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Abstract
Understanding how naïve virus-specific CD8+ T cells influence the type of immune response
generated after virus infection is critical for the development of enhanced therapeutic and
vaccination strategies to exploit CD8+ T cell-mediated immunity. Recent technological advances
in T cell isolation and T receptor sequencing have allowed for greater understanding of the basic
structure of immune T cell repertoires, the diversity of responses within and between individuals,
and changes in repertoires over time and in response to infection conditions. In this review, we
discuss the current understanding of how T cell repertoires contribute to potent antiviral responses.
Additionally we compare the state of the art in receptor sequencing, highlighting the advantages
and disadvantages of the three most common approaches: next-generation sequencing, template-
switch anchored RT-PCR, and multiplex single cell PCR. Finally, we describe how TCR
sequencing has delineated the relationship between naïve and immune T cell repertoires.

Introduction
T cell responses to virus infection, indeed T cell responses to many different antigens, are
often characterized by reproducible biases in the responding repertoire [1–3]. The extent of
the bias may be classified according to a system proposed by Turner et al (2006) [1], where
Type 1 bias occurs when responding T cells express T cell receptors (TCRs) that show
reproducibility only in Vβ or Vα usage; Type II bias reflects a preferred TCR Vα or Vβ in
addition to a reproducible CDR3 motif; and Type III bias occurs when responding T cells
use an identical Vα or Vβ region, CDR3 sequence and J region. These findings indicate that,
for different antigens, the T cell pool available for recognition is vastly different, and
multiple factors (including convergent recombination, prolonged antigen stimulation, and
structural constraints) determine the extent of antigen-driven TCR bias both within and
between individuals (reviewed elsewhere [1–4]). The extent to which an epitope-specific T
cell response relies on a small subset of TCRs, or can utilize a broad range of TCRs is highly
relevant, since utilization of a diverse range of TCRs in response to viral infection has been
shown in many systems to promote effective viral control, prevent viral escape and enhance
recognition of heterologous viruses [5–9]. This is typically thought to be due to the ability of
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a diverse range of TCRs to provide greater flexibility in the recognition of variant epitopes.
In fact studies have shown a link between the extent of TCR diversity induced in response to
viral epitopes and the likelihood of escape in HIV and SIV infection [5,7,10].

It appears however that the increased protection afforded by more diverse TCR repertoires
may extend beyond their ability to prevent the emergence of escape mutants. This was
elegantly demonstrated in an analysis of CD8+ T cell responses to the immunodominant
Herpes Simplex Virus (HSV) glycoprotein B (gB)-derived peptide (495–502; SSIEFARL),
presented by either Kb or Kbm8 MHC class I molecules [6]. Infection of mice with HSV
resulted in a CD8+ T cell dependent survival in B6bm8 mice and death in wt B6 mice, an
outcome that was directly correlated with the highly diverse gB-specific repertoire in Kbm8

mice and a much more restricted Kb-specific repertoire. Furthermore, the increased TCR
diversity was correlated with enhanced avidity for peptide-MHC class I molecules (pMHCI)
[6]. Because the incorporation of mutations by HSV is relatively uncommon, especially in
structural proteins such as glycoprotein B, these data indicated that the protection afforded
by increased TCR diversity arose instead as a consequence of a greater range of TCRs
providing more scope for the selection of high avidity TCRs [6], which have been shown to
clear virus more efficiently [11].This interpretation is supported by other studies that show
that particular TCRs, rather than global diversity, are associated with improved cross-
recognition and superior control of HIV infection [12–16]. Thus, the advantages conferred
by highly diverse TCR repertoires noted in some studies may lie predominantly in the
inclusion of TCRs with high avidity for pMHC.

Collectively, it is clear that the composition and complexity of TCR usage in the antiviral T
cell response impacts substantially on an individual’s ability to deal with virus infection. In
this review we discuss the various methods of TCR repertoire analysis and the impact of the
naïve epitope-specific T cell repertoire on the immune response. These two areas have
recently undergone great technological advances that directly affect our understanding of,
and our ability to manipulate, TCR usage in response to viral infection.

1. Methods of repertoire analysis
In the last few years, the study of TCR repertoire has significantly expanded with the
introduction of new sequencing protocols. Currently, three types of technical approaches are
employed for the study of repertoire: i) Next generation sequencing, ii) Template-switch
anchored PCR and iii) Multiplex single-cell PCR. We will discuss each approach and their
respective advantages and disadvantages.

i) Next-generation sequencing
Reported methods for next-generation sequencing of TCR repertoire rely on panels of
multiplex primers targeting the V-regions and J-regions or C-regions of the TCR locus.
These techniques can utilize genomic DNA (when targeting V- and J- regions) or cDNA
(when targeting V- and J- or V- and C-regions) [17,18]. This method allows a
comprehensive characterization of a TCR chain (α or β), with the primary limitation being
the size of the sample itself. Approximately two million reads are produced in a single
analysis, allowing exhaustive sampling from most sample sizes. This technique has been
used to determine the overall level of TCRα and β sharing among different individuals,
which occurs at a much higher level than expected if repertoire generation were truly
random [4,19]. A combination of convergent recombination and preferential V-J
recombination has been suggested to underlie the abundance of these public clonotypes.

By the nature of the protocol (bulk sequencing of single chain amplicons), pairing of the α
and β chains is not currently feasible. However, a protocol utilizing nanowell single cell
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sorting followed by emulsion PCR and a next-generation sequencing protocol has been
reported to allow paired heavy and light chain amplification and sequencing of the
immunoglobulin locus. The emulsion PCR kept individual cells in isolation and the end
product was a fusion [19] between heavy and light chains mediated by a primer that targeted
both constant regions. Notably, this protocol relied on an initial single cell isolation in order
to maintain heavy and light chain pairing [20].

This approach, or similar ones utilizing isolated cells and bar coding, could be adapted to
TCR loci with significant promise for mass amplification of complete clonotypes. However,
one complication that needs to be considered is the frequent (as high as 60%) co-expression
of two TCRα alleles (though one allele is out of frame in the majority of cases). The fusion
approach outlined above assumes only two TCR products in a given cell, when it is more
common in T cells to have three [21].

ii) Template-switch anchored RT-PCR
Template-switch anchored RT-PCR exploits a reverse transcriptase-based method for adding
a universal template at the 5′ end of an RNA molecule, allowing the unbiased amplification
of RNA without prior knowledge of the 5′ sequence [22]. Instead, the added universal
template is used in place of the panel of V-region primers used in the other methods
discussed. This method had been widely applied to a number of experimental models to
demonstrate repertoire variation among diverse pathological outcomes and to define key
features of the convergent recombination hypothesis [7,23–26].

This protocol has largely been applied to bulk populations, with amplification followed by
subcloning into a plasmid vector or deep sequencing of the amplicon product [22]. While
most of the data reported with this method is TCRβ sequence, in principle it can be equally
applied to TCRα. When utilized for bulk sequencing, this protocol faces the same
limitations as current deep-sequencing based approaches in that determining the clonotype
of an individual cell is not possible.

iii) Single cell PCR based methods
Multiple single cell methods have been used for repertoire analysis. Single cell methods
have the distinct advantage of guaranteeing representative amplification of the underlying
receptor distribution or reporting out the level of amplification failure. That is, with other
methods it can be difficult to determine if a subset of the population is being missed,
whereas the efficiency of single cell PCR is directly observed as the number of cells that do
not amplify. Initially these methods used an RT step followed by nested PCR amplification
on a single Vβ region, selected by flow cytometry sorting with Vβ specific antibodies
[27,28]. More recently, multiplex methods allowing paired amplification of the Vβ and Vα
regions have been developed [9,21,29,30].

The paired amplification of the TCRα and TCRβ loci allowed by single cell protocols are
another distinct advantage of this approach. Determining the co-expression of dual TCRα
chains (largely with one out of frame locus) is achieved by subcloning and sequencing of the
mixed PCR product. This entire process is lower throughput than either of the other two
methods discussed to a significant degree, which limits the application of this approach in
addressing some questions. However, emulsion PCR and high-throughput barcoding
technology in line with deep-sequencing platforms may overcome these limitations in the
near future, allowing a high-efficiency, high-throughput single cell analysis.
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2. Influence of the naïve T cell repertoire on the antiviral immune response
The advantages of the single cell method, along with its throughput limitations, make it
especially suitable for analyzing relatively restricted populations, including antigen-specific
responses, where sampling of ~10s–100s of cells provides a representative sample. In the
case of the naïve antigen-specific repertoire, where an entire animal may only contain a few
hundred reactive cells, single-cell PCR allows for an exhaustive, representative
characterization of the entire repertoire. Here we discuss the application of these methods to
understanding the relationship between the naïve and immune repertoires.

There is great interest in how immune T cell populations are generated from their naïve
counterparts, and thus how the naïve pool determines the nature of the immune response.
Studies analyzing the course of the response of either single CD4+ TCRβ chain transgenic T
cells to a nominal antigen [31] or CD8+ TCRαβ transgenic cells to a range of altered peptide
ligands for which the TCR exhibited varying affinities [32], have broadly concluded that T
cell recruitment is virtually complete after antigen challenge, suggesting that there is
minimal loss of TCR diversity at the early phase of the T cell response. However, both of
these studies suggested that high affinity cells were enriched over the course of the response,
due to loss of extremely low affinity clones [31] and/or sustained proliferation of high
affinity cells over time [32]. This is supported by another study in which CD8+ TCRαβ
transgenic and single TCRβ chain transgenic cells were ‘barcoded’ with unique genetic tags,
and transferred into mice before infection with recombinant LCMV expressing the cognate
peptide [33]. Detection of barcode-labeled CD8+ T cells was used as an indication of the
extent to which the naïve repertoire was recruited. In accordance with the previous studies,
naïve CD8+ T cell recruitment was found to be virtually complete. While the latter study
provides no information on differential expansion of T cell clones after recruitment,
collectively these studies suggest that through comprehensive recruitment, the full extent of
naïve TCR repertoire usage is represented in the immune response. However the fitness (or
lack thereof) of the responding T cells is likely to influence their representation, and thus
alter TCR diversity, in immune populations [31,32].

More recently, the development of a tetramer-based magnetic enrichment strategy, to
directly detect and isolate endogenous antigen-specific T cell precursors from naïve
individuals [34], has enabled an unprecedented analysis of how the naïve precursor pool
shapes immune T cell populations. The influence of the naïve pool on the magnitude of T
cell responses after antigen challenge has been, and continues to be, intensively studied
(reviewed in [35]). However, only a few studies, including our own, have determined how
TCR usage in naïve, endogenous (non-transgenic), epitope-specific populations influences
that observed in the expanded immune population [34,36,37]. Moon and colleagues, in the
original description of the enrichment technique, found that CD4+ T cells specific for I-Ab

in complex with the variant 2W1S epitope from the I-E alpha chain, showed similar Vβ gene
biases in the naïve and immune repertoires, suggesting that the immune population largely
reflects the naïve population from which it is derived [34].

In our recent study, TCR CDR3β regions from naïve CTLps specific for a range of
influenza-derived epitopes identified in the B6 model of virus infection were sequenced
[36]. Analysis was restricted to TCRs expressing a TRBV chain that was previously defined
as dominant in the immune response. Using a range of statistical measures to compare the
naïve TCR usage to an extensive database of corresponding immune CDR3β sequences,
several key findings emerged. Firstly, the broad characteristics of the epitope-specific
populations were conserved between naive and immune sets, including modal CDR3β
length, and preferred J region usage, supporting the original contention [34] that the immune
pool reflects TCR usage in the naive population. Despite this, there was clear evidence of
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selective clonotype expansion from the naïve to the immune pool, as evidenced by
exacerbated TRBV biases and more skewed clonotype distribution. Critically, and
principally as a result of the skewed clonotype distribution, the extent of TCR diversity was
significantly reduced in the immune (compared to naïve) populations for all four epitope-
specificities analyzed. Moreover, it was found that, as a measure of TCR diversity at the
population level, the extent to which CTL repertoires were ‘public’ (i.e. shared between
multiple individuals) or ‘private’ (found only within individuals) tended to be encoded
within the naïve repertoires [37]. Importantly, these findings were true for all four of the
epitope specific CTLp populations analyzed, despite the fact that they showed marked
differences in the extent of CTLp recruitment and expansion [36].

In summary, the application of single cell-based TCR repertoire analysis has demonstrated a
similar relationship between endogenous naïve and immune T cell populations across
multiple specificities, as has been observed in model transgenic systems and in endogenous
CD4+ T cell populations. Specifically, while the complexity of TCR usage in the naïve pool
has a substantial influence on the immune response after antigen challenge, the strength of
the TCR-pMHC interaction can also influence the representation of clones within the
response. In this way, the immune system safeguards TCR diversity and its associated
advantages [1,5,6,8,9,24,38], while allowing high quality T cells to dominate [39].
Collectively, given the accordance of the data acquired to date, it seems plausible that this
relationship between naïve and immune virus-specific populations may apply generally to
all T cell responses.
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Highlights

• the complexity of TCR usage in antiviral T cell responses impacts on viral
clearance

• Single cell PCR based methods are optimal for analysis of antigen-specific T
cell repertoires

• Antiviral immune CTL repertoires broadly reflect the naïve CTL precursors
from which they are derived

• Selective clonal expansion is routinely observed from naïve into immune
antiviral CTL populations

• This selective expansion is likely driven by TCR avidity
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Figure 1. Influence of the naïve T cell repertoire on the antiviral immune response
A schematic depicting the clonotypes present in the naïve and antiviral immune repertoires
of three mice. Each letter corresponds to a unique clonotype. The antiviral immune
repertoire broadly reflects the characteristics of the naïve repertoire, but for all epitopes
shows significantly greater inequality in the distribution of clonotypes relative to the naïve
repertoire, with some responses expand to a greater extent than others (e.g. clonotypes C, G,
J and O). The extent of sharing is largely determined in the naïve repertoire (e.g. clonotypes
A and B) and reflects sharing of both minor and dominant clones.
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