Additional background and discussion:

T cells are defined by a surface T cell receptor that mediates recognition of pathogen-
associated epitopes, generally via interactions with peptide-major histocompatibility complexes
(PMHC). T cell receptors are generated by germline recombinase activating gene (RAG)-
mediated rearrangements of the genomic TCR locus, a process termed V(D)J recombination.
This process has the potential to generate a staggering diversity of TCRs, with estimates
ranging from 10" * to as high as 10% 2 possible receptors that could be generated by
recombination, although only a relatively small portion of these is thought to appear in any
individual (~10°-10%)*®. In mammals, two types of TCRs are possible, af and yd, and different
species produce different ratios of cells bearing these receptors. In humans and mice, af T cells
dominate, representing up to 90% of the T cell compartment.

The pool of T cells that recognizes a specific epitope expresses diverse T cell receptors. The
size of these naive precursor repertoires has been estimated for various epitopes by limiting
dilution techniques and, more recently, by a tetramer-based magnetic enrichment approach, the
latter of which finds pool sizes ranging between 50 and 500 naive cells per epitope, on
average’. Due to the rounds of expansion that T cells undergo in the thymus during
development, it has been assumed that there are multiple naive cells with identical TCRs.
However, sequencing the naive repertoire of epitope-specific responses in mice has instead
shown that most naive cells contain a unique receptor, with a very low rate of duplicates among
cells™*2,

Sequencing the T cell receptor requires identifying the specific V-region utilized by the a or 8
chain and obtaining the complete sequence of the hypervariable CDR3 region, the site of RAG-
mediated V(D)J junctional diversity. Due to the availability of TCR V[ staining reagents in the
human and mouse, analyses of the repertoire initially focused solely on the TCRf chain.
Subsequently, two broad approaches to sequencing the TCR repertoire emerged: single-cell
based methods that permit direct pairing of the a and B chains™*®, and deep sequencing-based
methods that amplify single chains from pools of cells>!"*® where pairing can be achieved
through specific sort conditions and algorithmic imputation'®. Using these two methods, both of
which usually focus on the CDR3s, significant amounts of data from bulk and epitope-specific
populations of naive, activated, and memory T cells have been published and are being actively
collected. This work has demonstrated that the recruited TCR repertoire has a direct impact on
several features of the immune response, including its size, efficacy, and memory
potential>®®?%?", Furthermore, it has become clear that the epitope-specific immune repertoire
typically contains receptors that are overrepresented relative to their representation in the naive
p00|10,28,29_

Another striking feature of epitope-specific immune repertoires is that, despite the vast potential
size of the naive repertoire, the same receptors (at least at single chain resolution) are
frequently identified in multiple individuals in both mice and humans (termed “public” receptors).
Public TCRs represent an extreme form of bias in V(D)J recombination known as type Il bias®.
Many of the identified public receptors are similar to germline sequences and therefore can be
generated without multiple insertions or deletions and/or by multiple theoretical recombination
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mechanisms®-*. Importantly, most of this work has targeted B chain sequences, with little
characterization of public paired aff sequences. Less characterized are receptors that, despite
differences in amino acid sequence, share TCR motifs and/or exhibit relative enrichment of
certain V- and J-regions®*~*°. Despite these characterizations of TCR overrepresentation both
within and among individuals, there is little known about the selection processes that lead to
such preferences.

Here we present a comprehensive analysis of ten epitope-specific TCR repertoires, complete
with paired a and B chain sequences obtained using a single-cell, PCR-based approach®** . In
addition to extensively characterizing these TCR repertoires, we also identify the conserved
features of TCRs that convey epitope-specificity in both humans and mice. This dataset of
seven mouse and three human epitope-specific responses encompasses over 4600 in-frame,
paired, single-cell amplified TCR sequences from 78 mice and 32 humans. In order to identify
key parameters that characterize receptors that bind to the same epitope, we report the
development of a comprehensive repertoire analysis framework with multiple unique features
that can be applied to any collection of TCR repertoire data. Although several TCR repertoire
analysis tools have been published, many of them are directed towards processing sequence
data®**, with only a few addressing the post processing analysis of the repertoire, such as
V(D)J usage, sharing, diversity, and spectratyping®***. Our analysis pipeline includes several
advances over these existing tools: (i) TCRdist - a simple and intuitive metric defining the
distance between any two receptors, which can be used for TCR clustering and visualizing TCR
landscapes via dimensionality reduction; (ii) a CDR3 motif discovery algorithm corrected for
biases of the gene rearrangement process; (iii) TCRdiv - a robust repertoire diversity measure
that generalizes Simpson's Diversity Index by weighting diversity based on sequence similarity
(as measured by TCRdist) rather than clonotypic identity; (iv) TCRdist nearest-neighbor
classifier capable of accurately discriminating receptors specific for a particular epitope from a
background naive repertoire and from other epitope-specific responses, which we demonstrate
with an independent validation data set; and (v) novel visualizations and information-theoretic
measures of gene usage and covariation, CDR3 sequence patterns, and repertoire structure. By
utilizing sequence data to facilitate predictions of which TCRs are epitope-specific, these
analyses provide important insights into the analysis of polyclonal repertoires (such as tumor
infiltrating lymphocytes), where clusters of related receptors with unknown specificities need to
be identified and segregated to identify relevant antigenic targets.

By analyzing the landscape of ten different epitope-specific repertoires using single-cell, paired
TCRap sequencing, we have quantified multiple core features of adaptive immune recognition.
All repertoires contained at least one cluster of motif-associated receptors of varying size and
proportion to the rest of the repertoire, along with a population of dispersed, outlier receptors of
varying size and diversity. The development of a novel distance metric, TCRdist, allowed us to
compare repertoire sequences in a manner that facilitated the visualization of recognition
landscapes, the quantification of defining motifs, and the definition of a sampling score that
could be used to identify and discriminate novel epitope-specific receptors with robust sensitivity
and specificity.
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One immediate application of these findings is the analysis of the abundance of mixed
repertoire data being actively generated in clinical settings where the number or identity of the
antigen-specific targets is unknown. Tumor-infiltrating lymphocytes (TILs) can be isolated from
solid tumors and sequenced, but the targets of those T cells have in the past proven
exceptionally difficult to identify***>*. Our analyses provide a way of grouping related receptors
and selecting representative members of these clusters for experimental interrogation of
specificity. For example, after sequencing a group of TILs, TCRdist could be employed to
identify multiple clusters of related receptors. If epitope-specificity to a tumor-associated antigen
were assigned to one member of the cluster, it would be likely that other members of the cluster
will also respond to the same antigen,; the identification of these putative associations would
thus permit the testing of a small number of representative receptors to cover the range of TCR
reactivities among the TILs.

Considered as a whole, these analyses furthermore demonstrate the necessity of paired TCRaf3
data for properly characterizing a TCR repertoire. The small numbers of paired public receptors
observed across individuals similarly emphasize the need for continued focus on obtaining
paired data, as it appears unlikely that specific alpha-beta pairs will be consistently maintained
across individuals at the same rates as public single chains. As single-cell paired techniques****
algorithmic pairing techniques from single-chain NGS sequencing*®*® have advanced, paired
methods have become more tractable. Additionally, with the advent of engineered cell based
therapies, the ability to isolate complete receptors against pathogen or tumor-associated
antigens will be necessary for rapid therapeutic application**°.

A study by Birnbaum et al. examined the preference of an individual TCR for peptide antigen
using an unbiased phage display approach to screen for targets. The authors concluded that the
antigen originally used to isolate the receptor was a dominant target of this receptor, as the
screen largely produced similar antigens®. It would be interesting to determine where this
receptor falls in the distribution of the associated repertoire; we might hypothesize that it should
fall within the main cluster of receptors as a representative of a dominant part of the response to
this epitope.

The dispersed receptors that fail to cluster in each repertoire are an interesting area for further
exploration. This organization of receptors into motif-sharing clusters and dispersed outliers
suggests that this latter group may represent an alternative means of recognizing the antigen.
We hypothesize that this large diversity of receptor types, even if not used at high levels, may
be an evolutionary development to prevent epitope escape, as the extremely diverse sequences
indicate unique means of peptide recognition. Structural studies will be useful in determining
whether clustered and dispersed receptors employ distinct binding modalities to recognize the
same epitope, as has recently been shown for some receptors present in the naive repertoire
that fail to expand efficiently after antigen stimulation®?. Similarly, close examination of cross-
reactive responses will allow us to determine from which part of the repertoire such cross-
reactivity is prone to arise (i.e., the clustered or the dispersed TCRs), which will in turn help test
the hypothesis that this mode of repertoire selection serves to prevent epitope escape. These
types of studies may also be useful for testing theoretical models of the fundamental principles
of adaptive immunity®>.


https://paperpile.com/c/VLc2oo/JNsqs+RnHFQ+xgxWh+FWqRG
https://paperpile.com/c/VLc2oo/Da2h0+6HOcW
https://paperpile.com/c/VLc2oo/JIxGw+QDwjq
https://paperpile.com/c/VLc2oo/1OF9g+CBNDD
https://paperpile.com/c/VLc2oo/TGJNG
https://paperpile.com/c/VLc2oo/odrGH
https://paperpile.com/c/VLc2oo/jnW3p

We have described the general features of epitope-specific T cell repertoires and quantified the
key elements that determine membership within a particular response. By parameterizing the
elements of immune repertoires of known specificities consistently associated with a particular
reactivity, we are closer to building a general model of TCR:pMHC recognition. While such a
model will require more data and further algorithmic development, the implications of predicting
epitope-specificity based solely on paired TCR sequences are substantial. In addition to
providing insight into one of the key interfaces of the immune system, the clinical applications
include identifying promising targets in cancer immunotherapy®*, rapid identification of vaccine
target antigens, and assessment of efficacy after vaccination®®.
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