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T cell receptor sequencing in autoimmunity
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Abstract

T cells are an integral component of the adaptive immune response via the recognition of peptides
by the cell surface-expressed T cell receptor (TCR). Rearrangement of the TCR genes results in a
highly polymorphic repertoire on the T cells within a given individual. Although the diverse
repertoire is beneficial for immune responses to foreign pathogens, recognition of self-peptides by
T cells can contribute to the development of autoimmune disorders. Increasing evidence supports a
pathogenic role for T cells in autoimmune pathology, and it is of interest to determine the TCR
repertoires involved in autoimmune disease development. In this review, we summarize
methodologies and advancements in the TCR sequencing field and discuss recent studies focused
on TCR sequencing in a variety of autoimmune conditions. The rapidly evolving methodology of
TCR sequencing has the potential to allow for a better understanding of autoimmune disease
pathogenesis, identify disease-specific biomarkers, and aid in developing therapies to prevent and
treat a number of these disorders.
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Introduction

Major histocompatibility complex (MHC)
A major genetic determinant conferring risk for developing many autoimmune diseases
resides in the human leukocyte antigen (HLA) locus on chromosome 612, HLA genes
encode major histocompatibility complex (MHC) proteins, which are expressed on antigen
presenting cells (APCs) and function to present peptide antigens to T cells. Peptides are
pieces of intact proteins that have been degraded by the APC and are subsequently loaded
onto the MHC molecule for presentation. The peptide-MHC (pMHC) on the cell surface of
the APC in conjunction with the T cell receptor (TCR) is collectively termed the
trimolecular complex, and T cells are restricted by both the presented peptide and MHC
molecule (Figure 1).

In general, there are two classes of MHC molecules that present peptides to T cells. MHC
class I is expressed on all nucleated cells, while MHC class 11 is expressed on specific cell
types (e.g., dendritic cells, macrophages, and B cells). In humans, the polymorphic HLA
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class I genes include HLA-A, HLA-B, and HLA-C, while the polymorphic class 11 genes are
HLA-DR, HLA-DP, and HLA-DQ (Figure 2). Each individual inherits a combination of six
class I and six class Il alleles (two each of HLA-A, -B, -C, -DR, -DP, and -DQ). Each
protein-expressed MHC variant possesses unique preferences for which peptides bind and
are subsequently presented to activate T cells.

T cells and T cell receptor (TCR) rearrangement

Two main subtypes of T cells are involved in cell-mediated immunity: CD8 and CD4 T
cells. CD8 T cells are cytotoxic T cells that respond to peptide presented in the context of
MHC class | and directly kill infected cells. In contrast, CD4 T cells are T helper cells (Th
cells) which respond to peptides presented by MHC class 11 and aid in stimulating other
immune cells such as macrophages, B cells, and cytotoxic CD8 T cells. CD4 T cells can
stimulate these cells either via secretion of cytokines or by upregulating costimulatory
molecules on their surface. One subset of CD4 T cells include regulatory T cells (Tregs), and
these cells function to suppress immune responses and maintain tolerance to self-tissues for
the prevention of autoimmunity34.

The TCR is cell surface-expressed and recognizes peptide bound to MHC with contact made
to both the amino acid side chains of the presented peptide and the MHC molecule. The
antigen specificity of any given TCR is determined by the amino acid sequence of the
receptor. However, a TCR is not encoded by a single germline-encoded gene. Rather, it is
generated by the combination of noncontiguous gene segments via a process called VV(D)J
recombination, leading to a diverse repertoire of TCRs in a given individual capable of
recognizing nearly any peptide presented in the context of MHC (Figure 3). Progenitor cells
give rise to T cells in the thymus where the process of VV(D)J recombination occurs. The a
and B chains of the TCR are each comprised of variable (V) and constant (C) regions. The
TCRa locus consists of Va and Ja gene segments, while the TCRp locus contains VB, DB,
and JB gene segments. First, the TCRp chain undergoes somatic recombination of the D-J
segments followed by V-DJ recombination. For the alpha chain, a V-J recombination event
occurs (with no D segments contributing to the alpha chain). The V(D)J V region exon is
transcribed and spliced to join either Cp or Ca,, and the mRNA is translated to form the
TCRp or TCRa chain, respectively. Pairing of the two chains forms the heterodimeric
aBTCR. During the recombination events, N and P nucleotide additions occur due to
enzymatic addition of random nucleotides and repair of the double stranded breaks required
for recombination, respectively. Additionally, nucleotides are also deleted during the
process, leading to further diversity of the TCR repertoire. As the C region of each chain is
identical for any given species, the V region is of most interest in determining the antigen
specificity of a given TCR. In fact, direct contact with the peptide presented by MHC occurs
within the hypervariable complementary-determining region 3 (CDR3) loops of the V
regions, and the CDR3 loops are considered the primary determinant of antigen
specificity>=2. In contrast, the CDR1 and CDR2 loops more directly contact the MHC
helices.
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TCR Sequencing Methods

The TCR repertoire within a given individual is diverse due to the recombination events
randomly joining various V, D, and J gene segments, the occurrence of non-template
insertions and deletions, and being comprised of two chains (a and ). It would be
conceivable, then, that each TCR was specific for one peptide. Indeed, the estimated
potential diversity of the TCR repertoire in humans is greater than 10e20; however, because
the number of T cells in a human (~10e11) is far lower, every TCR must have some ability
to cross-react with several different peptides®-14. Although the TCR repertoire in an
individual is highly diverse, infections, cancers, and autoimmune conditions can cause
expansion of T cells bearing identical TCRs in a process known as clonal expansion.
Clonally expanded T cells can be identified by sequencing of the TCR repertoire within an
individual.

Several methodologies have been established over the last few years that have greatly
enhanced the ability to identify TCRa, TCRp, and paired apTCR sequences from bulk
samples and single-cell suspensions (Table 1). Traditionally, multiplex polymerase chain
reaction (PCR) protocols have had the capacity to amplify and sequence only one TCR chain
at a time, losing the pairing information for the complete aTCR and, subsequently, the
ability to determine the antigen specificity of a given TCR. However, there have been several
recent studies in which both chains of the TCR were identified either in bulk samples or on
single cells5-22, Additionally, sophisticated statistical analyses have been developed to
identify paired chains based on the probability of pairing due to frequencies of the chains in
a given sample2324. As reviewed previously2®, there are several issues with each of these
approaches, including the possibility that lower-frequency clones may be overlooked, a and
B chains can be promiscuous!®17:20.26 ' many TCRs utilize more than one a or B
chain1®27-29 as well as general PCR amplification and sequencing errors.

Another issue is associated with expanding primary T cells in cytokines for extended periods
before sequencing, which can cause biases in the sequenced repertoire?4:30.31, Therefore, in
order to accurately assess the TCR repertoire of a given sample, an ideal methodology would
assess T cells directly ex vivo with no manipulation via long-term culture supplemented with
cytokines such as IL-2, IL-15, or TGF-p.

Single chain TCR sequencing—Traditional TCR sequencing involved molecular
cloning and Sanger sequencing32:33, Typically, V region and C region primers were designed
to amplify fragments of the TCR that included the CDRS3 region. Although this methodology
allowed for nucleotide-level determination of TCR CDR3 sequences, it was low-throughput
and could sequence relatively few TCRs from a given sample.

Another pioneering method for TCR determination involved TCR V region analyses at the
protein level using fluorescently-tagged monoclonal antibodies specific for particular TCR
VB regions343°, Currently, monoclonal antibodies are available for the detection of both
TCR Va and VP families. Although V region information can be gleaned from bulk cell
samples, the sequences of TCRs, especially those responsible for contacting pMHC (i.e., the
CDR3 loops), cannot be determined using monoclonal antibodies.
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High throughput TCR sequencing—A major breakthrough in TCR sequencing has
been the usage of next generation sequencing (NGS) to deep sequence TCRs. Deep
sequencing consists of sequencing a particular genomic region hundreds or thousands of
times, and this methodology can identify clonal expansions within TCR repertoires.
Commercially available options for determining aBTCR usage include the Immune
Repertoire service by iRepertoire and the immunoSEQ platform by Adaptive
Biotechnologies. Both utilize multiplex PCRs to separately amplify all Va or V regions of
the TCRs in a given sample. As such, the most frequent TCRa or TCRp sequences can be
determined for any sample, allowing for identification of repeated sequences, indicative of
clonal expansions of T cells. Although sequencing bulk cell populations in this manner can
potentially sequence millions of cells (i.e., very deep sequencing), the Immune Repertoire
and immunoSEQ technologies are both limited to either TCRa or TCRp sequencing as
opposed to identification of paired aBTCRs on single cells.

Single-cell TCR sequencing—Several methodologies have been developed to overcome
the limitations of single chain TCR sequencing, including iPair from iRepertoire, single-cell
PCR (scPCR)16:18 and emulsion PCR (ePCR)19:20.36_ Additionally, targeted or whole
genome sequencing can be paired with TCR sequencing on single cells to analyze the
phenotype, functional state, and activation status of T cells using reagents similar to scPCR
with the inclusion of T cell phenotype-specific primersl’. Paired TCR and genomic analyses
can be performed using commercially-available instruments and kits from companies such
as 10X Genomics (Chromium Single Cell Immune profiling paired with Single Cell Gene
Expression), iRepertoire (iPair+), and Fluidigm (C1 single-cell mMRNA sequencing with
TraCeR analysis).

iPair, C1, and traditional scPCR involve sorting and separating single T cells. Sorting of the
cells can be performed by magnetic bead sorting followed by dilution of the cells into one
cell per well of a multi-well plate or by flow cytometry (fluorescence-activated cell sorting,
FACS) into multi-well plates. Individual cells are barcoded for downstream identification
before amplifying TCR sequences via subsequent PCR reactions. In this manner, each cell
receives a unique barcode so that the TCR sequence can be traced back to one particular cell
in the sample. Furthermore, some scPCR protocols include primers for determining T cell
phenotypes!’. Although these technologies are able to pair the a and p TCR chains on
single T cells, cell numbers are limited due to cost of reagents and technical feasibility. The
C1 platform can accommodate up to 800 cells, and iPair and scPCR are typically performed
on just a few hundred cells per sample, as they are sorted into 96 well plates. Therefore,
these methodologies are most useful for samples in which the TCR repertoires contain
clonal expansions and are considered to be skewed repertoires.

Another methodology that has been recently developed for the identification of afTCR
pairs is ePCR. ePCR has several advantages over other high-throughput sequencing
approaches, including the ability to sequence large numbers of cells on a single-cell level,
the capability of sequencing T cells directly ex vivo without cloning or expanding the cells
using cytokines such as IL-2, and the capacity to amplify small amounts of template DNA.
The cells are not sorted into multi-well plates; rather, cells are captured individually by
vortexing the sample in an oil-in-water mixture, allowing for single cells to be captured and
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barcoded within each droplet. The PCR reactions are similar to those previously established
for sequencing of TCR chains, but one key difference is that the reactions physically link the
TCRa chain to the TCRp chain for a given cell, generating a single aTCR product that is
sequenced together on a per-cell and per-patient sample basis. However, although
optimization of the protocol has been performed20:36-39  challenges with ePCR are
abundant. For example, the size of the emulsion droplets can be an issue in terms of
separating T cells into individual micro-reactors. Additionally, it has been argued that ePCR
is not directly quantitative, and over-amplification of the top apTCR pairs likely occurs for
most emulsion samples9:49,

In addition to TCR sequencing, important information about a single T cell can be
determined by assessing the expression of hundreds of other genes related to properties such
as metabolism, immune phenotype, or cell cycle. As such, methodologies have been
developed to pair TCR sequencing with gene expression on single cells. 10x Genomics,
iRepertoire, and Fluidigm have commercially available platforms for analyzing both TCR
sequences and targeted or whole genome sequencing on a single-cell level. The Next GEM
platform by 10X Genomics barcodes single cells and captures them in an oil mixture before
subsequently generating cDNA. The cDNA can then be split into aliquots for single-cell
TCR sequencing and single-cell RNA sequencing. As the cells are barcoded in the first step,
the TCR information can be linked to RNA expression data via matching barcodes.
According to protocols from 10X Genomics, the maximum number of cells that can be
loaded is 10,000 per run. iRepertoire can combine its iPair technology with targeted gene
sequencing on a single-cell level after the cells have been sorted into 96 well plates.
Fluidigm uses C1 single-cell mRNA sequencing to first determine RNA sequencing data
from single cells that can then be analyzed via TraCeR to reconstruct TCR sequences from
those data. Per Fluidigm protocols, C1 technology can analyze up to 800 cells per run.

A number of these TCR sequencing technologies have been utilized to characterize T cells
in autoimmune diseases.

TCR sequencing in autoimmune diseases

It is of interest to identify clonal expansions of T cells involved in autoimmune disease
pathogenesis or those that are important for the prevention of autoimmunity. Many
autoimmune diseases are linked to specific HLA genes. Therefore, knowing the TCR
component of the trimolecular complex would enable a better understanding of the potential
peptide(s) driving disease pathogenesis and allow for the identification of T cell biomarkers
at the genomic level. Similarly, knowing the TCR repertoires that play a role in protection
from autoimmunity or in immune homeostasis would aid in developing preventative
therapeutics for those genetically at risk for developing such diseases.

One disadvantage of studying T cells involved in autoimmune pathogenesis is that they
typically comprise a small percentage of all T cells in the peripheral blood or even within the
primary organ involved in the autoimmune process. Therefore, pathogenic T cells from
patients are often expanded using disease-specific antigens of interest. Another method to
focus the sequencing on antigen-specific T cells involves isolating the pertinent cells using
fluorescent MHC tetramers (or multimers) consisting of specific pMHC complexes. Using
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these reagents, the fluorescently labeled T cells can be detected and quantified by flow
cytometry or cell sorted for downstream applications such as TCR sequencing.

TCR sequencing has been performed on human T cells in a variety of autoimmune diseases,
including celiac disease (CD), type 1 diabetes (T1D), systemic lupus erythematosus (SLE),
rheumatoid arthritis (RA), and Lofgren’s syndrome (LS). Pertinent TCR sequencing findings
for each disease are discussed below.

Celiac disease (CD)—One of the most common autoimmune conditions worldwide is
celiac disease (CD), with a prevalence of ~1%%142. In CD patients, damage to the small
intestine occurs after consumption of gluten, a collective term for proteins found in wheat,
rye, barley, and other cereal grains*3. Gastrointestinal and extra-intestinal forms of the
disease can both lead to nutrient malabsorption, and symptoms include diarrhea, weight loss,
constipation, anemia, osteoporosis, neurologic disorders, and skin manifestations!. CD has
a strong MHC class Il linkage, with HLA-DQ2 and HLA-DQ8 being the major genetic risk
factors for disease development**. The immune response leading to CD pathophysiology has
been well studied and involves post-translational modification of gluten peptides via a
process of deamidation (glutamate — glutamine) mediated by tissue transglutaminase®®.
Recognition of these modified gluten peptides by HLA-DQ8- and HLA-DQ2-restricted CD4
T cells leads to an adaptive immune response involved in CD pathogenesis#647.

Several studies have sequenced TCRs from CD4 T cells isolated from peripheral blood and
the small intestines of CD patients. Peripheral blood T cells isolated from gluten-challenged
CD patients using gliadin/DQ?2 tetramers have demonstrated a TRBV7-2 preference?849, In
a another study, gliadin/DQ2 tetramer-specific peripheral blood CD4 T cells were isolated
after gluten challenge, and TCRs were directly sequenced without expansion®C. Preferential
TRBYV usage with TRBV7 was confirmed, and TRBV20, TRAV26, and TRAV4 were also
identified as commonly used TCR chains. Another group expanded CD4 T cells from small
intestinal biopsies of CD patients and observed TRBV7-2/TRAV26-1 biases along with
clones bearing TRBV20-1 or TRBV29-1°1, One study isolated DNA from the duodenal
mucosa and found identical CDR3p motifs comprising a high percentage of the repertoires
in CD patients, with TRBV6 and TRBV7 being overrepresented®2. Several groups have also
focused on analyzing DQ8-restricted CD4 T cells from the small intestines of CD
patients®3-2°, The findings indicated that tetramer+ cells predominantly expressed TRBV9
with differing TCRa chains. Taken together, these studies identified preferred TCRp chain
usage for T cells restricted to gliadin/DQ2 and gliadin/DQ8 with varying TCRa chain usage
for each.

A recent study looked at the TCRP repertoires of peripheral blood and intestinal CD4 T cells
before and after gluten challenge®8. When comparing the TCR diversity in the peripheral
blood of all patients for the two time points, no difference in TRBV gene usage was seen
pre- versus post-gluten challenge. However, when comparing within patients’ private
repertoires (i.e., those TCR sequences unique to an individual and not shared between
patients), increased usage of TRBV5, TRBV6, TRBV7, and TRBV18 was observed in some
patients after gluten challenge. Within the sequencing results, previously identified public
TCRp clonotypes were found in both blood and gut repertoires. Another study examined the
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peripheral blood and intestinal TCR repertoires in CD patients over time®’. When assessing
cells from CD patients for up to two years after beginning a gluten-free diet, the number of
gluten-specific CD4 T cells decreased in all patients. The clonal diversity of CD4 T cells in
both compartments increased, indicating that the large clonal expansions contracted after
initiation of a gluten-free diet. CD patients were then given dietary gluten for 14 days, and
the number of gluten-specific CD4 T cells increased and were comprised of expansions of
clonal populations. The TCR repertoire of the expanded cells overlapped significantly with
the repertoire prior to gluten challenge, indicating that these cells were likely expansions of
pre-existing memory CD4 T cells that had been exposed to gluten in the past. The
sequencing results included public CDR3 sequences that had been previously identified.

Type 1 diabetes (T1D)—One of the most common chronic diseases in children is type 1
diabetes (T1D), with incidence rates of approximately 1/300°8. Although often diagnosed in
childhood, the disease can present at any age. The primary disease pathogenesis results from
T cell-mediated destruction of the insulin-producing pancreatic beta cells, leading to a
lifelong dependency on exogenous insulin. T1D patients develop autoantibodies that can be
identified prior to clinical disease onset, and the presence of multiple autoantibodies is
predictive of eventual T1D development®®. As there is no cure for the disease, understanding
the T cell repertoire in the pancreatic islets and peripheral blood of T1D patients could
enable the identification of biomarkers of active disease (e.g., immune infiltration into the
pancreatic islets) and aid in developing immune therapies to prevent disease onset.

Sequencing of bulk alpha and beta chain TCR repertoires of antigen-expanded peripheral
blood CD4 T cells from T1D patients has suggested shared TCRa chain usage, including
TRAV38-180, Similar to celiac disease, fluorescent multimers have been used to identify
dominant aBTCR clonotypes in peripheral blood samples from T1D patients. In one study,
identical TCRa chains were shared amongst the three T1D patients, but they all paired with
different TCRP chains®1. When one T1D patient’s repertoire was assessed ten months later,
the dominant clones were still present. Additionally, the dominant clones could not be
detected directly ex vivo in control individuals, but they were detectable in 20% of
autoantibody positive and 43% of recent onset T1D patients. Furthermore, clonal lines
expressing the dominant clones were able to kill target cells in an antigen-specific manner.

Another study looked at TRBV repertoires of cells obtained from the pancreatic lymph
nodes (pLN) and spleens of T1D and non-diabetic organ donors®2. The study identified
known T1D CD8 clones, one of which accounted for more than 25% of all TCR sequences
in the pLN of one donor. There was more CDR3p overlap between pLN, spleen, and other
lymph nodes in T1D than in those tissues from non-diabetic donors. These findings indicate
the potential to track disease-specific clones using the CDR3 region of TCRp chains across
immune organs in T1D.

Paired aTCR sequences from the residual pancreatic islets of three T1D organ donors were
obtained in a different study using single-cell sequencing on flow-sorted CD4 and CD8 T
cells!®. Although the majority of the TCR sequences were unique, several CD4 and CD8
TCR sequences were detected multiple times within each patient and from separate islet
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samples, suggesting clonal expansions within the pancreatic islets. Antigen specificity of the
expanded clones was studied and found to be specific for (pro)insulin peptides.

A recent study isolated peripheral blood CD8 T cells from T1D patients and non-diabetic
individuals and then sequenced apTCRs of the cells that were reactive to a zinc transporter
8 (ZnT8) peptide, a self-antigen in T1D82. The study did not isolate single cells, but rather,
TCRa and TCRp chains were sequenced from bulk sorted CD8 T cells after separating the
cells based upon activation and phenotypic markers. As with previous studies, identical
CDR3 sequences were repeated within individuals but were not shared amongst different
individuals. In one patient, a sample taken nine months later was stimulated with ZnT8, and
several of the same TCRs were found in ZnT8-responsive cells, indicating persistence of this
self-antigen specific CD8 T cell clone.

Systemic lupus erythematosus (SLE)—Another relatively common autoimmune
disorder is systemic lupus erythematosus (SLE), with worldwide incidence ranging from 0.3
— 500 per 100,000%4. SLE is a systemic autoimmune condition with varying symptoms and
clinical presentations, and although multiple autoantibodies are associated with the disease,
those targeting nucleic acids are the hallmark®°. Furthermore, the strongest genetic risk for
development of SLE is within the MHC, implicating both class I and class 11 (in particular,
HLA-DQ2 and HLA-DR3)%6-69, T cells are thought to play a role in SLE pathogenesis due
to their association with the MHC molecules implicated in genetic risk, their interactions
with autoantibody-producing B cells, and the ability of adoptively-transferred T cells to
cause a disease similar to lupus in mouse models of SLE®>. Furthermore, studies have
described T cell infiltration of the kidneys, one of the major organs affected by SLE70-72,
Therefore, identifying clonal expansions of T cells in SLE patients would be beneficial for a
better understanding of disease pathogenesis, biomarkers, and potential treatment strategies.

In a study looking at the TCRp repertoires of CD4 and CD8 T cells in the peripheral blood
and renal biopsies from SLE patients, clonal expansions revealed eight predominant TRBV
genes’3. The authors biopsied various regions of the kidney and compared clonotypes from
each section within individuals. In one instance, a TRBV3-expressing CD8 clone was found
in five regions of the kidney in one patient, and there were other SLE patients with TCRs
shared on T cells from two or more regions of the kidney.

Another study looked at TCRp usage on T cells from the peripheral blood of control and
SLE patients’. A higher percentage of T cell clones were found in the SLE group than in
controls, but there was no overlap in clonal sequences between individuals (i.e., the
repertoires were private). The TCRp sequences from T cells within blood of control and
SLE patients have also been examined’®. There was a slight decrease in TCR diversity
within the SLE group compared to controls (indicating clonal expansions), and the
frequencies of TRBYV families were different in the two groups, with TRBV25-1 and
TRBV7-6 being found in nearly half of the SLE patients but in none of the controls. A
similar study found nearly 200 clones that were unique to SLE patients as opposed to
controls or rheumatoid arthritis patients’8. The authors demonstrated that disease activity
scores correlated with the number of SLE-associated clones.
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A longitudinal study of clonotypes in SLE patients looked at the TCRp repertoire during one
period of an active disease flare and two quiescence periods’’. A two-fold reduction in
TCRp repertoire diversity was observed during the quiescent phases relative to controls, and
clonal expansions trended toward being significantly higher in SLE patients when all time
points were combined relative to controls. Four TRBV genes were differentially expressed
on T cells from SLE: TRBV5-4, TRBV5-5, TRBV5-6, and TRBV21-1, but no CDR3p
sharing was observed. The data did not suggest a change in disease activity correlated with
an overt expansion of T cell clones or a contraction of the repertoire.

Rheumatoid arthritis (RA)—Another common autoimmune condition is rheumatoid
arthritis (RA), a chronic inflammatory condition that mainly manifests in the joints. The
worldwide prevalence of RA is between 0.5 — 1% of the population, and the major genetic
determinant lies within the HLA locus, primarily due to associations with particular HLA-
DR4 alleles’. As with SLE, the presence of autoantibodies is indicative of disease activity,
and damage to the joints occurs due to infiltration of cells into the synovial compartment’®.
T cells make up a large percentage of the cells that infiltrate the joints, and they are thought
to play a role in RA disease pathogenesis®. In support of this theory, recent studies have
observed decreased TCR repertoire diversity in peripheral blood and synovial fluid of RA
patients81:82, Therapies targeting T cell activation, as well as therapies deleting T cells, are
efficacious in treating RA, and the discovery of autoreactive T cells specific for modified
self-proteins also support T cell involvement in RA’®,

In one study, 53 clones were identified as being unique to RA compared to SLE patients and
controls’®. Several TRBV gene segments were expanded in RA patients, and the repertoire
was less diverse than that in the controls. Furthermore, the diversity was lower in RA
patients with higher disease activity compared to those with lower disease activity scores.

In HLA-DR4 individuals in the early stages of RA, one study found an enrichment of T cells
bearing TRBV25 in peripheral blood and synovial fluid samples after expansion with
collagen peptides®3. An independent study confirmed the biased repertoire of RA patients
that included TRBV25-expressing clones84. Further analyses of collagen-stimulated blood
cells from early HLA-DR4 RA patients showed that TRBV25-bearing T cells were more
frequently expanded in those with moderate to high disease activity8°.

One study sought to compare TCRp repertoires in an inflamed joint, various points
throughout a single joint, multiple joints, synovial fluid, and peripheral blood86. Identical
TCRp clones were detected in multiple locations within one joint and also from multiple
joints. Overlap of the TCRp repertoire was found between inflamed joints and synovial
tissue, but the largest overlap was within and between joints.

A recent study aimed to identify TCRP expansions in the peripheral blood of RA patients®’.
TCRp repertoires of the bulk samples had varying expansions and contractions of particular
TRBYV populations. In particular, CD4 T cells bearing TRBV3-1 were increased in RA
blood versus controls. When comparing TCRp repertoires of CD4 T cells in the synovial
fluid of osteoarthritis patients as a control population, RA synovial fluid showed an increase
in TRBV3-1 usage, consistent with the findings in peripheral blood.
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Lofgren’s Syndrome (LS)—Sarcoidosis is a systemic granulomatous disease that
primarily affects the lungs and for which there has been no elucidated etiology. The most
common manifestation of the disease is pulmonary sarcoidosis wherein granulomas from in
the lungs, but the condition can also involve nearly any organ88:89, An acute form of the
disease, known as Lofgren’s Syndrome (LS), has a more uniform clinical manifestation
which includes fever, a specific skin rash (erythema nodosum), and bilateral hilar
lymphadenopathy (enlarged lymph nodes in both lungs)®%:91, A strong genetic predisposition
for LS lies within the MHC class 1l locus, with nearly all LS patients carrying both HLA-
DR3 and HLA-DQ28992, Several studies have shown that an infiltration of T cells occurs in
the lungs of LS patients, indicating their likely involvement in LS disease pathogenesis93. In
fact, 90% of sarcoidosis patients have an increase in bronchoalveolar lavage (BAL)
lymphocytes at the time of diagnosis®-101, Furthermore, the accumulated CD4 T cells
disappear with disease resolution, indicating that they play a role in disease
pathogenesis101102 Knowing the TCR repertoire of the CD4 T cells that infiltrate the lungs
of LS patients would aid in the understanding of disease pathogenesis and could help
establish treatments.

Several studies have shown that a high percentage of the lung-infiltrating CD4 T cells in LS
patients express TRAV12-1103-109 One study sequenced BAL TRAV12-1 CD4 T cells and
found shared TRAV12—1 CDR3a motifs three patients192. Another study found that higher
percentages of BAL TRAV12-1-expressing CD4 T cells correlated with shorter duration of
diseasel%6. However, there was no association between TRAV12-1-expressing CD4 BAL T
cell numbers and measures of lung function.

Studies have identified an expansion of CD4 T cells expressing TRBV2 alonel08.110 or
paired with TRAV12-140 in LS patient BAL samples. Several CDR3a and CDR3B motifs
were found in multiple LS patients but not in HLA-matched controls or patients with other
lung diseases, including those with non-LS sarcoidosis®?. In contrast, an expansion of
TRAV12-1/TRBV2 CD4 T cells was not observed in any peripheral blood samples,
indicating that these cells had trafficked to the lungs, clonally expanded, and were very
likely involved in disease pathogenesis.

Advances in the TCR field

It is difficult and oftentimes impossible to maintain antigen-specific T cells in culture
indefinitely or long enough to clone them for determination of their antigen specificity.
However, approaches have been established for studying the antigen specificity of T cells
and their corresponding TCRs. One such tool is to transduce an immortalized TCR null cell
line with a TCR receptor of interest (termed a TCR transductant). TCR transductant cells are
stable, grow rapidly in basic cell culture media to large numbers, and do not depend on the
functional state of the cell from which the TCR of interest originated. Although not useful
for studying cytokine responsiveness, functional state, or T cell classification (Thl, Th2,
Treg, etc.) of the original T cells, TCR transductants provide useful information regarding
the antigen specificity of a given TCR.

As described above, MHC tetramers are another useful resource for identifying, isolating,
and characterizing T cells and TCRs. As more antigens are identified and implicated in
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autoimmune disorders with known MHC associations, tetramers can be generated and will
subsequently allow for the sequencing of disease-relevant (rather than bulk) TCRs.

In a similar sense, pMHC-TCR modeling and crystallization are becoming more
sophisticated. Having more information regarding the molecular structures of autoimmune
trimolecular complexes will aid in potential therapeutic strategies. For example, small
molecule inhibitors of autoimmune-associated HLA molecules that block the presentation of
self-peptides and inhibit subsequent T cell activation have been identified!11-115 For
example, clinical trials have been completed and more are underway using a small molecule
drug to block HLA-DQS8 in T1D112,

Gaps in the TCR field

T cell clones are characterized by the expression of identical or highly related TCR Va
and/or VB genes and are public when present within multiple individuals. An individual T
cell responds to a specific peptide, and T cell clones can dictate disease severityl16-123 |n
order for a public T cell response to occur, the T cells must be selected from approximately
10e20 different potential TCRs in humans after thymic selection1®-13, Furthermore, only
~10e11 T cells are estimated to be circulating in a human10-14, Therefore, it is a rare
occurrence for any given TCR to be repeated in an individual unless there is a selection bias
occurring, usually due to antigen selection. This type of TCR bias has been demonstrated in
CDA4 T cells obtained from blood and tissues of human subjects in response to stimulatory
antigens. The cells from blood or tissues are oftentimes clonally expanded ex vivo prior to
TCR sequencing, but this step can lead to potential biases in the repertoires. Ideally, antigen-
specific T cells would be sequenced for TCRs without manipulation of the starting
population so as to garner a better understanding of the potential clonal expansion in vivo.
Tetramers do address this issue to an extent, but only high affinity T cells are able to bind
tetramers, so a large proportion of the lower affinity T cells that might play a role in
autoimmune disease pathogenesis may be overlooked.

Another shortfall of TCR sequencing is the substantial cost of the more sophisticated
techniques. Although prices for deep sequencing bulk T cell populations have decreased in
the past several years, the field is turning more toward single-cell analyses. Single-cell TCR
sequencing, including those from companies such as 10X Genomics, Fluidigm, and
iRepertoire, are costly, and a limited number of single cells can be assessed per sample.
Therefore, unless the population of cells being analyzed is extremely skewed, very few
repeats of a given antigen-specific TCR may be captured by these methodologies. Therefore,
it can be difficult to identify truly disease-relevant TCRs amongst the milieu, especially if
the population contains small expansions of bystander (i.e., non-disease-associated) T cells.

Lastly, although TCRs have been identified as expanded in blood and tissues of patients with
autoimmune conditions, a linkage between those TCRs and their functional relevance in
disease pathophysiology has not been definitively confirmed. Although mouse models
introducing cells bearing disease-associated TCRs exist (e.g., TCR transgenic and retrogenic
mice), varying degrees of similarity between mouse models of autoimmune diseases and the
human manifestations make interpretation difficult. Additionally, it is unknown whether
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differences between mouse and human immune systems outside of the T cell compartment
might influence such studies.

Concluding remarks

The field of TCR sequencing has rapidly expanded, especially in the past 5-10 years with
the advent of high throughput sequencing methods, single-cell sequencing, and sequencing
in conjunction with gene expression. As cost, efficacy, and access to these technologies
continue to improve, more autoimmune disease-associated TCRs will be identified in the
tissues and peripheral blood. Disease-relevant TCRs that circulate in blood hold the promise
to be effective biomarkers of disease activity for a number of disorders. With earlier
detection of autoimmunity, especially prior to clinical symptoms, therapies can be
appropriately timed to delay or prevent disease onset and reduce flares. Additionally, as
targeted therapeutics directed at the pMHC-TCR complex complete clinical testing, it is
conceivable that personalized medicine to treat autoimmune conditions may be close at
hand.
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T cell Antigenic peptide Antigen presenting cell (APC)

Figure 1. Thetrimolecular complex.
Depicted is the trimolecular complex, comprised of a T cell bearing a T cell receptor (TCR),

an antigenic peptide, and an antigen presenting cell (APC) expressing a major
histocompatibility complex (MHC) molecule. The TCR consists of two chains, a and f,
each bearing a constant (Ca, CP) region and a variable (Va, V) region. The variable
regions are in direct contact with the antigenic peptide and surface of the MHC molecule.
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Human
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 \
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Figure2. The HLA locusin humans.
Shown is a rendering of chromosome 6 in humans, where HLA genes reside. The relative

locations of the three class Il (HLA-DP, HLA-DQ, HLA-DR) and the three class | (HLA-B,
HLA-C, HLA-A) molecules are displayed. The function of the class 111 molecules are not
well defined, but they are not thought to be involved in antigen processing and presentation.
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Figure 3. TCR rearrangement.
A simplified model of TCR rearrangement is displayed for the TCRa chain in which Va

segments (purple, continuing to the left), Ja segments (green), and the Ca constant region
join together to form functional a chains of TCRs. In the first step, one Va segment and one
Ja segment come together in a randomized process, and in the second step, the VaJa joins
the constant region (Ca), which is identical for all TCRa chains. The bottom row shows the
location of the three complementary-determining regions (CDRs) of the rearranged TCRa
chain. Because random nucleotides are added and deleted at each step, the CDR3 region
encompasses the area in which those additions and deletions occurred (N). The rearranged
TCRP chain is shown on the bottom right. Rearrangement of the TCRp chain is identical to
that of the TCRa chain except that there is an additional segment (D), giving rise to two N
regions in the final B chain.
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