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a  b  s  t  r  a  c  t

During  thymic  T  cell  differentiation,  TCR  repertoires  are shaped  by  negative,  positive  and  agonist  selection.
In the  thymus  and  in the  periphery,  repertoires  are  also  shaped  by strong  inter-clonal  and  intra-clonal
competition  to survive  death  by neglect.  Understanding  the  impact  of  these  events  on the  T  cell  repertoire
requires  direct  evaluation  of  TCR  expression  in  peripheral  naïve  T cells.  Several  studies  have  evaluated
TCR  diversity,  with  contradictory  results.  Some  of these  studies  had  intrinsic  technical  limitations  since
they  used  material  obtained  from  T  cell  pools,  preventing  the direct  evaluation  of  clonal  sizes.  Indeed  with
these  approaches,  identical  TCRs  may  correspond  to different  cells  expressing  the  same  receptor,  or  to
several  amplicons  from  the same  T cell. We  here  overcame  this  limitation  by  evaluating  TCRB  expression
in  individual  naïve  CD8+ T cells.  Of the  2269  Tcrb  sequences  we  obtained  from  13 mice,  99%  were  unique.
Mathematical  analysis  of  the  data  showed  that the  average  number  of  naïve  peripheral  CD8+ T  cells
expressing  the  same  TCRB  is  1.1  cell.  Since  TCRA  co-expression  studies  could  only  increase  repertoire
diversity,  these  results  reveal  that the  number  of naïve  T  cells  with  unique  TCRs  approaches  the  number
of  naïve  cells.  Since  thymocytes  undergo  multiple  rounds  of divisions  after  TCRB  rearrangement  and
3–5%  of thymocytes  survive  thymic  selection  events  the  number  of  cells  expressing  the  same  TCRB  was
expected to  be  much  higher.  Thus,  these  results  suggest  a  new  repertoire  selection  mechanism,  which
strongly  selects  for  full  TCRB diversity.

©  2017  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

The immune system is known to have Promethean properties,
i.e., to be able to recognize all types of natural and artificial antigens
introduced in the organism. How much this remarkable capability
depends on the diversity or on the cross-reactivity of peripheral T
cell repertoires is still a subject of debate.

Abbreviations: BM,  bone marrow; CDR3, complementarity determining region 3;
“clonotypes”, cells expressing identical Tcrb chains; HP, homeostatic proliferation;
LCMV, Lymphocytic Choriomeningitis Virus; LN, lymph node; MHC, major histocom-
patibility complex; MoAbs, monoclonal antibodies; Ms., manuscript; SP, spleen; SPF,
specific-pathogen-free mice; TCR, T cell receptor.
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The antigen specificity of CD8+ T cells is determined by a dimer
of TCRB and TCRA chains, which binds peptides presented by the
major histocompatibility class I complex (pMHC). The TCRB and
TCRA chains have three regions of hypervariability, the comple-
mentarity determining regions (CDR). The CDR1 and CDR2 loops
are encoded by the germline V gene segment, while the CDR3
loop is created by V(D)J recombination (Von Boehmer, 2004). The
Tcrb rearrangements begin at the CD44lowCD25+CD4−CD8−TCR−

(triple negative 3-TN3) thymocyte differentiation stage by recom-
bining one of each of 35 TRBV, 2 TRBD and 12 TRBJ genes in mice
(Lefranc, 2001). A semi-random cleavage of the recombination hair-
pins intermediates results in nibbling at the V-D-J junctions. These
events, and the further addition of N and P nucleotides, result in
a major increase in CDR3 diversity. TCR diversity studies are often
focused on Tcrb CDR3 region because this region is the most diverse
portion of the TCR and functional/crystallographic analysis shows
that the interaction between the pMHC complex and the TCR is
predominantly mediated via this region (Das et al., 2015). The
expression of an in-frame TCRB induces allelic exclusion, a burst of
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6–8 cell divisions (Kreslavsky et al., 2012; Penit et al., 1995; Penit
and Vasseur, 1997; Von Boehmer, 2004), and the transition to the
ISP (immature single positive) and the CD4+CD8+ (DP) thymocyte
differentiation stages. Thymocytes divide at the ISP and at least 3
times at the DP stage (Kreslavsky et al., 2012).

A diversity of the peripheral T cell pools also depends on Tcra
rearrangements and TCRB/TCRA pairing. Indeed, in DP cells Tcra
chains are rearranged by recombining one of each of 132 TRAV
and 60 TRAJ fragments genes in mice (Genolet et al., 2012; Lefranc,
2001). The same events occurring during TCRB V-D-J recombina-
tion also occur during Tcra V-J rearrangements, inducing a major
variability of the Tcra CDR3 region. Because the first in-frame TCRA
chain may  not pair efficiently to the expressed TCRB chain, DP
cells have the ability to rearrange multiple Tcra chains until a
compatible TCRAB dimer is formed. In theory, these events could
generate a potential repertoire of more than 1015 different TCRs
(Von Boehmer, 2004).

It is estimated that in the mouse thymus around 5 × 107 TCR�b+

thymocytes are generated each day (Shortman and Jackson, 1974;
Von Boehmer, 2004). These cells undergo negative, positive and
agonist selection, or may  die by neglect. Lastly, thymic egress is
also restricted (Von Boehmer, 2004). Each of these selection events,
as well as peripheral T cell survival, is not solely dependent on the
TCR-ligand interactions of each individual cell, but is strongly influ-
enced by competition between different T cells (Freitas and Rocha,
2000; Hao et al., 2006). Because it cannot be deduced, in a non-
manipulated mouse, from current understanding of these multiple
selecting events, the diversity of peripheral T cell repertoires, must
be measured directly.

Several studies addressed this issue, with contradictory results.
In the mouse, it was claimed that 10% (Carey et al., 2016), 28%
(Casrouge et al., 2000), 55% (Peaudecerf et al., 2012) or 68% (Quigley
et al., 2010) of Tcrb chains were unique. In humans, the reported
number of unique TCRs ranges from 106 to 2 × 107 (Arstila et al.,
1999, 2000; Qi et al., 2014; Robins et al., 2009). These differ-
ences could be partially due to differences in the T cell populations
studied, or/and by bias introduced by the methodology used to
evaluate diversity (PCR amplification, followed by spectrotyping
and cloning versus PCR amplification followed by next-generation
sequence analysis). However, these approaches had common as
well as specific technical limitations. None allows the evaluation
of sequencing efficiency, i.e., to identify the number of T cells that
had their TCR actually amplified. None can exclude bias introduced
by primer competition or/and, in next-generation sequencing, by
filters used to eliminate potential PCR errors. In most studies these
selection filters are not defined. In one study where selected filters
were fully described reported that up to 50% of the TCR sequences
were eliminated (Nguyen et al., 2011). Apart from these biases, the
successive preparation steps may  reduce putative diversity by pref-
erentially selecting more abundant TCRs. Importantly, bulk studies
are unable to identify the number and the size of different clones.
After PCR amplification, it is uncertain if identical TCR sequences
correspond to multiple cells sharing the same TCR or to multiple
amplicons from the TCR of a single cell. Lastly, in several cases it
is not clear how representative the sample was, with respect to
the total number of T cells belonging to the same population. To
overcome these limitations, TCR expression must be determined in
single cells.

Several recent studies used single-cell approaches to determine
TCR expression of total naïve or naïve antigen-specific cells from
non-immunized mice (Cukalac et al., 2015; Eltahla et al., 2016;
Quinn et al., 2016; Stubbington et al., 2016). All these studies
report a higher diversity of Tcrb expression than that determined
by bulk studies. In particular, Quinn et al. studied over 300 T cells
(15–72 cells mouse) specific for a peptide of the influenza virus
using tetramers (Quinn et al., 2016). They observed that this naïve

repertoire is almost completely diverse but did not determine
overall TCRB repertoires. Rigorous analysis of repertoire diversity
will require studies in which multiple mice are studied and the
number of cells sequenced in each mouse is representative of the
total population from that mouse. Over more than a decade, we
have developed and validated the parameters required for quan-
tifying the expression of multiple mRNAs in single cells (Peixoto
et al., 2004), including primer design and concentrations required
to prevent primer competition and the conditions of amplification
allowing the detection of as little as 2mRNA/cell, while preventing
saturation. We  now used this experience to develop a single-cell
approach allowing evaluating the Tcrb expression in single-cells.
Here, we describe the evaluation of the repertoire diversity in sin-
gle CD8+ T cells from specific-pathogen-free (SPF) adult mice. In
contrast to bulk cell approaches, this single-cell analysis allows
evaluation of the sequencing efficiency since we  directly deter-
mined the number of cells where an in-frame Tcrb chain was
sequenced. Our approach prevents primer competition, since a sin-
gle primer pair is used for the PCR amplification of the Tcrb in
each individual cell. It allows direct evaluation of PCR errors, by
sequencing simultaneously the Tcrb of monoclonal TCR-Tg single-
cells expressing known Tcrb chains. Of the 2269 Tcrb chains we
sequenced, 99% were unique. Mathematical analysis of represen-
tative samples indicate that, solely based on Tcrb expression, the
average number of naïve CD8+ T cells expressing the same Tcrb
is 1.1 cells. This average “clonotype” size is unexpected, taking
into account the number of divisions of TCRB expressing imma-
ture thymocytes. At the DN3 thymocyte differentiation stage, the
expression of an in-frame TCRB induces allelic exclusion, a burst of
6–8 cell divisions (Kreslavsky et al., 2012; Penit et al., 1995; Penit
and Vasseur, 1997; Von Boehmer, 2004), and the transition to the
ISP (immature single positive) and the CD4+CD8+ (DP) thymocyte
differentiation stages. Thymocytes divide at the ISP and at least
3 times at the DP stage (Kreslavsky et al., 2012). Since immature
thymocytes undergo at least 11 divisions after Tcrb rearrangement
(Kreslavsky et al., 2012; Penit et al., 1995; Penit and Vasseur, 1997;
Von Boehmer, 2004), if all these divisions were productive up to
211 cells expressing the same Tcrb could be generated. Even if only
3–5% survive thymus selection events (Huesmann et al., 1991),
an average 62–102 cells should express the same Tcrb. Therefore,
our results suggest that, superimposed on the known mechanisms
of repertoire selection (negative, positive, agonist and death by
neglect), a remarkable selection for full TCRB diversity also occurs.

2. Material and methods

2.1. Mice

Specific-pathogen-free C57BL/6 (B6) mice expressing the
CD45.2 allotype marker, and CD45.1 Rag2−/− P14 (P14) mice
expressing a transgenic TCR specific for LCMV epitope GP33-41
(GP33) backcrossed onto the Rag2−/− C57BL/6 (B6) background,
were obtained from our breeding colonies at the Centre de Dis-
tribution, Typage et Archivage (CDTA, Orleans, France). All animal
experiments were performed in accordance with National and
European Commission guidelines for the care and handling of lab-
oratory animals and were approved by the site ethical review
committee.

2.2. The evaluation of T cell numbers in each CD8+ T cell
subpopulation

To eliminate blood-derived T cells, SPF B6 mice (CD45.2+) were
exsanguinated before organ removal. From each mouse the spleen
(SP), 2 femurs and 40 lymph nodes (LNs) were removed from each
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