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Abstract

The selection of aff T cells in the thymus is punctuated by checkpoints at which thymocytes differentiate or undergo
apoptosis. Wave 1 deletion is defined as apoptosis within nascent aff T-cell antigen receptor (TCR)-signalled thymocytes
that lack CCR7 expression. The antigen-presenting cell (APC) types that mediate wave 1 deletion are unclear. To measure
wave 1 deletion, we compared the frequencies of TCRf + CD5 + Helios + CCR7- cells in nascent thymocyte cohorts in
mice with normal or defective apoptosis. This thymocyte population is small in mice lacking major histocompatibility
complex (MHC) expression. The scale of wave 1 deletion was increased by transgenic expression of the self-reactive Yae62
TCRp chain, was almost halved when haemopoietic APCs lacked MHC expression and, surprisingly, was unchanged when
epithelial cells lacked MHC expression. These findings demonstrate efficiency, and some redundancy, in the APC types that

mediate wave 1 deletion in the normal mouse thymus.
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Introduction

Unfit thymocytes undergo apoptosis at four checkpoints in
thymic aff T-cell development. After thymocytes that fail to
assemble a functional TCRp chain are removed, those that
fail to express a TCR that engages a self-antigen/MHC
ligand die by neglect at the next checkpoint. Of the thy-
mocytes that pass the death-by-neglect checkpoint, most
undergo apoptosis before or after upregulating the chemo-
kine receptor, CCR7, at the checkpoints called wave 1 and
wave 2 of deletion, respectively [1-3]. Thymocytes are
thought to require TCR engagement with self-antigen/MHC
on cortical thymic epithelial cells (cTEC) to pass the death-
by-neglect checkpoint. This is based on the reduction in
CD4 + CDS8- single positive (SP) and CD8SP thymocytes
when cTEC, or all non-haemopoietic cells, lack MHC
expression [4, 5]. However, as death by neglect and wave 1
deletion both occur in CCR7- thymocytes at the CD4 +
CDS8 + double positive (DP) stage [6, 7], analysis of CD4
and CD8 expression is not sufficient to distinguish cells
destined for these fates.

Inhibition of the intrinsic apoptosis pathway delays death
by neglect, but is not sufficient to allow differentiation in
thymocytes expressing a TCR that cannot engage a self-
antigen/MHC ligand [8]. Inhibition of apoptosis also res-
cues thymocytes from deletion, revealing that 55-57% of
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TCR-signalled thymocytes are deleted within the DP stage
[7] or at wave 1 [2]. Another study measured the dynamics
of thymocyte progression or death throughout development
and found that 67% of TCR-signalled thymocytes are
deleted within the DP stage [6]. This study also analysed
thymic selection in chimeric mice lacking MHC class 1
(MHCI) or MHCII expression in non-haemopoietic cells
[6]. However, as all chimeras expressed MHC in haemo-
poietic cells, the possibility that haemopoietic APC had
induced TCR signalling in a portion of thymocytes was not
excluded.

High expression of the transcription factor, Helios, marks
aff TCR + thymocytes that are susceptible to deletion [2].
We previously determined the timing of the two waves of
deletion in thymocyte development by labelling proliferat-
ing precursor cells with 5-ethynyl-2’-deoxyuridine (EdU)
and tracking the frequency of EdU + cells in the Helios +
CCR7- and Helios + CCR7 + thymocyte populations over
time [3]. Here, we focused on EdU + thymocytes and
measured the percentage of these cells stimulated to upre-
gulate Helios or CCR7 in mice with normal or defective
apoptosis. We found that expression of the Yae62 TCRf
chain transgene [9] increased the scale of wave 1 deletion,
indicating that the normal thymic APC network is not a
rate-limiting component of wave 1 deletion. The scale of
wave 1 deletion was normal when non-haemopoietic cells
lacked MHC expression, was almost halved when haemo-
poietic cells lacked MHC expression and was negligible
when both APC types lacked MHC expression.

Results
Definition of cells undergoing wave 1 deletion

The majority of proliferating cells in the thymus are in the
outer cortex at the stage immediately preceding afj TCR
expression [10-12]. To label nascent thymocytes, we
injected C57BL/6 (B6) mice, as well as apoptosis-deficient
mice carrying a transgene encoding human BCL2 (BCL2-
tg) [13], with a single dose of EdU 1-3 days before thy-
mocytes were analysed by flow cytometry. This time course
was selected because the peak of wave 1 deletion occurs
~2 days after proliferation [3]. The frequency of nascent
thymocytes, which were defined as EdU + cells expressing
CD24 (Fig. la), a marker of thymocyte immaturity [12],
was not significantly different between B6 and BCL2-tg
groups (Fig. 1d). As thymocytes upregulate TCRp and CD5
within 1 day after the onset of TCR signalling, TCRf and
CDS5 have been used to subdivide DP thymocytes into TCR-
signalled and non-TCR-signalled subsets [6, 14]. The fre-
quency of TCRf+ CDS5 + cells in the EdU 4 CD24 +
population increased from 1 to 3 days after EQU injection
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similarly in B6 and BCL2-tg mice (Fig. 1b, e). While the
nascent TCR-signalled population was comprised mainly of
Helios— CCR7- cells throughout this short time course, the
Helios— CCR7 + cell frequency increased similarly in
B6 and BCL2-tg groups (Fig. 1c, f). However, BCL2-tg
expression resulted in a significant increase in the Helios +
CCR7- cell frequency (Fig. 1c, g). At 2-3 days after EAU
injection, the difference in Helios + CCR7- cell frequency
was approximately tenfold, suggesting that ~90% of the
CCR7- thymocytes that were stimulated to upregulate
Helios in B6 mice had undergone wave 1 deletion.

BCL2-tg expression in B2m ™~ H2-Aa”~ mice enables the
formation of a substantial Helios— CCR7 4+ thymocyte
population [3], questioning the use of Helios and CCR7 as
markers to distinguish TCR-signalled cells from non-TCR-
signalled cells. Here, the use of EAU and CD24 to identify
nascent thymocytes, combined with TCRp and CDS5 as
markers of TCR signalling [6, 14] improved the specificity
of detection of thymocytes that had received a productive
TCR signal, as few EdU + CD24 + TCRf + CDS5 + cells
were detected in BCL2-tg B2m™ H2-Aa™" mice (Fig. 1b).

While most thymocytes that receive a strong TCR signal
at the DP stage are deleted, some cells survive this type of
stimulation. These thymocytes downregulate CD4 and
CDS, upregulate PD-1 and begin to differentiate into
intestinal CD8aa intraepithelial lymphocytes (IEL) [15—
18]. Many newly formed Helios + CCR7- thymocytes in
BCL2-tg mice downregulate CD4 and CDS8 and upregulate
PD-1 [3]. This applies also to B6 mice, as most EdU +
Helios + CCR7- thymocytes were CD4—CD8- double
negative (DN) cells (Fig. 1h) expressing more PD-1 than
EdU + Helios— CCR7 + thymocytes (Fig. 1i). Most CCR7—
thymocytes that survive the process of Helios upregulation
thus attain a DN PD-1 + phenotype.

Wave 1 deletion phenotypes in both Type A and
Type B IELp

The DN thymocyte population contains two types of IEL
precursors (IELp) [19, 20]. Type A IELp are PD-1 + and
reside in the thymic cortex whereas Type B IELp are
NKI1.1 + and are in the thymic medulla [20]. Compared
with B6 mice, BCL2-tg mice had increased numbers of
Type A IELp, while Type B IELp numbers also tended to
be higher without reaching statistical significance (Fig. 2a).
Most Type A IELp were Helios + in both mouse strains,
but BCL2-tg expression markedly increased the frequency
of Helios + cells among Type B IELp (Fig. 2b). CD24 was
expressed on Type A IELp but not on Type B IELp
(Fig. 2b), consistent with Type A IELp being devel-
opmentally younger [20]. Few cells in either subset
expressed CCR7, regardless of BCL2-tg expression
(Fig. 2c). These findings suggest that BCL2-tg expression
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<« Fig. 1 Definition of nascent thymocytes stimulated to undergo wave 1

deletion. B6, BCL2-tg or BCL2-tg B2m™~ H2-Aa™" mice (denoted at
top) received a single EAU injection i.v. 1, 2 or 3 days before thy-
mocytes were analysed by flow cytometry. Representative plots show
a CD24 vs EdU on thymocytes, b CD5 vs TCRp on EdU + CD24 +
thymocytes, and ¢ Helios vs CCR7 on EdU 4 CD24 + TCRp + CD5
+ thymocytes. Numbers on plots indicate the percentage of events
within the gates. Graphs show the percentage of d EdU 4 CD24 +
events as in (a); e TCRp + CDS5 + events as in (b); f Helios - CCR7 +
or g Helios + CCR7- events as in (c¢). h From B6 mice injected once
with EdU 1, 3, 5 or 7 days before analysis, plots show CD4 vs CD8«
on EdU + Helios + CCR7- or EdU + Helios — CCR7 + thymocytes
(left) with a summary showing the percentage of CD4— CD8a-— events
(right). i Histograms show PD-1 expression on the subsets shown in
(h) with a summary of PD-1 expression normalised to DP thymocytes
in the same sample (right). Each symbol represents an individual
mouse and lines show the group mean combined from two indepen-
dent experiments (d—h) or from one experiment representative of 3 (i).
For each time point, a Student’s ¢ test was used to compare B6 and
BCL2-tg groups with Holm-Sidak’s post-test without assuming a
consistent standard deviation. P values: *<0.05; **<0.01;
% <0.001; **** <0.0001

rescues would-be Type A IELp and Type B IELp from
wave 1 deletion.

Conservation of the TCR self-reactivity hierarchy
when apoptosis is inhibited

As BCL2-tg expression rescues thymocytes from wave 1
deletion, allowing these cells to attain IELp phenotypes, we
reasoned that a comparison of B6 and BCL2-tg mice may
reveal TCR repertoire features that promote deletion versus
IELp differentiation. To our published TCR-sequence
database comprising nine T-cell subsets from the thymus,
spleen or small intestine of B6 mice [21] we added Type B
IELp data from B6 mice, as well as all ten subsets from
BCL2-tg mice (Supplementary Figure 1). First, we exam-
ined usage of a set of hydrophobic, amino acid doublets at
positions 6 and 7 (P6-P7) of the TCR complementarity-
determining region 3 (CDR3) [22]. The frequency of
CDR3 sequences carrying these P6-P7 doublets is a
population-level index of TCR self-reactivity and is called
the hydrophobic index hereafter. Independent of BCL2-tg
expression, in both TCRa and TCRf repertoires, Type A
IELp and IEL had higher hydrophobic indices than thymic
and splenic CD4 + Foxp3 + T-regulatory cells (T-reg),
CD4 + Foxp3- conventional T cells (T-conv) and CD8 +
T-conv (Fig. 2d and Supplementary Figure 2). BCL2-tg
expression increased the hydrophobic index in the CD4 +
T-conv TCRp repertoire, as observed in apoptosis-defective
Bim™" mice (Fig. 2d) [22]. In BCL2-tg mice, the hydro-
phobic index was markedly increased in the Type B IELp
TCRoa and TCRp repertoires and slightly increased in the
Type A IELp TCRa repertoire (Fig. 2d). These data provide
a new tranche of evidence that many self-reactive
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thymocytes undergo either wave 1 deletion or IELp dif-
ferentiation and suggest that wave 1 deletion preferentially
eliminates would-be Type B IELp that express strongly self-
reactive TCRs.

Next, we  enumerated the frequency  of
CDR3 sequences with cysteine within two positions of the
CDR3 apex, called the cysteine index in this paper. In B6
mice, compared with pre-selection thymocytes, the
cysteine index is increased in Type A IELp and IEL
whereas it is decreased in T-reg, CD4 + T-conv and
CD8 + T-conv (Fig. 2e) [21]. In BCL2-tg mice, we found
the cysteine index was increased in Type A IELp, IEL and
CD4 + T-conv, while Type B IELp showed a similar
trend without reaching statistical significance (Fig. 2e).
Despite these effects, there were significant correlations
between B6 and BCL2-tg mice for both TCR self-
reactivity indices (Fig. 2d, e), indicating that the TCR
self-reactivity hierarchy is largely conserved when
apoptosis is inhibited.

Altered scales of wave 1 deletion in TCRP transgenic
mice

Compared with B6 thymocytes, induction of TCR sig-
nalling by self-antigen/MHC ligands is more common in
thymocytes expressing the Yae62 TCRp transgene
(Yae62p-tg) and less common in thymocytes expressing
the B3K506 TCRp transgene (B3K506f-tg) [22]. To
validate our flow-cytometric assay, we analysed B6,
Yae62p-tg and B3K506p-tg mice, including BCL2-tg
versions of each strain. Three days after EdU injection,
we measured the induction of TCR-signalled cell subsets
as a frequency of the EdU 4 CD24 4 population, which
was not significantly affected by TCRp transgene
expression (Fig. 3a, b). As expected, Yae62p-tg expres-
sion increased the TCRP -+ CD5+ cell frequency
(Fig. 3c, d). The mean Helios— CCR7 + cell frequency
was 2—4% in B6 and B3K506p-tg groups versus 9% in
Yae62p-tg mice, with no change due to BCL2-tg
expression (Fig. 3e, g). Yae62p-tg expression thus
increases the frequency of nascent thymocytes that pass
the wave 1 checkpoint without upregulating Helios.
While the Helios + CCR7- cell frequency was similar in
the B6 and B3K506p-tg groups with normal apoptosis,
analysis of BCL2-tg mice revealed that B3K5060-tg
expression causes a significant decrease in wave 1
deletion (Fig. 3e, f). However, BCL2-tg expression was
not required to detect the large increase in wave 1
deletion caused by Yae62p-tg expression (Fig. 3e, f).
These effects of TCRp transgene expression demonstrate
that the “architecture” of the pre-selection TCR reper-
toire can modulate cellular flow through the wave 1
checkpoint.
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Fig. 2 Features of wave 1 deletion in both Type A and Type B IELp.
a After excluding thymocytes bound by anti-CD25 or PBS-44/CD1d
tetramer, the CD4— CD8a— TCRp + CD5 + population was analysed
for expression of PD-1 (to identify Type A IELp) and NKI.1 (to
identify Type B IELp), with a summary (right) showing the number of
cells in each subset per thymus in B6 and BCL2-tg mice. b Helios/
CD24 phenotypes of Type A and Type B IELp populations gated in
(a), with a summary (right) of the percentage of Helios + cells in each
subset from multiple mice. Each symbol represents an individual
mouse and lines show the group mean compiled from two experi-
ments. ¢ CCR7 expression on CD4SP, Type A and Type B IELp
from B6 and BCL2-tg mice, representative of two experiments.

To test whether TCRp transgenes affect apoptosis
efficiency during wave 1 deletion, we compared the
geometric means of the TCRp + CD5 + Helios + CCR7-
cell frequencies among EdU + CD24 + thymocytes in the
presence or absence of BCL2-tg expression (Fig. 3f). In
B6 mice the data were consistent with apoptosis of 92% of
would-be Helios + thymocytes, calculated by subtracting
the apoptosis-sufficient group mean of 0.23% from the
BCL2-tg group mean of 3.0%. Similar estimates were
obtained for B3K506f-tg and Yae62f3-tg mice (90% and
94%, respectively), indicating that changes in cellular
flow through the wave 1 checkpoint can occur with little
change in apoptosis efficiency.

d Percentage of unique TCRa or TCRP sequences (denoted above
graphs) with a self-reactive CDR3 P6-P7 doublet (hydrophobic index)
in T-cell subsets (see colour key, right) from BCL2-tg mice (y-axis)
versus B6 mice (x-axis). e Percentage of unique sequences with
cysteine within two positions of the CDR3 apex (cysteine index)
presented as in (d). In (d) and (e), symbols show the group mean and
error bars the SEM of >3 mice per group. For each T-cell subset
examined in (a), (b), (d) and (e), a Student’s ¢ test was used to compare
B6 and BCL2-tg groups followed by Holm-Sidak’s post-test
without assuming a consistent standard deviation. P values: * <0.05;
4% < (0.0001. In (d) and (e), P and R? values were determined using
Pearson’s test for correlation

Usage of proximal, but diverse, TCRa gene
segments in T cells expressing Yae62p-tg

To test whether the increased induction of TCR-signalled
thymocytes in Yae62f-tg mice depends on repetitive usage
of particular TCRa variable (Trav) and TCRa joining (Traj)
gene segments, we compared the diversity of Trav—Traj
combinations expressed by thymocyte subsets. Rarefaction
and extrapolation curves based on the observed number of
TCRa clones (Fig. 4a) were converted to curves based on
sample coverage (Fig. 4b) to enable the comparison of
Trav-Traj diversity at an equal level of completeness
[23, 24]. When apoptosis was normal, Trav—Traj diversity
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Fig. 3 Altered scales of wave 1 deletion in TCRp-transgenic mice. B6,
B3K506p-tg and Yae62p-tg mice (denoted left), some of which carried
BCL2-tg (denoted above plots), were injected once with EdU i.v.
3 days before thymocytes were analysed by flow cytometry. a Thy-
mocytes gated to identify the EdU + CD24 + population, quantified
for multiple mice in (b). ¢ EAU 4+ CD24 4 thymocytes with a gate for
the TCRpP + CD5 + subset, quantified for multiple mice in (d). e
TCRP + CD5 + thymocytes gated to identify Helios + CCR7- and
Helios— CCR7 4 subsets, quantified in (f) and (g), respectively.

was highest in B6 mice, intermediate in B3K506f-tg mice
and lowest in Yae62p-tg mice (Fig. 4c). Trav-Traj diversity
in mice expressing both Yae62p-tg and BCL2-tg exceeded
that observed in Yae62P-tg mice and was only slightly
lower than that observed in mice expressing BCL2-tg alone
(Fig. 4c). This finding suggests that the mechanism by
which Yae62f-tg increases the induction of TCR-signalled
thymocytes does not depend on repetitive Trav—Traj com-
bination usage.

As TCRa recombination events in DP thymocytes
incorporate more distal Trav and Traj segments over time
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Numbers on flow cytometry plots indicate the percentage of gated cells
in the parent population, except for (e), which shows the percentage
among the “grandparent” EdU + CD24 + population. Each symbol on
one graph represents an individual mouse and lines show the group
mean in (b) and (g) or geometric mean in (d) and (f). Data were
compiled from four experiments. Student’s ¢ tests were performed with
Holm-Sidak’s post-test without assuming a consistent standard
deviation. Tests were performed on log-transformed values in (d) and
(). P values: *<0.05; **<0.01; ***<0.001; **** <0.0001

[25], we examined the chromosomal distribution of Trav—
Traj combinations. The Trav and Traj loci were each divi-
ded into five regions containing sets of gene segments used
equally in B6 pre-selection thymocytes. Trav—-Traj combi-
nations were widely distributed along the Trav and Traj loci,
including in Yae62f-tg mice (Fig. 4d). However, close
examination revealed proximal shifts in Yae62p-tg mice
compared with B6 mice in all thymocyte subsets (Supple-
mentary Figure 3). This indicates that TCRa recombination
time is relatively short in Yae62f3-tg mice, consistent with
the increased induction of TCR-signalled thymocytes.
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Fig. 4 Diverse TCRa gene segment usage in Yae62fp-tg mice. a Rar-
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TCR catalogue. As Trav-Traj combination diversity was calculated using
the diversity order (Hill number or g) of 1, Shannon entropy is equal to the

natural log of the y-axis value in (a) and (b) [24]. ¢ Relative Trav-Traj
combination diversities calculated at the level of coverage indicated by the
vertical lines in (b) with error bars showing 95% confidence bands. d
Chromosomal distribution of Trav—Traj combinations. The Trav and Traj
loci were each divided into five regions, resulting in a 25-square grid for
the classification of all possible Trav-Traj combinations. For each com-
bination of mouse strain (left) and T-cell subset (top), heatmaps show the
percentage (mean of n >3 mice per group) of TCRa clones that used a
Trav-Traj combination in each square of the 25-square grid
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Wave 1 deletion in the absence of epithelial MHC
expression

Although the APC requirements for conventional T-cell
differentiation are established, the APC types that mediate
the extensive wave 1 deletion quantified above remain
undefined. To investigate this, chimeric mice were gener-
ated in which haemopoietic (donor) cells and/or non-
haemopoietic (host) cells had a B2m™ H2-Aa™~ genotype
and therefore lacked MHC expression. Half of the mice
received BCL2-tg donor cells. As one group of chimeras
became unwell and were euthanized ~4 weeks after irra-
diation, this group was not examined in detail. As the EJU
+ CD24 + cell frequency did not differ significantly across
the seven experimental groups (Fig. 5a, b), we determined
the frequencies of TCR-signalled cell subsets among EAU
+ CD24 + thymocytes. TCRp + CD5 + cells were rare in
chimeras lacking MHC expression completely, as expected
(Fig. 5¢, d).

On the BCL2-tg background TCRp+ CDS5 + cell
induction was significantly lower in chimeras with MHC
expression confined to host cells compared with chimeras
with normal MHC expression (Fig. 5c, d). As the induction
of both Helios— CCR7 4 and Helios + CCR7- cells was
decreased by 40-45% (Fig. 5e—g), haemopoietic APC are
crucial for normal cellular flow through the wave 1
checkpoint.

TCRp + CD5 + cell induction tended to be lower in
chimeras with MHC expression confined to donor cells
compared with chimeras with normal MHC expression,
without reaching statistical significance (Fig. 5c, d). How-
ever, Helios— CCR7 + cell induction was reduced by 20-
fold on the apoptosis-sufficient background and by fivefold
on the BCL2-tg background (Fig. 5e, g). This was expected
because naive T-cell development requires thymocytes to
interact with self-antigen/MHC ligands expressed by cTEC
[4, 5]. Surprisingly, Helios + CCR7- thymocyte induction
was undiminished in chimeras with MHC expression con-
fined to donor cells (Fig. Se, f). This was unexpected
because thymocytes were thought to require TCR engage-
ment with self-antigen/MHC ligands expressed by ¢cTEC to
pass the death-by-neglect checkpoint [4-6].

Normal Type A IELp population size in the absence
of epithelial MHC expression

Next, we investigated the extent of thymocyte differentia-
tion in the chimeric mice described above by enumerating
mature post-selection thymocyte subsets (Fig. 6a). The
thymic T-reg population was smaller in all groups lacking
MHC expression in host and/or donor cells (Fig. 6b), con-
sistent with crucial contributions of multiple APC subsets to
thymic T-reg selection [26]. The CD8SP population was
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also decreased in all groups lacking MHC expression in
host and/or donor cells (Fig. 6¢c), whereas the CD4SP
population was smaller only in groups lacking MHC
expression in host cells (Fig. 6d). The Type A IELp
population differed from other post-selection subsets, only
showing a significant decrease in the group lacking MHC
expression completely (Fig. 6e).

Discussion

An estimated 3% of thymocytes that receive strong TCR
signalling at the CCR7—-/DP stage reach peripheral lym-
phoid tissues [17]. Most of this cell loss is attributable to
wave 1 deletion, which we estimate induces apoptosis in
~90% of CCR7- thymocytes stimulated to upregulate
Helios. Despite increased induction of TCR-signalled thy-
mocytes in Yae62f-tg mice, corroborated by proximal shifts
in Trav and Traj usage, apoptosis efficiency during wave 1
deletion was normal in Yae62p-tg mice. The scale of wave
1 deletion was small in the absence of MHC expression, but
was surprisingly large when MHC expression was confined
to either haemopoietic or non-haemopoietic cells. We con-
clude that an efficient, and at least partially redundant, APC
network mediates wave 1 deletion.

As the enlarged Type A IELp population in BCL2-tg
mice contains Helios + CCR7- cells rescued from apopto-
sis, the TCR repertoire of these cells provides an opportu-
nity to sample the TCR repertoire eliminated by wave 1
deletion. TCR self-reactivity indices were significantly
higher in Type A IELp than in T-reg, CD4 + T-conv and
CD8 + T-conv, consistent with the flow-cytometric, time-
course evidence that Type A IELp differentiation and wave
1 deletion are the first mechanisms that induce tolerance in
strongly self-reactive aff T cells. Currently, the only clear
distinction between Type A IELp differentiation and wave 1
deletion in the thymic cortex is whether the self-reactive
thymocyte survives or dies [20, 27]. As younger DP thy-
mocytes survived TCR engagement better than older DP
thymocytes in vitro, it was proposed that Type A IELp
differentiation potential is lost as DP thymocytes age [28].
Preferential rescue of older DP thymocytes from wave 1
deletion should cause a distal shift in Trav and Traj usage in
Type A IELp. Contrary to this prediction, we found a
proximal shift in Trav usage, and no shift in Traj usage, in
Type A IELp from BCL2-tg mice compared with B6 mice
(Supplementary Figure 3). The TCR repertoire eliminated
by wave 1 deletion appears remarkably similar to the TCR
repertoire that induces Type A IELp differentiation.

Unlike Type A IELp, the TCR signal strength required
for Type B IELp differentiation is unclear. In Nur77°F
mice, in which GFP expression is proportional to TCR
signal strength [29], Type B IELp have low GFP expression
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Fig. 5 Wave 1 deletion in the absence of epithelial MHC expression.
Chimeras were generated by reconstituting irradiated B6 (WT) or
B2m™ H2-Aa™" (KO) mice with WT or KO bone marrow cells (left).
In addition, some mice received bone marrow cells that carried the
BCL2 transgene (top). Chimeras were injected once with EdU i.p.
3 days before thymocytes were analysed at a time point 5 weeks after
irradiation. No EdU + events were detected in thymocyte samples
from three mice, presumably due to failure of the intraperitoneal
injection; these samples were excluded. a Thymocytes gated to iden-
tify the EQU + CD24 + population, quantified for multiple chimeras in
(b). ¢ EdU + CD24 + thymocytes with a gate for the TCRf + CD5 +
subset, quantified for multiple chimeras in (d). e TCRf + CD5 +
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without assuming a consistent standard deviation. P values: * <0.05;
**<0.01; #** <0.001; **** <0.0001
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similar to non-TCR-signalled DP thymocytes [19, 20].
Nur77 is also not expressed in the small subset of DN
TCRp + T-bet + thymocytes that do not express NKI.1
[30], the likely precursors of Type B IELp. However, these
cells have high Helios expression, indicative of strong TCR
signalling [30]. This uncoupling of Nur77 and Helios
expression, two markers of TCR activation, in cells initi-
ating Type B IELp differentiation remains unexplained.
BCL2-tg expression increased the frequency of Helios +
CCR7- cells and TCR self-reactivity indices in the Type B
IELp population, suggesting that cells rescued from wave 1
deletion can differentiate into Type B IELp. Unlike our
findings in Type A IELp, the data suggest that wave 1
deletion preferentially eliminates would-be Type B IELp
expressing strongly self-reactive TCRs.

The CD4 + T-conv TCRp repertoire selected in the
presence of BCL2-tg expression had a higher hydrophobic
index than controls, as observed in mice with defective
apoptosis due to the absence of Bim [22]. The cysteine

SPRINGER NATURE

indices in the CD4 4 T-conv TCRa and TCRp repertoires
were also increased in BCL2-tg mice compared with B6
mice. As an increased cysteine index is a distinctive feature
of IELp and IEL, some thymocytes that would normally
acquire tolerance in the thymic cortex would seem to escape
that process in BCL2-tg mice. The excessive number of
undeleted self-reactive thymocytes in the cortex of mice
with defective apoptosis [7, 31] may increase competition
for thymic APC to the point that some self-reactive thy-
mocytes escape cortical tolerance mechanisms. The CD4 +
T-conv TCR repertoire seems to be a sensitive domain for
detecting increased TCR self-reactivity because the lowest
TCR self-reactivity indices in normal post-selection T-cell
subsets are found in CD4 + T-conv. This may seem coun-
terintuitive given that Nur77°™ expression is higher in
CD4 + T-conv than in CDS8 + T-conv [29], but can be
explained by the finding that thymocytes are more sensitive
to MHCII compared with MHCI because more CD4 cor-
eceptors are Lck-loaded compared with CDS8 [32].
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When MHC expression was confined to non-
haemopoietic cells, the T-reg and CDSSP populations
were diminished. Haemopoietic APC are essential for nor-
mal T-reg development [26], but a non-redundant role for
haemopoietic APC in CD8SP development was unexpected
and requires further attention. On the other hand, given the
crucial role of haemopoietic APC in deletion [5, 33], it was
surprising that wave 1 deletion was only halved when MHC
expression was confined to non-haemopoietic cells. This
might indicate that non-haemopoietic APC can induce wave
1 deletion in self-reactive thymocytes, albeit on a smaller
scale than in the normal thymus. Non-haemopoietic APC
appear sufficient to induce thymocytes to attain wave 1
deletion phenotypes, such as low CD4/CD8 expression and
high expression of PD-1 [27] and Helios [34]. However,
intercellular ~ self-antigen/MHC  transfer from
haemopoietic cells to haemopoietic cells [35] may also
underlie wave 1 deletion in these settings.

We found that many thymocytes passed the death-by-
neglect checkpoint in chimeric mice with MHC expression
confined to haemopoietic cells. The ability of haemopoietic
cells to autonomously induce wave 1 deletion was over-
looked [5] because those experiments predate methods of
distinguishing wave 1 deletion from death by neglect. After
such methods were developed, it was still assumed that
passing the death-by-neglect checkpoint requires TCR
engagement with self-peptide/MHC ligands
haemopoietic cells [6]. The data do not exclude an essen-
tial role for non-haemopoietic cells, for example acting as a
scaffold on which thymocytes can engage other haemo-
poietic cells, but our data show that MHC expression in
haemopoietic cells is sufficient for a normal amount of wave
1 deletion. By contrast, the induction of TCR-signalled
Helios— CCR7 + thymocytes was markedly decreased when
MHC expression was confined to haemopoietic cells, con-
sistent with the essential role of thymic epithelial cells as
inducers of naive T-cell differentiation [4, 5]. Altogether,
cell type-specific ablation of MHC expression impairs
conventional T-cell differentiation to a greater extent than it
impairs wave 1 deletion in the thymus.

non-

on non-

Materials and methods
Mice

C57BL/6 (B6), Tg(Vav-BCL2)"* (BCL2-Tg), H2-Aa™B",
B2m™%  Yae62p-tg,  B3K506p-tg,  Foxp3™-1Ar
(Foxp3°™) mice, all on the B6 genetic background, were
bred (intercrossed in some cases) and housed at the Aus-
tralian Phenomics Facility, Canberra or at Monash Uni-
versity, Melbourne, and were genotyped using PCR assays
on genomic DNA extracted from ear or tail biopsies. Some

Yae62p-tg and B3K506f-tg mice were heterozygous for the
Terd™"  (Tera™ ™™y allele. T-cell subsets for TCR-
sequencing were sorted from Foxp3°" mice. To make
chimeras, recipient mice were irradiated with X-rays (two
doses of 4.5 Gy given 4 h apart) and then injected intrave-
nously with at least 2 x 10 bone marrow cells. The Animal
Experimentation Ethics Committees of the Australian
National University or Monash University approved all
procedures.

EdU labelling and flow cytometry

In total, 0.25 mg EdU in PBS was injected i.v. or i.p. at
varying times before analysis as described in figure legends.
For CCR7 staining, single cell thymocyte suspensions were
incubated for 60 min at 37 °C in pre-warmed FACS buffer
(PBS containing 2% v/v heat-inactivated bovine serum and
0.01% m/v sodium azide) containing fluorochrome- or
biotin-conjugated anti-CCR7 (BioLegend, San Diego, CA,
Cat #120104 or 120105). Cells were then pelleted by cen-
trifugation and incubated for 30 min in FACS buffer at 4 °C
containing assortments of antibodies against TCRf (Bio-
Legend, Cat #109233 or #109234), CD5 (Miltenyi, Ber-
gisch Gladbach, Germany, Order #130-103-796), CD4
(BioLegend, Cat #100430), CD8a (BioLegend, Cat
#100766), PD-1 (BioLegend, Cat #135218), CD25 (Bio-
Legend, Cat #102004) or NKI1.1 (BD Pharmingen, San
Jose, CA, Cat #553164) and PE- or BV42l-conjugated
tetramers of mouse CD1d loaded with PBS-44 glycolipid.
After washing in FACS buffer, cells were fixed and per-
meabilised using the Foxp3/ ranscription Factor Staining
Buffer Set (Thermo Fisher Scientific, Waltham, MA, Cat
#00-5523-00), then incubated with antibodies specific for
Helios (BioLegend, Cat #137220 or #137222) and Foxp3
(Thermo Fisher, Cat #11-5773-80). Samples were then
processed using the Click-iT® EdU Flow Cytometry Assay
Kit (Thermo Fisher Scientific, Cat #C10420 or #C10635)
following the manufacturer’s instructions except that Click-
iT® EdU buffer additive (Component G) was used at one-
fifth of the concentration recommended. Samples were then
washed in FACS buffer and incubated with anti-CD24
(Miltenyi, Order #130-102-736) and streptavidin-PE or
-BV650 (BioLegend, Cat# 405204 or #405232). After
washing in FACS buffer, data were acquired with LSR II
flow cytometers (Becton Dickinson, Franklin Lakes, New
Jersey) and analysed using FlowJo software (FlowJo LLC,
Ashland, Oregon).

T-cell sorting

Methods used to sort T-cell subsets were described pre-
viously [21]. To sort Type B IELp, thymocytes were
additionally stained with propidium iodide or live/dead
fixable aqua (Thermo Fisher, Cat #L.34965), tetramers of
mouse CD1d loaded with PBS-44 glycolipid and antibodies
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against CD5, TCRp, y0TCR (BioLegend, Cat #118103 or
#118131) and NK1.1 (Miltenyi, Order #130-102-991).

TCR-sequence acquisition, filtering and availability

Methods used for RNA isolation, cDNA synthesis, PCR
amplification of TCRa and TCR{ transcripts, addition of
sequencing adapters and sample indices, amplicon con-
centration, purification, sequencing and alignment to mouse
genome using molecular identifier groups-based error cor-
rection (MIGEC) software [36] were described previously
[21], except that the set of Trav-specific forward primers
was not identical in all experiments as detailed in Supple-
mentary Table 1. Sequences with a CDR3 that was out-of-
frame or contained a stop codon were excluded. To avoid
overestimating TCR diversity due to PCR or sequencing
errors, sequences detected only once in any given sample
were excluded. A clonotype was defined as a unique com-
bination of V gene and CDR3 amino acid sequence. Each
clonotype was counted only once per sample. Due to
duplication events at the mouse TCRad locus, some reads
aligned to >1 Trav paralog. Sequences that mapped to >1
Trav paralog, or were amplified from primers that were not
used in every experiment, were excluded from Trav-Traj
analyses but were included in analyses that required only
CDR3 sequence information (hydrophobic and cysteine
indices). The filtered dataset, with a column indicating
whether each sequence was included in Trav—Traj analyses,
is available at Monash University data repository using the
Digital Object Identifier: 10.26180/5c6400f45472e.

TCR-sequence analyses

Trav-Traj diversity calculations were performed at the level
of TCR catalogue, defined as the aggregate of all clonotypes
detected in a given combination of mouse strain and T-cell
subset. Clonotype abundance in a TCR catalogue equals the
number of mice in which the clonotype was detected. The
number of clones in a TCR catalogue is the sum of the
abundances of all clonotypes. The iNEXT software package
was used to produce sample size-based and coverage-based
rarefaction and extrapolation curves using the diversity
order (Hill number or ¢g) of 1, with 95% confidence bands
based on five bootstrap replications [24]. Relative diversity
estimates were performed following the approach of Chao
and Jost [23], whose term “individual” we equate with
“clone”, and “species” we equate with “Trav—Traj combi-
nation”. Trav and Traj gene chromosomal locations were
taken from ImMunoGeneTics (http://www.imgt.org, Locus
gene order) [37]. For hydrophobic and cysteine index ana-
lyses, CDR3 sequences <8 amino acids were excluded
because a conserved Phe or Try is present at position 6 or 7
of CDR3 sequences that are 6 or 7 amino acids long. The
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hydrophobic index equals the percentage of unique clono-
types with a CDR3 P6-P7 doublet corresponding to any of
the 175 amino acid doublets identified as promoting self-
reactivity when present at CDR3p P6-P7 [22]. The cysteine
index equals the percentage of unique clonotypes with
cysteine within two positions of the CDR3 apex. Briefly, for
a CDR3 sequence of n amino acids, the amino acid at the
largest position not greater than (n/2 + 1) was defined as the
CDR3 apex [21]. As the TCRa repertoires of two Type B
IELp samples from B6 mice had zero clonotypes with
cysteine within two positions of the CDR3 apex, the
cysteine index of these samples was defined as the reci-
procal of the number of clonotypes in the sample, expressed
as a percentage.

Statistical analyses

The “tidyverse”, “stringr” and “reshape2” packages were
used in RStudio software for TCR-sequence analyss, to
produce graphs and to perform Pearson’s tests for correlation.
Other statistical analyses were performed using GraphPad
Prism version 7.0a (GraphPad Software, La Jolla, California,
USA) with multiple comparisons tests recommended in the
GraphPad Prism software. Figures were made using Adobe
Tustrator CC (Adobe Systems Inc., San Jose, CA).
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