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Abstract

T cells recognize peptides bound to major
histocompatibility complex (MHC) class I
and class II molecules at the cell surface.
This recognition is accomplished by the
expression of T cell receptors (TCR) which
are required to be diverse and adaptable in
order to accommodate the various and vast
number of antigens presented on the MHCs.
Thus, determining TCR repertoires of effector
T cells is necessary to understand the immu-
nological process in responding to cancer pro-
gression,  infection, and  autoimmune
development. Furthermore, understanding the
TCR repertoires will provide a solid frame-
work to predict and test the antigen which is
more critical in autoimmunity. However, it has
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been a technical challenge to sequence the
TCRs and provide a conceptual context in
correlation to the vast number of TCR
repertoires in the immunological system. The
exploding field of single-cell sequencing has
changed how the repertoires are being
investigated and analyzed. In this review, we
focus on the biology of TCRs, TCR signaling
and its implication in autoimmunity. We dis-
cuss important methods in bulk sequencing of
many cells. Lastly, we explore the most perti-
nent platforms in single-cell sequencing and its
application in autoimmunity.
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3.1 Introduction

T cells are a critical component of the adaptive
immune system capable of recognizing a nearly
infinite variety of antigens. T cells recognize
antigens through unique antigen receptors called
T cell receptors (TCRs). Unlike the closely
related B cell receptors (BCRs), which can secrete
as an antibody, TCRs are strictly membrane
bound and are not secreted [1, 2]. As a result,
TCRs lack the opsonization and neutralization
abilities of antibodies and are committed to
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participating in antigen recognition followed by
intracellular signaling and subsequent T cell acti-
vation [3]. TCRs are further distinguished from
BCRs by their mechanisms for antigen recogni-
tion. While BCRs can directly bind to a wide
variety of molecules, TCRs are restricted to
recognizing short peptides of protein antigens
processed and presented by major histocompati-
bility complexes (MHCs) on the body’s own anti-
gen presenting cells (APCs) [4]. Fundamentally,
TCRs function as an antigen recognition receptor
complexed to T cell activating signaling machin-
ery and are activated in response to short contin-
uous amino acid sequences presented on MHC.
TCRs are composed of two heterodimeric poly-
peptide chains linked by a disulfide bond
[1]. Each chain of the TCR consists of two extra-
cellular immunoglobulin domains, a transmem-
brane region and a short cytoplasmic tail
[1]. The two extracellular domains are made up
of the variable (V) region and constant (C) region
[4]. The heterodimeric structure of the TCR is
analogous to the heavy and light chain
heterodimers of BCRs [5]. However, the forked
structure of the BCR consists of two antigen
binding sites, whereas each TCR possesses a sin-
gle antigen binding site. The majority of TCRs
possess an o chain and a 3 chain and are referred
to as afy TCRs. A subset of T cells possesses a y
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Fig. 3.1 The genetic basis of TCR formation. The figure
represents the mRNAs somatic VDJ recombination to
form the alpha and beta chains of TCRs. As indicated,
there is an arrangement step that recombines the VDJ
segment for TCR p and V and J segments for the TCR o
chain. The mRNAs formed have addition and deletion of
nucleotides at the junctions of these segments leading to
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chain and & chain and are referred to as yd TCRs.
yd TCRs are capable of directly recognizing
antigens outside the context of MHC and are
even capable of recognizing non-peptide antigens
[6-8].

T cells possess the ability to bind to a vast
array of peptide antigens through their TCRs; it
has been estimated that humans can produce
between 10" and 10%° possible unique TCR
chains [9]. This enormous variety is imparted by
an unusual genetic mechanism, largely shared
with BCR generation, that provides diversity
concentrated in the antigen binding regions of
the TCR [10]. The V region is the portion of the
TCR that participates in antigen binding. The V
region is not encoded by a single segment of
DNA, but rather is composed of multiple gene
segments that are rearranged through somatic
DNA recombination. Combinatorial diversity
afforded through recombination of the gene
segments is further augmented by junctional
diversity through the random addition of
nucleotides at the interface between segments,
thus allowing for the generation of a nearly limit-
less array of TCRs [11]. The DNA encoding the a
chain of the TCR possesses multiple variable
(V) and joining (J) segments, whereas the f
chain possesses multiple V, diversity (D), and
segments [11, 12] as represented in Fig. 3.1.
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junctional diversity that leads to variability for assessing
specific antigens. There may be different combinations of
genes leading to the final formation of the TCR that
consists of the TCR a and f subunit organized in a con-
stant and variable region wherein the variable region is
responsible for antigen recognition
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A functional TCR will consist of an a chain with a
single V and J segment and a § chain with a
single V, D, and J segment. The act of rearranging
these segments into functional TCRs is referred to
as VDJ recombination. During VDJ recombina-
tion, the gene segments for the o and f chains of
an individual T cell are rearranged in order to
produce a new functional TCR. VDJ recombina-
tion employs both the lymphoid-specific RAGI-
RAG2 complex, so named for recombination
activating genes (RAG), and enzymes of the
more broadly utilized double stranded break
repair (DSBR) system [12, 13]. Antigen binding
within the TCR V region involves the three com-
plementarity determining regions (CDRs) that
contact the antigen MHC complex. CDR1 and
CDR2 are primarily encoded in the V germline
segments and therefore experience less diversity.
CDR3 however includes the junctional regions
and is the primary region in contact with the
antigen [5, 14]. The diversity of the TCR reper-
toire can change or evolve at different stages of
the disease. If one can grasp the repertoire diver-
sity, one can understand the immune response
under various disease conditions, specifically
infectious diseases, cancer, and autoimmune
diseases.

In the past decades, in an attempt to examine
the TCR repertoires, we relied on quantitative
polymerase chain reaction (PCR) and
spectratyping techniques to capture the TCR
sequences. The limitations of these processes are
the low resolution, favoring of the most dominant
sequences, and the inability to pair the receptor
expression. These constraints limit our ability to
resolve the heterogeneity of TCR expression at
high resolution. Currently, with the advancement
of single-cell isolation processes and sequencing
technologies, we are able to decipher the paired
expression of TCRs at single-cell resolution.
Understanding TCRs at the individual cell level
will revolutionize how to profile immune cell
repertoires, antigen discovery, disease prognosis,
and treatment. The body of this review will focus
on both the specific techniques and strategies
used in the past and current single-cell
technologies used to define and sequence TCR
sequences, and how these techniques provide a

better understanding of the immune cascade fol-
lowing antigen presentation in autoimmune
diseases.

3.2 TCR Repertoires
in Autoimmunity
3.2.1 TCR Signaling

TCRs recognize processed peptide antigen
presented on MHC on the surface of the body’s
own cells. The two conventional MHCs, MHC 1
and MHC II are both polygenic and polymorphic
noncovalent protein complexes composed of two
polypeptide chains [4, 15]. TCRs are specific to
both peptide antigen and the MHC to which it is
bound, a phenomenon known as MHC restriction
[4, 16]. MHC I is on the surface of virtually all
nucleated cells in the body. Peptides presented on
MHC I are generally 8—10 amino acids in length
and result from the processing of foreign intracel-
lular proteins [17, 18]. For this reason, MHC 1 is
frequently used to signal viral infection to cyto-
toxic CD8 T cells. MHC 11 is only present on the
surface of antigen presenting cells of the immune
system including B cells, macrophages, and den-
dritic cells. MHC II presents peptides of 13-17,
amino acids in length that have been collected
from the extracellular environment [15]. MHC II
is recognized by CD4 helper T cells which upon
activation stimulate the effector arms of the
immune system [19]. The T cell co-receptors
CD4 and CDS8 increase the T cell sensitivity to
antigens and serve to jumpstart TCR signaling
[1, 2]. T cell activation is considered to require
three discrete signals delivered to T cells [3]
(Fig. 3.2). Signal 1 occurs through the interaction
of TCR and antigenic peptide presented on MHC.
Association of T cell co-receptors CD4 or CD8
and MHC II or MHC 1 respectively are also
considered part of signal 1. Signal 2 consists of
a co-stimulatory signal commonly transmitted by
B7.1 and B7.2 interacting with CD28 on the T
cell surface [19, 20]. Signal 1 and signal 2 together
drive T cell survival and clonal expansion. Signal
3 is delivered through the cytokine environment
acting on the T «cell, and determines
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Fig. 3.2 Three discrete
signals for T cell activation.
Signal 1 occurs through the
interaction of TCR and
antigenic peptide presented
on MHC. Signal 2 is
indicated that consists of a
co-stimulatory signal that is
commonly transmitted by
the B7.1 and B7.2 receptors
of the antigen presenting
cell that interact with CD28
on the T cell surface. Signal
3 that is delivered as a result
of the cytokine
environment acting that
determines the
differentiation of the T cell
to the Thl, Th2, or Th17
subset
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differentiation of CD4 T cells into T helper Thl1,
Th2, or Th17 subsets [19] which further in an
immune response lead to different effector
functions (Fig. 3.3).

3.2.2 Importance of Shaping the T
cell Repertoire

in Autoimmunity

While VDJ recombination allows for the devel-
opment of an arsenal of TCRs capable of
recognizing a nearly limitless array of foreign
peptides and mounting an immune response,
some of the receptors generated will be reactive
against self-peptides. These self-reactive TCRs
can erroneously engage the machinery of the
immune system against the body’s own tissues,
resulting in tissue destruction and potentially an
autoimmune disease [21]. T cells expressing
TCRs that are strongly self-reactive are typically
culled or inactivated through the mechanisms of
central tolerance during T cell development in the
thymus and peripheral tolerance after the T cells
have exited the thymus and entered the secondary

lymphoid tissues [21, 22]. However, the systems
maintaining self-tolerance are imperfect and some
self-reactive T cells will escape selection
[23]. Additionally, some TCRs are specific for
foreign peptides but also reactive against self-
peptides [24]. Therefore, the immune system
must balance the elimination of self-reactive T
cells with the maintenance of a TCR repertoire
capable of providing protection. During infection,
when latently autoreactive T cells are exposed to
self-peptide in an inflammatory environment, the
mechanisms of self-tolerance can break down and
permit the activation of autoreactive T cells
[25, 26].

Autoreactive T cells are critically involved in
many autoimmune diseases either as effector cells
or through the promotion of autoantibody
responses by providing T cell help to B cells
[21]. Type I diabetes is characterized by the infil-
tration of leukocytes, particularly autoreactive
CD8 T cells, into the pancreas [27] where the
cytotoxic CD8 T cells kill the insulin producing
beta cells, resulting in the development of disease
[28]. Multiple sclerosis is another T cell mediated
autoimmune disease where Th17 cells, subsets of
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Fig. 3.3 Effector functions of CD4 T Cells. The differentiation of CD4 T cells into Th1, Th2, or Th17 subsets which
further lead to an immune response and have effector functions. Different T cell subtypes are associated with different

autoimmune diseases

CD4 T cells, propel an inflammatory response
that results in the destruction of the myelin sheath
around nerve axons [29-31]. During the patho-
genesis of psoriasis, multiple autoreactive T cell
subtypes including Thl and Thl7 cells are
activated and contribute towards the development
of inflammatory skin disease [32-34]. For many
autoimmune diseases, the antigens capable of
activating autoreactive T cells have yet to be
defined. Discovery of the sequences of TCRs of
clonally activated T cells in autoimmune diseases
presents an opportunity to elucidate the antigen-
specific response of these clones and gain a better
understanding of the determinants of autoimmune
disease.

3.3  Bulk Sequencing Technologies
Multiple techniques of immune repertoire analy-
sis have been developed over the last decade.
Pioneering studies on TCR repertoires were
initially based on the cloning and sequencing of
PCR-amplified cDNA collections [35-40]. The

mRNA gene expression level of TCR variable
gene segments in bulk is analyzed by techniques
such as semi-quantitative PCR using TCR Vf
family specific primers [41-44]. Bulk sequencing
and analysis do not capture the expression of
single cells, but rather capture bulk samples or
many cells within the samples. Despite being
comprehensive, this qualitative and quantitative
technique does not provide any information about
CDR3 region of TCRs which forms an integral
component of the receptor [4]. The following
discussion will detail some of the major
techniques for bulk TCR analysis.

3.3.1 CDR3 Sequence Analysis by
Immunoscope
Immunoscope, also known as CDR3

spectratyping, was the first qualitative method at
the molecular genetic level for analyzing CDR3
polymorphisms and sequence length diversity
[9, 45—47]. This method based on electrophoretic
analysis of CDR3-PCR fragment length has been
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the standard technique of TCR evaluation since
the 1990s [39, 48]. Musette et al. found an expan-
sion of oligoclonal V5.3 + T cells population in
HLA-DR2 multiple sclerosis (MS) patients
[49]. Ercolini and Miller characterized the cross-
reactive anti-self response induced by a peptide
mimic on a model for MS [50]. Immunoscope
analysis of TCRVf repertoire diversity in patients
with autoimmune lymphoproliferative syndrome
showed an expansion of TCRo/f"CD4 CD8™
double negative T cells derived extra-thymically
from CD8" T cells [51]. Immunoscope analysis
has technical limitations and lacks the key
parameters of capturing TCR diversity such as
specific nucleotide sequences, codon usage, and
amino acid composition [49]. In parallel to
spectratyping, development of real-time PCRs
opened the possibility to evaluate TCR
repertoires with higher precision [39, 50-
54]. Pairing immunoscope with other techniques
allowed capture of quantitative and qualitative
data for the repertoire of V domain and C region
combinations [55-57]. Current approaches aim to
quantify genomic DNA (gDNA) or mRNA
sequences corresponding to CDR3 region of
TCR B chain, the most variable TCR region
[58, 59]. CDR3 sequences are usually unique
markers and the key determinants of antigenic
recognition, quantitative T cell responses, and
clonal composition of the T cell repertoire
[60]. However, CDR1 and CDR2 are also
associated with MHC restriction [61, 62] and
therefore sequencing of all regions is important
to provide the complete information about TCR
structure and its binding characteristics
[63]. Selecting between gDNA and mRNA is an
important consideration for sequencing. The
¢DNA presents high long-term stability, ease of
isolation, and presence of a single DNA template
per T cell. The disadvantages include possible
errors of sequencing due to introns, cells with
residues of VDJ rearrangements and interfering
priming sites of the sample. Contrary to the pres-
ence of multiple TCR transcripts in gDNA, using
mRNA provides the sequence of the entire V and
J gene [51, 59, 63] which is the basis of specific
antigen recognition. Lim et al. combined
immunoscope with MHC peptides multimer-
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based T cell sorting; however, specific T cells
could not be detected due to their low frequency
and/or an insufficient amount of TCR f chain
transcript [57, 64]. For the first time at the nucle-
otide sequence level, the TCR repertoire was
analyzed using molecular cloning and Sanger
sequencing [9, 65, 66]. Nonetheless these
low-throughput approaches were limited due to
their failure to individually sequence a large num-
ber of T cell clones. Over the years, there have
been several methodologies taken into consider-
ation for successful and correct sequencing
analyses. With technological interventions, it
has become possible to amplify both TCR o and
B chains simultaneously. Fundamentally, the
chain is more preferred for analysis due to the
unique presence of the D gene component [63].

3.3.2 High-Throughput Sequencing
Techniques

3.3.2.1 Multiple-Based PCR Methods

All previous techniques presented several

limitations to create an extensive analysis of
TCR repertoire profiling until the development
of high-throughput sequencing (HTS) techniques.
These allowed for massive parallel sequencing of
millions of TCR sequences. The application of
HTS presented promising results in clinical needs
pertaining to infectious diseases, cancer, and spe-
cially autoimmunity [60, 67, 68]. There are three
principal PCR-based enrichment techniques that
are used: the multiplex PCR, target enrichment
PCR, and 5'RACE-switch-oligo nested PCR. The
multiplex technique allows working with both
starting materials: gDNA and RNA and contains
a mix of primers complementary to all known V
segments and a pool of reverse primers for J
segment  or  constant  region exons
[69, 70]. There are several kits that are available
on the market, for example: BGI, Adaptive
Biotechnologies, iRepertoire [71-73] that facili-
tate the multiplex PCR technique. Target
enrichment-based PCRs also work with both
gDNA and RNA. TCR-specific baits complemen-
tary to o and [ transcripts hybridize with
molecules in the library, are conjugated to
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magnetic beads and then undergo amplification
before sequencing. Kits such as SMARTer
ThruPLEX have been developed by Takara Bio.
Lastly the nested PCR approach is an alternative
technology that has been introduced into the bulk
sequencing and is based on the 5’RACE switch-
oligo approach designed only for RNA. It
involves presenting an insert of an adaptor mole-
cule at the 5" end of the ¢cDNA during ¢cDNA
synthesis. This technique was developed by
Clontech and follows the principle of a PCR
where the forward primer binds to 5’ adaptor
molecule and reverse primer binds to the C region
of transcript improving specificity
[74]. Hendriksen et al. analyzed T cell repertoires
of paired liver and gut samples from patients
suffering from primary sclerosing cholangitis
with  inflammatory bowel disease, and
demonstrated their common origin [78]. Spreafico
et al. discovered for the first time circulating
pathogenic-like lymphocytes in patients with
juvenile and rheumatoid arthritis TCR. These
cells are enriched in synovial clonotypes, circu-
late through the site of autoimmune reaction, and
correlated with progression of juvenile and adult
autoimmune arthritis [79]. Expanded findings are
summarized in Table 3.1.

3.3.2.2 Commercial Platforms for Next
Gen Sequencing

Next Gen Sequencing (NGS) consists of current
technologies that have higher accuracy as com-
pared to Sanger High-Throughput Sequencing
(HTS) platforms. The NGS platforms have
refined technologies over time and as a result
there are several available currently.
Technologies such as GS FLX by 454 Life
Sciences/Roche diagnostics, Genome Analyzer,
HiSeq, MiSeq and NextSeq by Illumina, Inc.,
SOLiD by ABI, Ion Torrent by Life
Technologies, Oxford Nanopore, Complete
Genomics by Beijing Genomics Institute, and
GnuBIO are a few platforms that have different
characteristics of sequencing accuracy. The
advantages they provide over HTS differ based
on sequencing depth, read length, error type and
their frequency but include individual TCR
clonotype quantification [58, 75]. Since error
rate is a major consideration, there is a trade-off
in choosing a sequencing platform needed to
correctly manage it. Library preparation for
companies such as Illumina sequencing, Roche,
Life Technologies, and Pacific Biosciences are
almost the same with differences in parameters
such as sequencing adapters, cluster generation

Table 3.1 Application of bulk sequencing technologies in TCR repertoire analysis for autoimmune diseases

Paper Methods

Musette et al. | Immunoscope

[49]

Ecrolini and Immunoscope

Miller [50]

Bristeau- Immunoscope

Leprince et al.

[51]

De Palmaet al. | Immunoscope

[87]

Henriksen Multiplex PCR, immunoSEQ
et al. [78] assay (Adaptive Biotechnologies)
Oftedal et al. Multiplex PCR, ImmunoSEQ
[88] assay

Spreafico et al.

[79]

Multiplex PCR, immunoSEQ

assay

Results

Expansion of oligoclonal VB5.3 + T cells population in
HLA-DR2 MS patients

Characterization of the cross-reactive anti-self response induced
by a peptide mimic on the model for MS

Analysis of TCRV repertoire diversity in patients with
autoimmune lymphoproliferative syndrome demonstrated an
expansion of TCRa/p*CD4~CD8~ double negative T cells
derived extra-thymically from CD8" T cells

Patients affected by SS

Analysis of T cell repertoires of paired liver and gut samples
showed common origin in patients with PSC-IBD

Specific TCRp sequences with limited diversity recognize self-
antigen myeloperoxidase in autoimmune Aire '~ mice, the
utilization of V and J genes are altered due to autoimmunity and
immunization

TCR repertoire of CPLs is enriched in synovial clonotypes and
correlated with progression of juvenile and adult autoimmune
arthritis

MS multiple sclerosis, PSC-IBD primary sclerosing cholangitis-inflammatory bowel disease, SS systemic sclerosis, AIRE
autoimmune regulator, CPLs circulating pathogenic-like lymphocyte
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and application of technologies such as paired
end sequencing. The basic process includes
RNA extraction and fragmentation from the sam-
ple and conversion into cDNA by reverse tran-
scription. DNA fragments are ligated to
sequencing adapters with specific sequences
[76]. These sequences are designed to interact
with a specific platform either the surface of an
individual flow cell in case of Illumina or the
microemulsion-based platform for Ion Torrent.
Library construction involves three primary
steps: (1) fragmentation of starting material
DNA or RNA, (2) adaptor ligation, and (3) ampli-
fication [81, 82]. Initial DNA can be sheared into
short fragments of 200—400 bp (depending on the
sequencing platform) by physical methods
(acoustic sonication and hydrodynamic shearing),
enzymatic (endonuclease and transposase) or
chemical methods (heat digestion with divalent
metal cations) [81, 83]. Random/unbiased frag-
mentation allowing to produce overlapping
segments of optimal length is one of successful
factors for NGS library construction. After frag-
mentation end repair is required, single stranded
segment ends are blunted and 5’ phosphorylated,
following A-tailing by Taq or a Klenow fragment.
The sequencing adaptors are then ligated to the
DNA fragments forming the fragment
library. Several cycles of PCR are performed to
enrich for the library product.. Finally, the DNA
library can be evaluated for quality control and
followed by sequencing through NGS [81, 84].

The lllumina Platform

and Technologies

The Illumina platform presents the leading posi-
tion in the NGS market and it provides sequenc-
ing by synthesis based on reversible
dye-terminators. Illumina HiSeq and MiSeq use
four-channel sequencing systems with individual
image detection of each base. The NextSeq
500 presents a two-sequencing system wherein
only two images are needed for four base calls
that allow reduction in time, cost of sequencing,
and number of cycles as there are two images
simultaneously analyzed from both ends

3.3.2.3
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[77]. Illumina MiSeq is widely used for capturing
the most common and expanded clonotypes,
whereas Illumina HiSeq is mostly applied for
increasing the depth in sequencing [59, 63]. The
principal drawback of bulk sequencing is that it
provides information about the frequency of sin-
gle TCR chains, but no information regarding
their pairing [63]. To remove this bottleneck,
unique molecular identifiers (UMIs) have been
introduced during cDNA synthesis that allow for
reduction in errors during amplification during a
PCR [74]. Using high-throughput deep TCRp
chain sequencing, Muraro et al. showed that
autologous stem cell transplantation has distinc-
tive effects on CD4* and CD8* T cell repertoires
in multiple sclerosis patients [78]. Incorporating
multiple-PCR and 5 rapid-amplification of
cDNA ends (RACE) to capture CDR3 regions
and  high-throughput sequencing platform
HiSeq2000, the authors found no significant dif-
ference in TCR repertoires between pancreatic
cancer patients versus healthy controls, and no
differences were found between the samples of
tumor tissue and the blood samples from patients.
Applying a template-switch anchored RT-PCR
and Illumina sequencing, diverse repertoire of
clonally expanded tumor-reactive lymphocytes
was identified on CD8" melanoma tumor-
infiltrating lymphocytes (TILs). Additionally,
sequencing the TCRp revealed that tumor-
reactive and mutation-specific clonotypes were
highly expanded in the CD8" population and
preferentially expanded in the PD-1+ population
[79-81].

3.4 Single-Cell Sequencing

Techniques

As opposed to the bulk cell analyses that provide
coarse or broader resolution, the TCR repertoires
can be analyzed at a second level that is more
fine-tuned at higher resolution with single-cell
sequencing analysis. This allows us to visualize
the complex interplay between varied cell types
of the immune system bringing about a systemic
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response. Bulk technologies fail mostly in under-
standing the nuances of the complex cell
responses while single cells help in resolving
ambiguity as analyzing the interactions micro-
scopically between individual cells provides
details giving insight to bigger reactions
[82]. As indicated, bulk sequencing procedures
are only able to catch the most common and
expanded clonotypes which may or may not be
ideally suggestive of the immune responses dur-
ing an infection or autoimmune process [83]. Sin-
gle-cell analyses on the other hand provide
information indicative about rare TCR subset
sequence repertoires that will yield a comprehen-
sive understanding of the biological processes of
individual T cells and their dynamic interaction
within the biological system.

As discussed, initially platforms focused pri-
marily on providing sequencing information
on the dominant TCR « and f chains, but current
technologies can sequence the rarer and less fre-
quent cell populations such as TCR of y& T cells
[84]. In T cell repertoire formation, it is essential
to understand the development and expansion of
the cells based on TCR expression. The differen-
tiation of a progenitor T cell into a specific subset
can be identified by single-cell RNA (scRNA)
sequencing as there is clonal expansion of a spe-
cific prototype [84, 85]. Since single-cell
sequencing helps in identification of the TCR
chains at a cellular level, depth becomes an
important consideration as it provides vital infor-
mation  regarding  repertoire  formation
[86, 87]. Major variability can be observed
between two similar cells during the analysis of
single-cell-based data. This variability may be
attributed to either inherent biological variations
or a result of the technique for repertoire analysis.
Single-cell technologies for TCR repertoire anal-
ysis include PCR that involves the reverse tran-
scription of the mRNA to amplify the cDNA from
a single cell. The goal in single-cell receptor
sequencing is to obtain maximum coverage of
cell types and a low cost per cell, with compre-
hensive algorithms and platforms for analysis that
provide extensive detail [88]. The challenges
include the capture of single cells, isolation and

amplification of sufficient materials, and genera-
tion of vast volumes of data that require faster
methods of computation and algorithmic tools
that allow efficient data management.

3.4.1 Microfluidic Technologies

and Platforms

One of the challenges of single-cell sequencing is
the capture of the single cells. Major technologi-
cal improvement in the area of microfluidics has
facilitated the capturing process. Microfluidic
technology involves capturing of individual or
population of cells in emulsion droplets in the
picoliter or nanoliter range that is pumped in by
different speeds using microfluidic devices
[89]. The cell droplets constitution is compatible
with mammalian cells and as a result it keeps cells
functional for further investigation [90]. Cells are
barcoded via specific primers and cDNAs are
generated from thousands of cells in parallel
[91, 92]. The cDNAs formed are pooled by break-
age of the microfluid droplet, amplified by tran-
scription and then sequencing libraries are
prepared [93]. Microfluidic technologies are cur-
rently being used widely in the space of TCR
enrichment sequencing [94]. The advantages
that the process provides consist of providing T
cell activation information, pathogens targeted by
cytotoxic T cells and cytokine release [95—
97]. Not only does it provide real-time informa-
tion about the T cell repertoire, but it also
provides the functional monitoring of the individ-
ual T cell types as opposed to the conventional
methods [70, 98] such as identifying cell
populations via FACS, carrying out PCR and
then mass population sequencing that leads to
loss of diversity [98, 99]. Chokkalingam et al.
have used droplet technology combined with
flow cytometry to identify T cell populations
that secrete IL-2, IFNy, and TNF-a [100]. Konry
et al. have characterized T cells, natural killer
cells, and antigen presenting complexes by
multiplexing different parameters that are found
in a single droplet. McDaniel et al. have proven
that the pairing of both TCR chains (af} or yd) can
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be kept intact by single-cell sequencing by carry-
ing out high-throughput sequencing on millions
of T cell populations by obtaining individual
chain sequences [101]. Further Segaliny et al.
demonstrated the dynamics of TCR T cell
interactions and downstream molecular analysis
using single-cell sequences that confirmed their
matching with target antigens with an exact
specificity [102].

Droplet-based microfluidics has led to rapid
discovery and has provided new tools for learning
single-cell biology that include being a high-
throughput technology [89, 91], providing insight
to sequencing [103-108], secretome analysis
[95, 96, 109], cell-cell interactions [97, 110],
protein and antibody engineering [111], reper-
toire analysis and multiplex biological
interactions [112]. Furthermore, microfluidics
allows for analysis of drug interactions [113],
antigen-specific T cell repertoires [97, 104, 114],
CAR-T cell populations [115] and facilitates
investigation of other protein secretion, e.g.,
antibodies [111, 116-118]. Microfluidics uses
in-situ PCR and can display libraries in the same
run simultaneously [119-121]. Platforms like the
Chromium Single Cell Immune Profiling Solu-
tion by 10x Genomics can provide pertinent
information on TCR, BCR, cell surface protein
expression, and RNA expression in the same cells
[122]. In addition, the small volume provides
increased sensitivity, decreases time and it
improves the signal to noise ratio [123]. As a
result, it provides an insight into complex cellular
heterogeneity instead of an average readout and
provides information on molecular details that are
essential for T cell activation. Not only can real-
time sequencing be done with control of space
time and environmental factors but it does not
compromise the screening sensitivity
[123]. There are multiple studies that have been
conducted to understand multiplex biological
responses, CDR3 CAR-T cell products, and
adoptive T cells that can be used in varied thera-
peutic platforms, and provide real-time data for
analysis by microfluidics [70].

S. Gupta et al.

3.4.2 Generation of TCR Sequences

Using scRNA Sequencing

Single-cell TCR sequencing typically requires a
distinct four step process. First, the isolation of
single cells. This process is often performed using
FACS sorting to isolate the target single cells. As
discussed, microfluidic devices can be used to
sequester single cells [86, 124]. Secondly, cells
are isolated and the RNA is released into a fluid
medium post lysis of the cell and Oligo dt primers
recognize polyadenylated regions which are
amplified as a result of selective reverse transcrip-
tion. In the third step, the complimentary DNA
molecule that is obtained from this process is
amplified to produce multiple replicons, and
then sequenced. Lastly, the output sequence
reads from the reactions are analyzed and
quantified [125]. The reference genome and
transcriptome of interest can be traced back by
comparing the sequence read subset to a reference
genome or transcriptome [86, 124—126]. A shift
has been observed in the single-cell sequencing
landscape, as previously used capillary-based
techniques are being replaced by emulsion-
based PCR techniques. The methodology is
improved as devices use technology where oil-
in-water emulsions are pumped and high
sequence read repeats are analyzed for individual
cells. This provides a detailed insight on the off
TCR chains as the mRNA coding them is released
into the individual droplet that acts as an individ-
ual reaction platform. Within the droplet, the
mRNA is amplified wusing a multiplex
PCR-based approach [70] (Fig. 3.4).

3.4.3 Single-Cell Sequencing Data

Multiplex PCR systems and high-throughput
systems have been used in the past for analyzing
the TCR sequences. The protocol as described
above uses isolation, amplification, library prepa-
ration, and sequencing for TCR a and f chains
[79, 127]. There are two fundamental strategies:
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barcoding and full-length complimentary DNA
sequencing. PCR has been used in the process
of single-cell barcoding, a method of identifica-
tion of cell subtypes. A barcode is a unique nucle-
otide sequence obtained from a single cell that
tags cell transcripts and allows tracing the RNA
back to its origin. This once linked to the TCR can
help in identifying individual T cell types and
subsets with distinct functions [128]. Full-length
sequencing on the other hand involves pooling
the cDNA obtained from each cell and then
making a single-cell library for comparison of
the sequence. This process is time consuming
and expensive but sensitive and can provide
information about changes in individual base
pairs, mutations in the CDR3 region, difference
in isoforms, and differences in a and f chain
pairing [98]. The SMART-seq protocol that was
developed by Stubbington was one of the first
tools developed to reconstruct paired TCR o and
B chains. Named TraCer, it was used to validate
the sequences of the TCR off chains. The same
cDNA was used for sequencing libraries and this
validated the experimental approach as the start
was the same PCR-based approach and the result
a comparison for the chain sequences. This pro-
cedure has given an impetus to the requirement of
efficiency in the approach [98]. TRAPes was
another tool that was created to read short-read
single-cell RNA-sequence libraries [129]. Other
methods such as the non-strand specific poly-A
tailing described by Tang et al. showed a weak
positional bias for the 3’ end of the RNA
[105]. The CEL-seq and MARS-seq that are sim-
ilar techniques are also based on the principle of
in-vitro transcription and having the same strong
3’ positional bias [130]. Quartz-seq a platform
based on Poly-A tailing is able to provide low
depth sequencing accurate results as it is one of
the few that use a non-specific 3’ weak positional
bias [131]. Further, platforms like the VDJ puzzle
allow the analysis of T cell gene expression and
TCR diversity, which consist of a library forma-
tion and then comparison of the sequences to the
antigen-specific circulating CD8 T cells for addi-
tional validation [132].
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3.4.4 An Application of Single-Cell

TCR Sequencing

It has always been the goal of TCR research to
identify the T cells at the genetic and biological
levels simultaneously; it is an ongoing quest to
understand the individuality of pathogenic or pro-
tective T cells in diseases. The challenges often
encountered include the insufficiently small size
of the human patients’ biopsies and the near
impossibility of simultaneously examining
biological functions of individual live cells
isolated from the glands and their genetic profiles.
Numerous attempts have been made using
techniques such as laser capture micro-dissection
or flow cytometric sorting to obtain single-cell
populations. However, both techniques are cum-
bersome and neither can satisfactorily ensure
single-cell analysis. Furthermore, the integrity of
such isolated cells is greatly compromised due to
the vigorous isolation process, which can affect
subsequent  micromanipulation and even
functions of infiltrating T cells. Due to the fact
that the purified cells are often either not viable or
damaged, important information regarding the
biological function(s) is difficult or impossible
to obtain. To circumvent these challenges, we
utilize the single-cell microengraving technology
which was developed originally by the Love
group at MIT as a tool for identification, profiling,
and selection of single cells, specifically based on
their reactivity to or secretion of proteins
[118, 133-135]. The nanochip is fabricated via
soft lithography, where arrays of nanowells are
manufactured onto a glass slide consisting of
24 x 72 blocks containing 7 x 7 arranged
nanowells within each block, yielding 84,672
50 pm nanowells per array. Additionally, these
can be manufactured to produce 30 pm
nanowells, where the arrays consist of 248,832
nanowells. Sylgard 184 silicone elastomer base
(polydimethyl-siloxane, PDMS) is cured in a
custom-built aluminum mold to produce these
microchips. After cells are stained for desired
cell surface markers with fluorescently conju-
gated antibodies and/or calcein (a live/dead
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marker), the cells are distributed on the micro-
chip. As shown in Fig. 3.5, they can be analyzed
by fluorescent microscopy, where images are
taken of the 7 x 7 grid of nanowells to determine
the identity of the cells. Next, the microchip is
hybridized with a capture slide. This is a poly-L-
Lysine slide coated with a desired protein or an
antibody against a desired protein. For example,
for identification of T helper cells, one would coat
the slide with anti-IFNy and anti-IL-17. In com-
bination with the data from the fluorescent
microscopy, identification of Thl, Th2, and
Th17 cells would be possible. Alternatively, to
isolate reactive antibodies, one would coat the
capture slide with proteins of interest in order to
identify B cell reactivity. Notably, in the case of
identifying cells based on secreted proteins or
antibodies, single-cell microengraving is advanta-
geous over comparable techniques, such as flow,
because the cells remain active during the process
and do not need to be permeabilized, such as in
the case of flow cytometry. After hybridization,
the capture slide is exposed to detection (fluores-
cent) antibodies and/or proteins. The capture slide
can be analyzed on a microarray scanner and the
array data is then aligned against the fluorescent
microscopy data to give a complete profile of the
cells.

One notable application of this approach is the
area of Sjogren’s syndrome (SjS) in which we
sought to determine the TCR repertoires of path-
ogenic T cells that infiltrate the salivary glands,
the main targeted tissue in SjS. Other groups have
been trying to sequence pathogenic T cells for
well over two decades utilizing a variety of
techniques [136—141]. Commonly, the final tech-
nique involves nested PCRs to identify the TCR
sequences. Single-cell sorting by flow is the most
common technique to isolate T cells prior to this
[142—145]. As previously mentioned, the pitfall
of this technique is the lack of specific subset
identification of the T cells. The one measure to
counteract this is to permeabilize the membrane,
killing the cells. Currently, there is no way to
identify intracellular antigens while keeping the
cells alive. Recently, single-cell microengraving
has been successfully utilized in this effort
[146]. As outlined in Fig. 3.6, cells presenting

the correct phenotypes were selected, e.g., live
Th1, Th17 cells, from the biopsies of SjS patients
and sicca controls (patients who present a similar
disease phenotype, but who do not meet the
criteria of SjS). After the cells were lysed to
retrieve RNA, RT-PCR was performed, immedi-
ately followed by nested PCR for the alpha and
beta TCR chains and those products were
sequenced. These sequences were then aligned
against databases for identification of VDI
regions and compared between the subject and
control groups as well as the subset of cells to
identify unique subsets presenting specific TCRs,
implying a shared antigen. Our recent study has
identified that glandular Th1l and Th17 cells of
control and SjS patients expressed common
TCRpP variable (TRBV)3-1 and TRBV20,
whereas TCRa variable (TRAV)8-2 was uniquely
expressed by Th1 of SjS patients [146]. Using the
SjS animal model, we have shown that salivary
Thl cells of male mice selected for TRAVS and
TRBV16 in Thl and Th17 cells, whereas female
Th1 cells selected for TRAVS, TRAV13D-2, and
TRBV23 [147]. Other studies attest to our
findings by ascertaining unique glandular TCRs
in the human and animal models of SjS
[145, 148]. Our seminal studies clearly imply
that the clonal expansion of the effector T cells
with the conserved TCRs is driven by SG cell
antigens, and autoimmune responses to SG cell
autoantigens evidence a specific loss of immuno-
logical self-tolerance.

3.4.5 Advantages and Limitations

of Single-Cell Sequencing

A variety of bulk sequencing measurements give
insight about large, mixed populations of cells.
ELISA, PCR, and transcriptional profiling pro-
vide information about rapidly multiplying cells
[149]. The bulk measurements stated above do
not provide input on unique subsets of cells such
as clonally expanded B cells and T cells. The
parameters tested in bulk measurements average
out phenotypic states of cells and give a generic
outlook of the basic interactions among cells
[150]. TCR profiling includes analyzing the
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Fig. 3.5 Single-cell microengraving technology. The
fabricated nanowells were loaded with lymphocytes
obtained from biopsies and were imaged using an
automated epifluorescence microscope to cell populations

Fig. 3.5 (continued) based on surface markers.
Hybridized nanowells with capture slides containing anti-
human immunoglobulins against [L-17 and IFNy for Th17
and Th1 cells as an example were analyzed. Post incuba-
tion, nanowells containing intact live cells and capture
slides were separated and antibody-specific fluoro-
chrome-conjugated antibodies were used detection
antibodies. Lastly, micrographs of microarrays were
generated by scanning using a GenePix Autoloader
4200AL microarray scanner

transcriptome that is generated by the RNA.
While offering many advantages, there are gaps
in information which are unaccounted for in
single-cell sequencing techniques. Some include
accountability for stress conditions in the
surrounding environment that affect individual
cells. Cells may lie in varied cycle phases and
each individual unit may display a variation in
gene expression, size, and RNA content. Further-
more, every run in the single-cell sequencing
process requires a large cell population harvested
from fresh material, and it is expensive and covers
limited cell populations [151]. Hence, despite the
accuracy the variation that arises is mostly a con-
sequence of all these factors. This aspect is not
addressed clearly in most commercially available
platforms available for TCR analysis [88, 92]. To
combat these issues, there is a requirement of
unprejudiced and reproducible gene expression
patterns in single cells [152]. Seeing the varied
factors that influence TCR analysis, there are
different computational approaches that use vari-
able models to account for variability in results
and provide a better insight to the data
obtained [92].

3.5 Conclusion

Significant technological advancement has
catapulted the field of single-cell TCR sequenc-
ing. The remaining unanswered quests are how
fast the field of bioinformatics will evolve to
analyze and manage the large data generated.
Recent interests in systemic biology of single T
cells involve identification of the T cell subsets
based on surface markers, gene expression at the
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Fig. 3.6 An example of T BF Calcein
helper cell profiling using
single-cell microengraving
technology. Representation
of cells (bright field [BF])
as observed in the process
of microengraving in
nanowells labeled with
calcein (indicating live
cells). Micrographs of
matching microarray by
microengraving show
detection signals for CD3,
CD4, CD8, IFNy, and
IL-17A responsive cells as
represented in the
demonstration
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single-cell transcriptome, and single-cell TCR
expression. Our ability to comprehend and orga-
nize this set of new data will be limited if we are
not able to organize the data in a biologically
meaningful way. The second aspect that we
must grapple with is its usefulness in antigen
discovery. The current approach in examining
and testing the antigen specificity of individual
T cell clone is labor intensive using vast peptide-
MHC libraries under culture conditions mimick-
ing the in-vivo environment. In order to improve
diagnosis and define therapy, specifically
personalized medicine, it is imperative that we
can identify and test the antigen specificity
based on the single-cell TCRs. Emerging single-
cell technologies bring promising discoveries but
there are challenges that need to be addressed in
order to fully comprehend the TCR repertoires
and its application.
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