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The T cell receptor (TCR) endows T cells with antigen specificity and is central to
nearly all aspects of T cell function. Each naive T cell has a unique TCR sequence
that is stably maintained during cell division. In this way, the TCR serves as a
molecular barcode that tracks processes such as migration, differentiation,
and proliferation of T cells. Recent technological advances have enabled
sequencing of the TCR from single cells alongside deep molecular phenotypes
on an unprecedented scale. In this review, we discuss strengths and limitations
of TCR sequences as molecular barcodes and their application to study immune
responses following Programmed Death-1 (PD-1) blockade in cancer. Addition-
ally, we consider applications of TCR data beyond use as a barcode.

Single cell TCR seq: bringing high-throughput single-cell precision to T cell
immunology

T cells are a crucial component of the adaptive immune response, endowed with the ability to
respond to harmful or threatening stimuli (e.g., pathogens, cancer) in an antigen-specific manner.
Naive T cells traffic through the spleen, lymph nodes (LNs), and blood [1] in search of antigen pre-
senting cells (APCs) to communicate these threats and initiate T cell activation. T cell activation is
a tightly regulated process that requires an antigen-specific signal (signal 1) provided through
TCR interactions with peptide bound to major histocompatibility complexes (pMHC) on the
APC and a co-stimulatory signal (signal 2) delivered by the CD28 co-stimulatory receptor on
the T cell binding to B7 ligands on the APC. Inflammatory signals (signal 3) promote full effector
differentiation [2,3]. Effector differentiation is accompanied by extensive proliferation, significant
transcriptional and epigenetic reprogramming, and licensing to produce effector molecules
(e.g., secretion of inflammatory cytokines, cytotoxicity) to combat the perceived threat. In acute
antigen settings, memory T cell populations develop, which are poised to better protect the
host against antigen re-encounter. If antigen is not cleared, T cell exhaustion (see Glossary) de-
velops, characterized by a progressive loss of effector functions and adoption of a dysfunctional
state programmed by a fixed epigenetic landscape [4,5]. The crucial role of antigenic stimulation
(either acute or chronic) renders the TCR a gateway to T cell fate and function. Additionally, the
affinity of the TCR for pMHC can delineate T cell phenotype, such as the propensity to become
an effector or memory T cell [6,7]. Consequently, all stages of the T cell life cycle, from generation
in the thymus, to activation in the periphery, to the development of a memory or exhausted state,
start with the TCR binding pMHC.

Elegant studies in mice have shown the tremendous plasticity of individual naive T cells. Fate
mapping studies, including transfers of single naive CD4* or CD8* T cells into new mice followed
by infection, have demonstrated the ability of a single T cell clone to give rise to diverse cell states
[8-12]. In humans, such adoptive transfer studies are challenging. One alternative approach is
in vivo labeling with deuterium to mark proliferating cells [13]. Using this approach, one study
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molecular barcode in mice and humans
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Beyond acting as a molecular-identity
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a set of features that can inform T cell
fate and function.
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reported that the human CD8* T cell memory pool, following vaccination with the live yellow fever
virus vaccine, originates from CD8" T cells that extensively divided during the first 2 weeks of
infection and these memory T cells were maintained as quiescent populations with a doubling
time of over 450 days [13]. While this study provides proof-of-concept for the feasibility of long-
term lineage tracing in humans, the use of labeling approaches such as deuterium is limited
and there is a significant need to develop additional approaches to bring single cell precision to
human studies on a larger scale.

Recent methodological advancements in technologies have dramatically changed the experimen-
tal and computational landscape for understanding individual T cells through high-throughput
sequencing of the TCR [single cell (sc)TCR seq] with paired gene expression (SCRNA seq). This
technology provides the capacity to interrogate clonal T cell dynamics on an unprecedented
scale in mice and humans and a new tool kit to relate TCR information to biological phenotypes.
With this explosion in new data, a current focus is to identify the best methodologies to interpret
these data and develop computational pipelines to harness this type of information. In this review
article, we focus on recent advances in the use of the TCR as a molecular barcode to quantify
clonal expansion and diversity, as well as to identify cells of shared clonal lineage between tissues
(Figure 1, Key figure). We illustrate the value of these types of data in providing insights into antitu-
mor immune responses and mechanisms of protection following PD-1 immunotherapy in cancer
(Figure 2). We also consider challenges associated with this method (Box 1), including: (i) ambigu-
ities in antigen specificity and the polyspecific nature of TCR binding to pMHC (Box 2), (i) the pres-
ence of both antigen-specific T cells and bystander T cells in tissue sites of interest (Box 3), and
(iif) statistical inference issues related to sample size (Box 4). Lastly, we discuss ways to leverage the
TCR sequence as more than a barcode, including how features within the TCR sequence influence
T cell fate and function.

Methods for tracking T cells of interest

The diversity of the preimmune repertoire of naive T cells is extremely high in higher order
mammals (i.e., humans, mice, non-human primates), with virtually all naive T cells having a differ-
ent TCR sequence [14,15]. Based on the number of V, D, and J gene segments in humans,
there are theoretically 10'*~10"° possible different TCR sequences, though the observed number
tends to be closer to 108, likely due to constraints during T cell development (i.e., failure to
undergo positive selection, negative selection, etc.) [16-18]. When a naive T cell becomes
activated, the process of effector differentiation is coupled with proliferation [3]. In acute lympho-
cytic choriomeningitis virus (LCMV) infection in mice, it is thought that each individual CD8* T cell
can divide up to 15-20 times, expanding the number of antigen-specific T cells by up to 50 000-
fold compared with the preimmune repertoire [19,20]. However, this likely represents the upper
limit of clonal expansion possible under optimal conditions. In autoimmunity and cancer, clonal
expansion likely does not reach this extent, due, at least in part, to suboptimal T cell activation
conditions (which include low-affinity antigens, low levels of inflammation, etc.). Regardless of
the degree of clonal expansion, T cells of a single clonotype are numerically rare in the periphery
and exist amongst the rest of the diverse T cell repertoire that is not involved in the immune
response of interest. The ability to distinguish T cell clones of interest from the rest of the T cell
repertoire is fundamental to determining mechanisms associated with T cell-driven immune
responses.

Antigen- versus TCR-directed methods for detecting T cells of interest

There are a number of methods to identify and track T cells of interest [21]. Historically, antigen-
specific T cells have been identified based on their ability to bind and/or recognize specific
antigens (referred to as antigen-directed methods). Tetramers are the gold standard for detecting
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Figure 1. The TCR sequence can be used as a barcode to track clonal expansion, diversity, and migration, as well as a set of
features to inform T cell fate and function. The preimmune repertoire of T cells is highly diverse at the TCR level, in which
virtually all naive T cells have a unique TCR sequence [14,15]. With T cell activation comes clonal expansion, where an
individual T cell will divide numerous times, and the TCR is heritably maintained during cell division [3]. In this way, sister
clones can be tracked within or between tissues based on sharing of the TCR sequence [27-29,36,38,39,50,51].
Additionally, the TCR also acts as a set of features that influence T cell fate and function following antigen encounter
[68,69,71]. In the figure, T cells (which can refer to either CD4* or CD8" T cells) with the same color TCR are considered
clones based on matching sequences. Created with BioRender.com. Abbreviations: LN, lymph node; pMHCI, peptide/
major histocompatibility class | complex; Tconv, conventional CD4" T cell (non-Treg); Treg, CD4" regulatory T cell.

T cells based on their ability to bind a specific antigen bound to MHC. Tetramers are soluble
pMHC molecules complexed to a streptavidin core that is labeled with either a fluorescent
marker or a DNA barcode that can be tracked. While tetramers have been extremely useful for
identifying antigen-specific T cell populations in diverse disease settings, they have a number of
limitations, including: (i) the antigen must be known, limiting studies to TCRs that recognize
well-characterized antigens; (i) studies of the breadth of the response are limited to the number
of antigens that are known and can be tracked at one time; (iii) tetramers are often inefficient at
detecting TCRs with low affinity for pMHC, which may be a significant fraction of responding
T cells in cancer and autoimmunity; and (iv) tetramers can only be used in individuals with
MHC haplotypes for which there are tetramer reagents available, limiting the patient population
in which these T cells can be tracked [15,22]. Another antigen-directed method is the use of
antigen stimulation in vitro followed by sorting of activated T cells, evaluating either the activation
marker expression or the expansion levels [23-25]. While this can be a useful approach for
determining if antigen-specific T cells are present in a sample, it is difficult to use these cells for
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Glossary

Abundance-based coverage
estimator: estimator of population
diversity.

AUC: measure of the entire
two-dimensional area undemeath a
receiver operating characteristic (ROC)
curve, generated from the sensitivity and
specificity of a classifier over a range of test
thresholds; single measure of the
classifier's ability to distinguish positive and
negative classes. More accurate classifiers
have higher AUC values (up to 1.0).
Bystander T cells: in tumors, T cells
that do not bind tumor-associated
antigens.

Chao index: estimator of population
diversity.

Clonal replacement: recruitment of
less dysfunctional peripheral T cell
clonotypes to the tumor that were not
detectable in the tumor prior to PD-1
blockade.

Clonal revival: replenishment of highly
dysfunctional T cell clones in the tumor
with new, less dysfunctional T cells. The
source of the latter can be the periphery,
local expansion within the tumor, or
both; these T cells can either be novel
clonotypes or clonotypes pre-existing in
the tumor.

Clone: set of T cells that are clonal
progeny due to shared clonotype and
shared host.

Clonotype: paired alpha and beta TCR
nucleotide sequence of a T cell.
Convolutional neural network:
algorithm that optimizes a series of
mathematical transformations (layers,
consisting of neurons) on input data to
generate a prediction. Each neuron
processes only the part of the previous
layer that lies in its receptive field

(i.e., a subsequence of the TCR).
Dextramer: similar to a tetramer;
contains a peptide bound to an MHC
molecule; labeled to allow detection by
flow cytometry or sequencing.

FTY720: drug blocking the binding of
sphingosine-1-phosphate receptor 1 to
sphingosine-1-phosphate.

Graft versus host disease: when
following transplant, cells from the graft
(e.g., bone marrow or stem cells) attack
the host.

MHC haplotype: combination of MHC
alleles found in a single individual.
Monospecific: a T cell recognizing only
a single peptide/MHC complex.
Neoadjuvant: treatment given prior to
definitive, curative treatment (i.e., surgery
or radiation).
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Figure 2. Use of T cell receptor (TCR) sequencing to inform mechanisms of Programmed Death-1 (PD-1)-
based immunotherapy. (A) The TCR sequence has been used as a molecular barcode to track T cells with shared
TCRs between the tumor-draining lymph node (dLN), blood, and tumors in mice [27,63]. Similarly, the TCR has been used
as a barcode to track T cells with matching TCRs between blood and tumor in humans [27-29,35]. The tumor-dLN

(Figure legend continued at the bottom of the next page.)
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Neoantigens: antigens generated by
somatic mutations in tumor cells,
allowing the expression by tumor cells
and not nontumor cells.

PD-1 blockade: type of cancer
immunotherapy; antibodies against
either PD-1 or the ligand PD-L1 are
administered to block PD-1:PD-L1
binding.

Physicochemical properties: intrinsic
physical and chemical characteristics of
a substance (e.g., hydrophobicity or
electrostatic charge).

Polyspecific: T cell recognizing
multiple peptide/MHC complexes.
Private TCR sequences: unique to a
single individual.

Public clonotypes: T cells sharing the
same TCR sequences found in multiple
individuals.

Rarefaction curve: relationship (X-Y
plot) between the number of unique
observations (i.e., TCR sequences, Y
axis) and the number of samples (X axis).
Shannon entropy: estimator of
population diversity.

T cell exhaustion: differentiation state
caused by chronic exposure to antigen
and inflammation and defined by
progressive loss of function.

T-scan: high-throughput platform for
identifying antigens recognized by T cells
that uses lentiviral delivery of antigens
into APCs for processing into MHC.
TCR fingerprint: family of peptides
recognized by a single TCR; can be
represented by a matrix of amino acid
weights along the peptide sequence.
Treg: subset of CD4* T cells expressing
the transcription factor FoxP3;
suppressive role in immune responses.
UMI: index added to sequencing
libraries before any PCR amplification
step. In droplet-based scRNA seq
(e.g., 10X), the UMl is added to each cell
during the initial processing step to
separately index each individual cell's
transcriptome.

V, D, and J gene segments: brought
together via recombination to generate
the TCR or BCR.

V(DM recombination: somatic gene
rearrangement during T and B cell
development generating TCR and BCR
repertoires, respectively.
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Box 1. Limitations of the barcode method

One of the most significant limitations of TCR seq is conducting analyses across multiple individuals since the vast majority
of the TCR repertoire is private. For example, autoimmunity studies have remarked on matching TCRs expanded across
lesions and time points, but such matching largely occurs only within an individual [44,45,47]. Hence, although many indi-
viduals were afflicted with the same autoimmune disease, presumably mediated by similar autoantigens, barcode-based
approaches have thus far failed to identify TCRs that are pathogenic across patients.

Another significant limitation of TCR seq is the difficulty of inferring cognate antigen(s) from the TCR sequence. There have
been efforts to experimentally link TCR sequences to antigen-specificity. One approach is to clone TCRs and express
themin new cells (i.e., T cells from healthy donors or Jurkat cells) using lentiviral transduction, followed by testing the ability
of these cells to bind and/or respond to antigens [35,64]. Alternatively, TILs have been expanded in vitro using CD40-
activated B cells and then screened for reactivity to different neoantigens [93]. Another approach is to combine tetramer
reagents [94,95] or dextramer reagents [96] with TCR sequencing to simultaneously detect the TCR sequence,
transcriptome, and antigen-binding capabilities with single cell resolution. This can be done by either FACS-based sorting
on T cells that can bind tetramer or dextramer before performing single cell sequencing (using fluorescently labeled
reagents) or by detecting the tetramer or dextramer computationally after sequencing (using DNA-barcoded reagents.)
The latter approach may be useful for tracking both the expansion and distribution of individual TCR clones while accounting
for antigen specificity and has the advantage that ex vivo manipulations of T cells (i.e., in vitro expansion, cloning of TCRs, etc.)
are not required. However, using tetramer/dextramer reagents also comes with limitations, including that the antigens of
interest must be known, and these reagents preferentially bind high-affinity TCRs [15,22]. Consequently, developing
approaches to infer antigen specificity directly from the TCR sequence would be extremely useful and there are significant
ongoing efforts aimed at creating methods to do so, including: (i) clustering TCRs into antigen specificity groups [97-100],
which may relate similar TCR sequences to the ability to bind a shared antigen; (i) T-scan, a high-throughput platform for
identifying antigens recognized by T cells that uses lentiviral delivery of antigens into APCs for processing onto MHC [101];
and (jii) high-throughput screening with iterative TCR affinity-based selection of peptide libraries presented by yeast cells
[102]. This latter approach revealed similarity among the family of peptides recognized by a TCR, which was termed the
‘TCR fingerprint’ [103], and might be used to help circumvent the issue that a single TCR can bind multiple different pMHC
complexes.

downstream functional assays, or to characterize the phenotype and function of these cells at
steady state prior to in vitro stimulation. Considering these limitations, developing alternative
methods to identify antigen-specific T cell populations that do not rely on knowing each individual
antigen could broaden the scope of the T cell response under investigation.

The TCR sequence provides an alternative to antigen-directed methods for identifying T cells that
are relevant to immune responses of interest. The TCR sequence is generated through V(D)J
recombination during T cell development in the thymus [26]. This process essentially involves
the random recombination of V, D, and J gene segments to generate unique sequences for the
beta chain (V, D, and J) and alpha chain (V, J) of each TCR [26]. Because these somatically
recombined DNA sequences are conserved during mitosis of mature T cells, expanded T cell
clones harbor identical TCR sequences. When TCR sequencing assays recover identical TCR
sequences in a given individual, clonal expansion is generally inferred. The alternative inference,
that identical but independent V(D)J recombination events were sampled from the same individual,
is highly unlikely given the enormous diversity of the preimmune repertoire. Consequently, the TCR
sequence can serve as a molecular barcode to track T cells of a shared origin (e.g., clonally related
sister cells) through biological processes such as T cell migration and differentiation within and
across tissues (Figure 1). In sequencing assays that link TCRs to unique molecular identifiers

contains a reservoir of less dysfunctional T cells, while the T cells found in the tumor often display a more exhausted or
dysfunctional phenotype [31,56,63]. In addition to tumor-specific T cell clones, bystander T cells can also be present in
the tumor that are not specific for canonical tumor antigens [113], but may still contribute functionally to the antitumor
response [114,115]. (B) Work has shown that PD-1 pathway inhibitors can act on T cells in the tumor-dLN in mice [61,62]
and immunological changes that have functional and prognostic significance can be detected in the peripheral blood of
humans [40,67,134-136]. An important mechanism of protection following PD-1 pathway blockade is recruitment of new,
potentially less dysfunctional T cell clones from the periphery into the tumor [30,36,38-40,67]. However, studies in mice
and humans suggest that PD-1 inhibitors also likely act on T cells in the tumor as well [56-59]. Created with BioRender.com.
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Box 2. Predicting antigen specificity from the TCR sequence

Moving forward, new and better algorithms to predict antigen specificity from the TCR sequence will be extremely useful. A
key complication to the goal of constructing antigen-specific TCR groups might be that TCRs in general are polyspecific
rather than monospecific for pMHC complexes [104-106], meaning they are capable of recognizing multiple pMHC
ligands [106]. Considering the diversity of potential antigens (and the complexity of MHC), developing models to predict
cognate pMHCs of a given TCR is challenging. Recent efforts have reframed this problem to predict whether a TCR will
recognize a given peptide and have shown some success with [107] and without [108,109] modeling MHC restriction.
Several challenges in this endeavor, however, remain unsolved. First, public databases [110,111] are helpful resources
of TCR and pMHC pairs that bind, but it is difficult to systematically identify and validate TCR and pMHC pairs that
definitively do not bind. These negative examples are equally important in training algorithms to distinguish the rules of
TCR-pMHC recognition. Second, the amount of training data for these algorithms is limited relative to the staggering
diversity of sequence interactions involved. Lastly, TCR fingerprinting reports feature recurrent observations of ‘off-target’
ligands: several pMHCs that are perplexingly dissimilar from the family of recognized pMHCs [112]. While some
physiochemical interaction rules may be discernable from amino acid sequences, many interactions may arise from
unknown variability in the 3D conformation of these molecules. Continued efforts to collect training data, with attention
to HLA haplotype diversity and TCR crossreactivity, may eventually lead to accurate predictions of TCR recognition.

Better methods also are needed to assess functionality of T cells on a clonal basis. Knowing the antigen-specificity of a
T cellis afirst step to inferring whether a T cell of interest is functionally relevant to a given immune response. Just because
aT cellis antigen-specific does not necessarily mean it is functional (i.e., is capable of producing effector cytokines, killing
cells). Similarly, just because a T cell is not antigen-specific (i.e., bystander cells) does not necessarily mean that it cannot
contribute to an immune response of interest (Box 3).

(UMils), the TCR can be used to quantify the extent to which a T cell clone has clonally expanded.
TCR analyses also provide a useful approach for enriching circulating T cells that are relevant to a
response (as opposed to using surface marker expression); indeed, this approach does not rely on
the assumption that antigen-specific T cells will express any given marker [27,28]. The simulta-
neous analysis of TCR sequences, gene expression (using SCRNA seq), and protein expression
[using ‘cellular indexing of transcriptomes and epitopes by sequencing’ (CITE seq)] allows for
dissection of the transcriptional and phenotypic states of T cells without altering their function,
enabling deep profiling of T cell populations.

Box 3. ‘Bystander’ CD8" T cells in antitumor immune responses

There is evidence that T cells that are not specific to tumor antigens, termed ‘bystander’ T cells, can infiltrate tumors [113].
Using the TCR as a barcode to identify T cells in peripheral sites based solely on matching TCR sequences to T cells in the
tumor may enable detection of either tumor antigen-specific or bystander T cells, since both can be present in tumors
[113]. Despite the notion that ‘bystander’ T cells do not recognize canonical tumor antigens, some data suggest that these
cells can functionally contribute to the antitumor immune response. For instance, in cancers associated with viral infection,
such as hepatocellular carcinoma, hepatitis B virus, and human papillomavirus™ head and neck cancer, virus-specific
CD8" T cells infiltrate the tumor [114] and can be associated with a favorable prognosis in patients [115]. Moreover,
CD8* T cells with viral specificities are also found among the tumor infiltrate in cancers with no viral etiology. For example,
using mass cytometry and pMHC tetramer staining to test a large panel of tumor-specific antigens, tumor-associated
antigens, and irrelevant antigens in lung cancer, one study found bystander CD8" T cells to be more abundant than
tumor-specific CD8" T cells [113]. At the protein level, bystander and tumor-specific CD8" TILs shared largely overlapping
phenotypes, but CD39 expression was exclusive to tumor-specific CD8* TILs [113]. Conversely, another study showed
that, at the RNA level, neoantigen and tumor associated antigen-specific melanoma-infiltrating CD8" T cells occupied
the same exhausted clusters, while bystander CD8" TILs were segregated to different, more cytotoxic areas of the tran-
scriptional space [35]. Consistent with these results, in melanoma, neoantigen-specific CD8* T cells could be detected
more easily among TILs with the highest gene signatures of exhaustion [116]. In CD8* TILs in melanoma, the degree of
TCR sharing across tissues can recapitulate the T cell phenotype: the most cytotoxic CD8* TILs can exhibit the most highly
shared clonotypes, while the most exhausted CD8" TILs can be exclusively found in the tumor [28]. If indeed bystander
CD8* TILs are the most cytotoxic [35], it is possible that the clonotypes that are most shared will be bystander, suggesting
that circulating tumor-directed CD8* T cells might be enriched for sister clones of bystander cells. Nevertheless, the
potential role of bystander CD8* TILs for the antitumor immune response should not be discounted. While CD39*
CD8" TILs (e.g., likely tumor-specific) have been associated with favorable prognosis in human lung cancer [117], it is
possible that bystander CD8" TILs might also actively contribute to tumor rejection [118]. A better understanding of
how these bystander or nontumor antigen-specific T cells influence antitumor immunity is needed to determine the
functional relevance of these populations.

Trends in Immunology, March 2022, Vol. 43,No.3 185


CellPress logo

- ¢? CellP’ress Trends in Immunology

Box 4. Diversity as a means to extract the relevance of TCRs

TCR repertoire diversity has been a classic metric of comparison, with clonal expansion indicated by a reduction in diversity
[119]. Many diversity-based metrics have been applied to bulk TCR seq data, including Shannon entropy, abundance-
based coverage estimator, and Chao index [120], and often correspond with phenotypes of interest in T cells; notably,
tumor mutation load [121], cancer progression [122], and disease activity in RA [123]. With scTCR data, considering how
robust these metrics are to sample size is important. While bulk TCR seq routinely collects 10°~10° TCRs per sample,
sample sizes in single-cell studies are variable and typically orders of magnitude lower (10°~10° TCRs) than bulk [124].
The distribution of clonotype sizes is heavily skewed, featuring a long tail of unexpanded clones that represent a minimal
fraction of the true underlying repertoire, even with exhaustive sequencing assays [125-127]. Many diversity estimators are
exquisitely sensitive to sample size, generating different results in simulated samples of the same repertoire [120].
Strategies proposed to address this issue include: (i) down-sampling the larger sample for comparison to match the
smaller [128], (ii) creating diversity metric reference distributions for different sample sizes to enable statistical testing
and reporting of confidence intervals around diversity estimates [129,130], and (jii) characterizing the diversity of each
sample instead by a rarefaction curve, which quantifies how quickly the observed number of clonotypes grows with
sample size [120]. The impact of sample size on the metric used should be closely examined before inferring relationships
between TCR diversity and phenotypes of interest.

An important underlying question is whether diversity metrics will continue to be one of the most useful approaches to
elucidate the role of the TCR repertoire in health and disease. While diversity metrics have been useful, a considerable
amount of information is lost when TCR seq data are reduced to a single feature. Deep learning studies with TCR seq
data [131] demonstrate that there is flexibility in deriving information from the TCR repertoire and that convolutional
neural networks may successfully extract antigen-relevant motifs from TCR sequences. Ultimately, clustering TCRs
into antigen specificity groups [97-100] may be the path forward for comparing private TCR repertoires, analogous
to the way that clustering transcriptional profiles in sScRNA seq data has enabled cell type-based comparisons
between individuals. Association studies between TCR clusters and somatic mutations in cancer, for example, has
led to the exciting identification of a novel immunogenic cancer antigen, Heat Shock Transcription Factor X-linked
1 [99]. Emerging strategies that examine the co-occurrence patterns of TCR sequences have shown early success
in identifying disease-related TCRs across individuals [100,132]. An important challenge to address in these
approaches is disentangling genetic influences on the TCR repertoire [85,87,133] from antigenic causes of TCR
co-occurrence.

Using the TCR as a barcode in cancer

The TCR has been used as a barcode to identify CD8™ T cells in peripheral blood that share TCRs
with CD8* tumor-infiltrating lymphocytes (TILs) in tumors (referred to as ‘tumor matching’),
as shown in mice with MC38 colon adenocarcinoma [27], as well as in patients with advanced
melanoma and non-small cell lung cancer (NSCLC) [27-30]. The TCR has also been valuable
for studying the dynamics of individual CD8* T cell clones, including clone-by-clone comparisons
of transcriptional states across tissues and inferring lineage relationships between populations of
CD8* T cells in mouse [including MC38, B16-F10, CT26, and a genetically engineered mouse
model (GEMM) of lung adenocarcinoma caused by oncogenic Kras and loss of p53] and
human tumors [including melanoma, NSCLC, colorectal cancer (CRC)] [27-38]. A recent study
in humans used paired scRNA seq and scTCR seq to analyze CD4* T cells and CD8* T cells
across 21 cancer types (including melanoma and breast, gastric, pancreatic, kidney, and
esophageal cancers) from 316 patients; the study identified two major developmental trajectories
that contributed to T cell exhaustion across multiple tumor types, based on transcriptional
information [32]. Additionally, scTCR seq has been useful to inform mechanisms of response
following PD-1-based immunotherapy in cancer patients [30,36-41], as later discussed. While
these studies have shown that scTCR seq data can be promising for focused analyses on
T cell populations of interest, there are limitations to this method (Boxes 1-3). One limitation is
that some baseline level of clonal expansion may be needed for the TCR sequence to be useful,
due to the detection limits for identifying rare or unexpanded populations by single cell sequencing
[42]. Because of the importance of clonal expansion, the barcode method may have more utility
in immunologically ‘hot’ tumors (i.e., high mutational burden, high CD8" T cell infiltration, high
inflammation) than in immunologically ‘cold’ tumors (i.e., low mutational burden, low CD8" T cell
inflammation, low inflammation).
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Using the TCR as a barcode in autoimmunity

Leveraging the TCR as a molecular barcode in immune compartments associated with autoim-
mune disease can identify expanded clones contributing to ongoing inflammation. For example,
sCTCR seq in the affected joints of psoriatic arthritis patients revealed predominantly CD8* clonal
expansions, providing the strongest evidence to date that psoriatic arthritis may be CD8* T cell-
mediated [43]. Several studies that have sequenced TCRs in the affected joints and peripheral
blood of rheumatoid arthritis (RA) patients have remarked that a given individual will often demon-
strate clonal expansion of the same TCR across multiple joints [44-47]. Longitudinal studies of
TCRs infiltrating the central nervous system (CNS) in multiple sclerosis (MS) [48,49] have similarly
revealed that the same clone can be active over time within a given individual. Comparison of
profiles of clonally expanded T cells obtained from the cerebral spinal fluid (CSF) of patients
with MS and healthy donors revealed that clonally expanded T cells from the CSF of patients
with MS had heightened expression of genes related to T cell activation and cytotoxicity [50].
Additionally, in a mouse model of MS (experimental autoimmune encephalomyelitis), combined
scRNA seq and TCR seq identified a stem-like pathogenic precursor CD4* T cell population in
the intestine (TCF-1* SlamF6™" IL-177) that gave rise to a more pathogenic subset (GM-CSF*
IFNy* CXCR6* Th17 CD4* T cells), capable of migrating to the CNS, and highlighting the utility
of the TCR as a barcode to track pathogenic autoreactive CD4* T cells between different tissues
[51]. However, as in cancer, where the TCR as a barcode may be more relevant for immunolog-
ically ‘hot’ than ‘cold’” tumors, the TCR may be more useful for some types and/or stages of
autoimmunity than others. For example, in RA and MS, antigen persists throughout disease,
while in type 1 diabetes, the antigen (insulin-producing beta cells) decreases over time, can be
completely eliminated, and the pathogenic T cell population may largely contract with the loss
of the antigen-expressing cells. Frozen pancreas tissue from 45 patients with type 1 diabetes
(ranging from 1 week to greater than 50 years postdiagnosis) was analyzed for the presence of
autoreactive CD8" T cells using pMHC tetramers; over time, the presence of autoantigen-
specific CD8" T cells declined and these cells became progressively more difficult to detect
with increasing time postdiabetes onset [52]. Consequently, using the TCR as a barcode may be
more informative in settings in which pathogenic T cells are likely present in the target autoimmune
organ, which may also vary with type and/or stage of autoimmune disease.

Using TCR analyses to inform on mechanisms of antitumor immunity following
PD-1 immunotherapy

Harnessing the power of the immune system to target and destroy cancer cells using immuno-
therapy has transformed cancer care. Inhibitors of the PD-1 pathway have shown particular
promise and are now approved by the US Food and Drug Administration for use in over 20
types of advanced stage cancers [53-55]. However, most patients do not have durable tumor
regression and some cancer indications are highly intractable to PD-1 blockade (i.e., pancreatic
cancer, prostate cancer, glioblastoma) [54]. Consequently, there are intense efforts to understand
the immunological basis for improved antitumor immunity following PD-1 blockade to facilitate the
development of alternative approaches in patients unlikely to respond. In this section, we discuss
how TCR analyses have provided insight into which T cells are essential for driving effective clinical
responses following anti-PD-1 antibody cancer therapy. Considerations for monitoring responses
to PD-1 inhibitors in patients are discussed in Clinician’s corner.

Anatomical site of action of PD-1 inhibitors: tumor versus LN

Early studies examining the role of interactions between the PD-1 receptor and its ligand,
Programmed Death Ligand-1 (PD-L1), in antitumor immunity focused on the direct interaction
between tumor cell expression of PD-L1 and T cell PD-1 [53,54,56]. In mouse models: (i) transgenic
expression of PD-L1 in mastocytoma tumor cells (P815) limited T cell cytotoxic function [577]; (i) PD-L1
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expression on tumor cells (MC38 colon adenocarcinoma) was sufficient to suppress the
antitumor CD8" T cell response and selectively deleting PD-L1 on tumor cells could resensitize
tumors to CD8* T cell-mediated killing [58]; and (iii) PD-L1 expressed by the tumor cell
(methylcholanthrene-induced sarcomas) was crucial for promoting immune escape [59].
Collectively, these studies supported the notion that PD-1/PD-L1 signals in the tumor microen-
vironment (TME) could play an important role in suppressing antitumor immunity (Figure 2).

One outstanding question from these studies was whether effective antitumor immune responses
were driven by reinvigorated CD8" T cells within the tumor bed, or by newly recruited tumor-
specific T cells. Newer work suggests that the migration of tumor-specific CD8" T cells from outside
of the tumor is a key driver of effective antitumor responses with PD-1 blockade [53,56,60-62]
(Figure 2). In mouse tumor models, reservoirs of tumor-specific CD8" T cells were identified in
tumor-draining LN (dLN) in lung adenocarcinoma (oncogenic Kras, loss of p53 tumor model) and
mesothelioma (AE17 tumor model) [31,62,63], and the clonal repertoire within tumor-dLNs was
reflective of the intratumoral repertoire [63]. SCTCR seq from patients with NSCLC similarly con-
firmed a reservoir of neoantigen-specific CD8" T cells within tumor-dLNs [64]. In mice,
treatment-induced expansion of tumor-specific CD8" T cells (using bulk TCR seq) was more
pronounced in the dLN than in B16 melanoma tumors [65] and surgical removal of the
tumor-dLN diminished the therapeutic efficacy of PD-1 pathway blockade (in MC38 colon
adenocarcinoma and CT26 colon carcinoma) [61]. Additionally, blocking T cell migration
from the tumor-dLN to the tumor using the S1P agonist FTY720 abolished such antitumor
effects following PD-1 blockade [62,66]; this suggested that T cell trafficking from the tumor-
dLN to the tumor was important for productive antitumor immune responses following PD-1
blockade. Together, these findings support a model whereby the antitumor effects of PD-1
blockade derive, at least partially, from T cells recruited beyond the tumor, also highlighting
the importance of the tumor-dLN in this process (Figure 2).

Protective effects of PD-1 blockade: novel versus pre-existing clones in the tumor

Clonotype characterization at the single-cell level provided further evidence for the essential role
of CD8* T cells recruited from the periphery in response to anti-PD-1 antibody therapy (Figure 2).
Paired scRNA seq and scTCR seq on site-matched tumors before and at ~9 weeks following
anti-PD-1 antibody therapy from patients with non-melanoma skin cancers (11 basal cell
carcinoma, four cutaneous squamous cell carcinoma) revealed that ~68% of clonally expanded
tumor-infiltrating T cells were undetectable in the tumor prior to therapy [38]. Furthermore,
clonotype sequences present in the tumor prior to PD-1 blockade showed minimal to no expan-
sion post-treatment. The recruitment of ‘novel’ clones from the blood to the tumor following PD-1
blockade was termed clonal replacement [38]. Another study examining pre- and post-PD-1
blockade tumors from patients with breast cancer also observed that ~40% of expanded clones
were novel just 9 days after receiving anti-PD-1 antibody [37]. Additional studies showed
that the presence of clonal replacement correlated with improved clinical antitumor response
[36,39,40,67]. However, work in patients with NSCLC has led to the proposal of an additional
mechanism for protective immune responses following PD-1 blockade, termed clonal revival
[30]. With clonal revival, new, less dysfunctional CD8" T cell clones populate the tumor (from
the periphery, local expansion within the tumor, or both), replenishing the more terminally
exhausted pre-existing pool of CD8" TILs. However, these clones can either have novel TCRs
to the tumor following PD-1 blockade (like clonal replacement), or TCRs matching to pre-
existing clones in the tumor [30]. Collectively, while all of these studies support a model where
the antitumor immune response boosted by PD-1 blockade is largely generated beyond the
tumor [30,36-40,67] (Figure 2), whether most protective responses following PD-1 blockade
are due to truly novel clones that were absent from the tumor before blockade or to both novel
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Clinician’s corner

High-throughput TCR sequencing has
enabled characterization of the reper-
toire and dynamics of T cell responses
with immunotherapy. Recent studies
have demonstrated the potential utility
of analyzing the clonal composition of
blood T cells to predict clinical re-
sponses to checkpoint blockade
[40,67,88,89]. A correlation has been
observed between highly expanded cir-
culating clones and response to ther-
apy in metastatic melanoma patients
receiving anti-PD-1 antibody with or
without anti-CTLA-4 antibody [40,88].
Of note, expanded clones at baseline
and on-treatment were correlated with
a 6-month positive clinical response,
highlighting the potential importance of
both the pre-existing immune response
and early on-treatment dynamics.

Longitudinally monitoring relevant
circulating T cell clones also may in-
form clinical responses and progres-
sion. In a study of three metastatic
NSCLC patients receiving anti-PD-1
antibody, the presence of ‘ubiquitous’
CD8" T cell clones (clonotypes also
found in all tissue compartments sam-
pled, including blood, tumor, adjacent
normal tissue, and LNs) correlated
with systemic tumor control when
traced over a 3-year period [89]. Con-
versely, the persistence of experimen-
tally verified, tumor-reactive CD8* T
cell clones with transcriptional features
of exhaustion in the blood correlated
with disease progression in a study of
14 melanoma patients receiving anti-
PD-1 antibody [35]. Another study in
patients with resectable NSCLC un-
dergoing neoadjuvant PD-1 block-
ade found that following definitive
surgical resection, the frequency of
neoantigen-specific TCRs substan-
tially decreased in the blood [64]. The
reduction in these TCRs may suggest
that tumor antigen is required to sus-
tain these T cells, since exhausted
CD8* T cells (in mouse chronic LCMV
infection) require continual antigen
stimulation for their survival and main-
tenance [90,91]. Additional work is
needed to determine if T cell death is
the major mechanism contributing to
decreased T cells after surgical tumor
resection. While these studies suggest
the potential clinical utility of clonal
analyses, translation into the clinical
setting remains in its nascency and it
remains to be seen whether clonal
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and pre-existing clones, remains to be determined. Of note, timing of sampling post-PD-1 block-
ade may influence the frequency of the clonally expanded TIL population that is novel versus pre-
existing. Additionally, the inability to broadly and comprehensively sample the entire repertoire of
TCRs within a given tumor may be a confounding factor in classifying T cell clones as being ‘novel’
or ‘pre-existing’, because if not enough T cells were sequenced, clones that were pre-existing
may be misclassified as novel. The addition of bulk TCR seq may be useful to increase sampling
depth. Moreover, further work is needed to understand the functional differences between newly
recruited T cells and T cells residing in the tumor; the limited data are transcriptional [36-39]. The
answers to these questions will be important for determining how to optimally harness peripheral
T cell populations for therapeutic gain in PD-1-based immunotherapies.

Beyond a barcode: how does the TCR sequence impact T cell fate?

The TCR sequence is more than a clonal identity barcode. The amino acids of the TCR direct the
reactivity, and in many contexts, the cellular phenotype, of the T cell. This concept was demon-
strated in patients with CRC or breast cancer, where statistical classifiers could identify TILs
(unsorted, which included both CD4* and CD8* subsets) based on TCR amino acid physiochem-
ical features such as hydrophobicity and electrostatic charge [68]. This classifier distinguished TILs
from T cells in adjacent normal tissue with 93% accuracy in a testing data set (data held out from
the initial training set). This idea was extended to broadly characterize ‘cancer-associated’ TCRs
based on physicochemical features with a deep convolutional neural network called DeepCat
[69]. While the prior study developed a specific classifier for breast cancer and another specific
classifier for CRC [68], DeepCat demonstrated that tumor-infiltrating TCRs had convergent
features across as many as 32 cancer types [69]. Predictions made by DeepCat achieved an
AUC >0.95 for multiple early stage, treatment-naive cancers, demonstrating the possibility of
TCR repertoire-based biomarkers for cancer detection. Because nonspecific factors such as
chronic inflammation can characterize some late-stage cancers, it will be important to similarly
test future TCR biomarkers with respect to early stage disease [69]. It should be noted, however,
that the cancer type-specific classifiers developed in the aforementioned study of statistical classi-
fiers [68] achieved better accuracy than achieved using DeepCat [69], suggesting that some
infiltration-promoting TCR features might be cancer type-specific. This speculation raises the
possibility that patient-specific classifiers might achieve the best longitudinal accuracy in tracking
tumor-directed TCRs. Broadly trained classifiers such as DeepCat, however, are poised to uncover
general biology across patients and cancer types. Given the success of studies such as DeepCat in
cancer [69], a question is whether physicochemical property-based TCR analyses would shed
light on T cells that drive autoimmunity. While one study has shown that self-reactive CD4™ and
CD8" T cells were enriched for hydrophobicity at two positions of the TCR sequence [70], there
has not been an attempt as comprehensive as DeepCat for predicting convergent features of
pathogenic TCRs across diverse autoimmune diseases. Extending these approaches to try to
elucidate the features of the TCR that broadly promote autoreactivity are thus warranted.

While these approaches demonstrated the predictive value of TCR amino acids in terms of tumor
infiltration, the functional phenotype of these cells remained unknown. Focusing on T cell pheno-
types, an orthogonal study from our group developed a TCR scoring system that ultimately
described which CD4* T cells in the TME were more likely to express a regulatory T cell (Treg)
phenotype over a conventional effector CD4* T cell phenotype (Tconv) based on features of
the TCR sequence [71]. Training data for this scoring system used human circulating Tregs,
which were expected to largely consist of clones that became Tregs in the thymus [72]. After
developing the scoring system based on data from individuals without cancer, TILs were scored
from basal and squamous cell carcinoma patients; T cell clones containing Tregs harbored
significantly higher-scoring TCRs than other T cells. When the TCR was used as a barcode to
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analyses can be feasibly implemented
for clinical testing. Nonetheless, TCR
sequencing studies have provided
key insights into how T cell repertoires
change with immunotherapies and
have provided a basis for improving
clinical management in patients with
immunotherapy-resistant tumors.

One potential application of coupling
TCR sequencing with high-resolution
transcriptional profiling is as an alterna-
tive approach towards predictive bio-
marker discovery. Using paired TCR
seq with RNA seq, two recent studies
utilized a program called COMET [92]
to identify candidate cell surface
markers shared by blood T cells with
TCR sequences matching tumor-
infiltrating lymphocytes from patients
with metastatic melanoma [27,28].
One primary advantage of focusing
on cell surface markers is the ease-of-
use in clinical settings, as flow
cytometry-based assays are already
established. Further studies to validate
and define the clinical relevance of
these markers are ongoing.
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mark clonally related cells, some T cell clones consisted of both Treg and Tconv cells [71]. These
clones, likely consisting of peripherally induced Tregs and Tregs that have lost their suppressive
phenotype (exTregs), also demonstrated significantly more Treg-like TCRs than clones that main-
tained the conventional effector phenotype [71]. While the extent to which peripherally induced
Tregs contributed to this result remains to be determined, the identification of TCR sequence
features that could promote suppressive phenotypes in the tumor is an important step toward
understanding the T cell population involved in the antitumor response. These Treg-promoting
TCR sequence features are also significantly enriched in TCRs known to be autoreactive [71],
suggesting that such TCR scoring might be used to screen for autoimmune pathogenic TCRs,
most of which have been elusive to date.

As evidenced by these three studies [68,69,7 1], studying TCR sequences as a set of features
through the lens of physicochemical properties (e.g., hydrophobicity, volume, charge of the
T cells) is a promising approach to translate otherwise incomparable private TCR sequences
into quantities that are easily analyzable across individuals and biological contexts. Numerous at-
tempts to identify tumor-infiltrating TCRs have failed to uncover cancer-specific TCR sequences
across patients [73-78]. Moreover, TCR sequences seen in multiple patients have been reported
in the repertoires of healthy donors, suggesting that exact TCR sequence matches between in-
dividuals may reflect public clonotypes rather than shared antigens [73,75,77,78]. Physio-
chemical properties, however, enable the ability to draw similarities between TCRs that do not
precisely match in terms of sequence. Analyses that couple the TCR as a set of features with
the existing molecular barcode approach might hold great power to unlock information regarding
clonal and functional dynamics of the T cell response.

Concluding remarks

Single-cell sequencing of the TCR has the potential to dramatically change the experimental and
computational landscapes of both preclinical and clinical immunology, providing clonal single-cell
precision to T cell responses in settings that otherwise would be intractable to traditional fate
mapping approaches. This is truly an unprecedented time for human immunology with the use
of these approaches to understand T cell responses in health and disease. However, several
outstanding questions remain (see Outstanding questions). The TCR sequence has clearly
demonstrated its utility in identifying T cell populations of interest to a given immune response.
However, a key outstanding question is assessing the functional relevance of T cells on a clonal
basis. While pairing deep molecular profiling and surface protein information with the TCR
seqguence provides an opportunity to thoroughly characterize T cells based on clonotype, defining
T cell states based on transcriptional data alone is not trivial [79]. The addition of other parameters
such as defining open chromatin regions to profile the epigenetic landscape of a cell [such as by
using the single cell assay, assay for transposase-accessible chromatin with high-throughput
sequencing (ATAC seq)] could be useful to better annotate cell states. However, ultimately developing
methods that can couple functional information with these sequencing-based parameters would be
extremely useful.

While paired scRNA seq and TCR seq are currently being widely used to uncover mechanisms
associated with response or resistance to PD-1 cancer immunotherapy, there is also significant
interest in using this approach to study immune-related adverse events (irAEs). IrAEs are patho-
genic events that occur following immunotherapy in cancer patients and are well documented
following immune checkpoint blockade (e.g., anti-CTLA-4 or PD-1 antibody) [80]. IrAEs are
extremely diverse, impacting a wide range of organ systems and varying in severity from mild
to life-threatening [80]. The idea of using the TCR as a molecular barcode to track pathogenic
T cell responses in settings such as irAEs is appealing, since theoretically, the full complement
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Outstanding questions

How do we determine which
clonotypes are relevant to an immune
response of interest in humans and
mice? Linking the TCR sequence to
the identity of the antigen the T cell
can bind constitutes a first step for dis-
tinguishing TCRs that are ‘relevant’.
Paired gene expression and surface
protein information can be useful for
coupling transcriptional/phenotypic
features with specific TCR sequences
to infer functional relevance to re-
sponses. However, further work is
needed to determine if additional func-
tional metrics can be ascertained from
T cells along with the TCR sequence
to more definitively classify T cells as
being functionally relevant.

How does clonotype information relate
to antigen-specificity? Will the ability to
infer antigen-specificity from TCR se-
quences be confounded by the flexibility
in terms of pMHC complexes that bind T
cells, or will it be possible to confidently
predict antigen-specificity from the TCR
sequence?

To what extent does MHC haplotype
shape the ability of TCRs to bind
pMHC and will that influence how
TCR data can be leveraged? Is there
so much diversity within the T cell rep-
ertoire that the ability to make compar-
isons between individuals is limited?

To what extent is a certain degree
of clonal expansion a prerequisite for
using the TCR as a molecular barcode?
Will the TCR have limited utility as a
barcode in settings where there is not
a certain degree of clonal expansion?

How does the sequence of the TCR di-
rectly influence T cell fate and function
beyond simply acting as a unique iden-
tifying barcode to track clonally ex-
panded populations?

Can clonal analyses serve as a clinically
useful predictive biomarker, particularly
for cancer patients receiving
immunotherapy? Will the ability of
TCR data to serve as a ‘useful bio-
marker’ differ between immunologi-
cally ‘hot’ and ‘cold’ tumors? Can
longitudinal tracking of TCR se-
quences within a single patient be a
useful metric for monitoring changes
in the immune response over time?
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of antigens involved in the response need not be known necessarily. However, further work is
needed to determine whether the technical limitations of using this method will impact utility in
these settings as well as in other specific disease contexts. TCR data have been useful in settings
such as immunologically hot cancers (e.g., advanced melanoma, NSCLC) where there are highly
expanded CD8* T cell clones and the tumor is well infiltrated by CD8" T cells. In settings where
there may be less clonal expansion and/or low levels of T cell infiltration in tissues of interest at
the time of analysis, it is unclear how reliable the TCR will be as a molecular barcode to identify
relevant clones. Finally, in some pathogenic immune reactions (i.e., systemic autoimmunity,
graft vs. host disease, some irAEs), aberrant immune activation is systemic, targeting one or
more antigens that are diffuse throughout the body, in contrast to organ-specific pathogenic
reactions. Additional work is needed to determine the utility of the TCR as a barcode in different
immune contexts, at steady state as well as in patients receiving immunomodulatory agents
(e.g., immunosuppression).

Another major limitation for cancer, autoimmunity, and irAEs is that the repertoires of antigens
driving responses are largely unknown, in contrast to infectious diseases [81-83]. Consequently,
alternative strategies may be required to identify TCRs relevant to the disease-specific immune
response. Many autoimmune diseases feature risk polymorphisms in HLA genes, which con-
strain the TCR repertoire during thymic selection [84-86]. Recent innovations have leveraged
the relationship between HLA and TCR variation to uncover which TCR repertoire features are
associated with genetic risk for autoimmune disease [87]. Moving forward, combining methods
to better link TCR sequences detected within sites of interest, antigen prediction, and MHC
information may be useful to provide a clearer picture of the populations driving protective or
pathogenic immune responses. Finally, the TCR has been the focus of intense study for decades;
however, active areas of investigation include how the TCR sequence shapes T cell fate and func-
tion, as well as what the contribution of antigen and genetic variation in MHC to TCR recognition
and T cell function are. Future studies aimed at deciphering how the TCR sequence itself
influences T cell fate decisions will be essential for understanding how the complex interplay
among the TCR, peptide, and MHC dictates T cell responses.
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