and in- 
creased our understanding of 
the manner in which the Ig 
repertoire is generated [83]. 
Initially, Sanger DNA sequenc-
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study, HTS technology provided insight into the 
breadth of the expressed antibody repertoire 
and the immunological diversity at the level of 
an individual organism. In addition, a recent 
study by Cheung et al. [87] demonstrated a  
proteomics approach that leverages the str- 
engths of two technologies, liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) 
and NGS, for antibody discovery. Using this 
technology, they isolated monoclonal antibod-
ies for five antigens from the sera of immunized 
mice and rabbits. This approach avoids the 
practical and technical challenges of existing 
methods, such as attrition during in vitro cultur-
ing of B cells, the need to construct and pan 
phage libraries or to extensively screen thou-
sands of clones. However, this approach dis-
rupts the cognate pairing of heavy and light 
chains, and thus cannot provide information 
about the identity of immune receptor pairs 
encoded by individual T or B-lymphocytes. 
DeKosky et al. [88] described a way to retain 
this pairing information. The experimental pro-
cedure is shown in Figure 2. In their approach, 
single B cells (>5 × 104 capacity per experi-
ment) are deposited in a high-density microwell 
plate (125 pl/well) and lysed in situ. mRNA is 
then captured on magnetic beads, reverse 
transcribed and amplified by emulsion VH:VL 
linkage PCR. The linked transcripts are ana-
lyzed by Illumina HTS. They applied this technol-
ogy to sequence the repertoire of three human 
cell subsets: peripheral blood IgG+ B cells, 
peripheral plasmablasts isolated after tetanus 
toxoid immunization and memory B cells iso-
lated after seasonal influenza vaccination, to 
discover antigen-specific, high-affinity human 
antibodies. Overall, as the HTS platforms 
mature and evolve further, this approach will 
undoubtedly become widely integrated into 
synthetic antibody research and discovery pro-
grams. This will enable low-cost production of 
high quality synthetic antibodies.

Conclusions 

In summary, HTS of immunoglobulin and TCR 
sequences offers a number of opportunities to 
expand our knowledge of human biology and 
medicine. Realistic analysis of the TCR CDR3 
diversity is crucial to understand the basic 
molecular mechanisms of adaptive immunity in 
health and disease, including the consequenc-
es of autoimmunity, infections, irradiation, 
immunosuppression and blood transplantation 

therapies, aging and other conditions. Fur- 
thermore, this knowledge could be used in bio-
marker discovery, efficacy assessment and 
vaccine development. In this regard, a larger-
scale and longer-term study is required to con-
firm the efficacy and safety of vaccines, and the 
sensitivity and specificity of biomarkers. In 
addition, as much as this technology presents 
an opportunity, it brings with it major challeng-
es in data storage and data analysis. We need 
to consider the human ability to store, view and 
produce meaning from these data. Therefore, 
new databases, computational algorithms and 
software for the analysis of whole repertoires 
are required urgently. More importantly, poten-
tial errors during the sequencing process may 
skew the interpretation [89]. The enormous 
quantity of reads generated by NGS technolo-
gies necessitates cautious interpretation. 
Overall, we believe that with ongoing develop-
ment of immune repertoire sequencing, scien-
tific discoveries in TCR/BCR repertoire studies 
will form the basis for new clinical implications 
in personalized medicine and will provide a 
deeper understanding of immune behavior and 
the immune response.
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