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Introduction

Summary

Acquisition of T-cell central tolerance involves distinct pathways of self-
antigen presentation to thymocytes. One pathway termed indirect presen-
tation requires a self-antigen transfer step from thymic epithelial cells
(TECs) to bone marrow-derived cells before the self-antigen is presented
to thymocytes. The role of indirect presentation in central tolerance is
context-dependent, potentially due to variation in self-antigen expression,
processing and presentation in the thymus. Here, we report experiments
in mice in which TECs expressed a membrane-bound transgenic self-anti-
gen, hen egg lysozyme (HEL), from either the insulin (insHEL) or thy-
roglobulin (thyroHEL) promoter. Intrathymic HEL expression was less
abundant and more confined to the medulla in insHEL mice compared
with thyroHEL mice. When indirect presentation was impaired by gener-
ating mice lacking MHC class II expression in bone marrow-derived anti-
gen-presenting cells, insHEL-mediated thymocyte deletion was abolished,
whereas thyroHEL-mediated deletion occurred at a later stage of thymo-
cyte development and Foxp3" regulatory T-cell differentiation increased.
Indirect presentation increased the strength of T-cell receptor signalling
that both self-antigens induced in thymocytes, as assessed by Helios
expression. Hence, indirect presentation limits the differentiation of naive
and regulatory T cells by promoting deletion of self-reactive thymocytes.

Keywords: central tolerance; indirect presentation; regulatory T cells;
T-cell deletion; T-cell tolerance.

Most strongly TCR-signalled thymocytes are eliminated by
apoptosis (called deletion hereafter), but some differentiate

During T-cell development in the thymus, the primary
determinant of thymocyte fate is T-cell antigen receptor
(TCR) engagement. Thymocytes that express a TCR with
low affinity for a self-peptide displayed by a major histo-
compatibility complex (MHC) molecule are induced to dif-
ferentiate into naive T cells. Several outcomes are possible
in thymocytes that receive a strong TCR signal due to
expressing a TCR with high affinity for self-peptide/MHC.

into Foxp3" T regulatory (Treg) cells. One clear difference
between these two mechanisms is the stage of thymocyte
maturation at which they occur. Although deletion can
occur at any stage after the onset of TCR expression,"?
Foxp3 up-regulation occurs predominantly in mature
CD4" CD8 ™ single-positive (CD4SP) thymocytes.> To
understand how these two mechanisms cooperate to estab-
lish self-tolerance, it is important to elucidate factors that

Abbreviations: Aire, autoimmune regulator; APC, antigen-presenting cells; BM-APCs, bone marrow-derived antigen-presenting
cells; BM, bone marrow; CD4SP, CD4 single-positive; cTEC, cortical thymic epithelial cells; DAB, 3,3'-diaminobenzidine; DP,
CD4" CD8" double-positive; EdU, 5-ethynyl-2/-deoxyuridine; HEL, hen egg lysozyme; insHEL, insulin promoter-driven hen egg
lysozyme transgene; MHCII, major histocompatibility complex class II; mTEC, medullary thymic epithelial cells; Non-Tg,
non-transgenic; RFI, relative fluorescence intensity; RIP-OVAhi, rat insulin promoter-deriven ovalbumin; TCR, T-cell receptor;
TECs, thymic epithelial cells; thyroHEL, thyroglobulin promoter-driven hen egg lysozyme transgene; Treg, regulatory T
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determine the maturation stage at which thymocytes
encounter self-antigens.

Self-antigen presentation in the thymus is broadly
divisible into direct and indirect presentation pathways.
Direct presentation is the process whereby an antigen-
presenting cell (APC) expresses a self-antigen and pre-
sents it to thymocytes, whereas indirect presentation
involves an intercellular self-antigen transfer step that
precedes self-antigen presentation to thymocytes. In the
classic indirect presentation pathway, self-antigens are
transferred from thymic epithelial cells (TECs) to bone-
marrow-derived APCs (BM-APCs).>® For some self-anti-
gens, TECs”” or BM-APCs'*'* can delete thymocytes
solely through direct presentation. In contrast, some self-
antigens require indirect presentation to delete thymo-
cytes. This has been demonstrated for CD4" T cells that
recognize the transgenic self-antigens, rat insulin promo-
ter-driven (RIP-OVA)"!®  and  Aire-
GCLgG1o0as'* or the natural self-antigens, myelin basic
protein'®> and interphotoreceptor retinoid-binding pro-
tein.'® Deletion mediated by RIP-OVA™ and interpho-
toreceptor  retinoid-binding protein also  requires
autoimmune regulator (Aire),'»'® a transcription factor
that promotes expression of a broad array of self-antigens
in a subset of medullary thymic epithelial cells
(mTECs)."” " TCR sequencing data indicate that almost
half of the TCRs that require Aire to undergo
deletion also require MHC class IT (MHCII) expression in
BM-APCs to undergo deletion.”® Hence, a substantial
proportion of self-antigens appears to require indirect
presentation to delete high-affinity CD4" T cells in the
thymus.

Impairment of indirect presentation sometimes causes
a small but reproducible increase in the CD4SP thymo-
cyte population size, consistent with a partial defect in
thymocyte deletion.'>'* In these situations it is possible
that changes in the maturation stage at which thymocytes
engage the deleting self-antigen have been overlooked.

ovalbumin

Thymocytes up-regulate the transcription factor, Helios,
in response to strong TCR signalling and down-regulate
Helios in response to weak TCR signalling.”' Helios label-
ling therefore provides a way to define the maturation
stage at which thymocytes receive a strong TCR signal
due to self-antigen engagement.

Here, we examined the role of indirect presentation in
the deletion of thymocytes expressing the 3A9 transgenic
TCR?** which has high affinity for a peptide derived from
hen egg lysozyme (HEL) complexed with the MHCII
molecule, I-A*.*> Membrane-bound HEL was expressed in
the thymus using a transgene containing either the insulin
(insHEL) or thyroglobulin (thyroHEL) promoter.”* 3A9
thymocyte deletion by insHEL requires Aire expression in
non-haematopoietic cells, indicating that TECs are
involved in the deletion mechanism.”> Aire is also
required for thyroHEL to delete 3A9 thymocytes.*

© 2018 John Wiley & Sons Ltd, Immunology, 154, 522-532
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However, it was unknown whether indirect presentation by
BM-APCs is required for insHEL or thyroHEL to delete
3A9 thymocytes. To impair indirect presentation, we made
chimeric mice lacking MHCII expression in BM-APCs. This
perturbation abrogated deletion in the insHEL system. In
the thyroHEL system, the same perturbation delayed dele-
tion and increased Treg cell differentiation. In both systems,
the presence of deleting self-antigen was associated with
increased Helios expression in CD4" CD8" double-positive
(DP) thymocytes in a manner that required MHCII expres-
sion in BM-APCs. Hence, indirect presentation promotes
self-antigen recognition in DP thymocytes and limits the
differentiation of naive CD4" T cells and Treg cells.

Materials and methods

Mice

B10.BR (H-2), 3A9,** insHEL and thyroHEL (initially
called ILK-3 and TLK-2, respectively),”* Bim '~ (Bcl2l1"™")*
and H2-Aa™™ (H2-Aa™"®%% mice were bred and housed in
the Australian Phenomics Facility, Canberra. Mice were
genotyped for transgenes and mutations by PCR and used
7-28 (typically 10-16) weeks after birth. Mice carrying
the 3A9 and insHEL or thyroHEL transgene(s) were hem-
izygous for the transgene. To make chimeras, recipients
were irradiated with X-rays (two doses of 4-5 Gy given
4 hr apart) then injected intravenously with at least
2 x 10° bone marrow cells. They were allowed to recon-
stitute for 4-6 weeks before analysis. The Animal Experi-
mentation Ethics Committees of the Australian National
University or Monash University approved all procedures.

RNA in situ hybridization

HEL mRNA was detected using the RNAscope® 2.0 HD
Detection Kit (Brown) (Advanced Cell Diagnostics Inc.,
Newark, CA, Cat # 320497) according to the manufac-
turer’s instructions.”® Briefly, 5-um-thick formalin-fixed
paraffin-embedded thymus tissue sections were deparaf-
finized, incubated with Pretreat 1 reagent (hydrogen per-
oxide) for 10 min, boiled in Pretreat 2 reagent (epitope
retrieval) for 15 min, and treated with Pretreat 3 reagent
(protease) for 15 min. Tissue sections were then hybri-
dized with a custom-made HEL mRNA-specific probe
(Cat # 445141) or a negative control probe targeting the
bacterial gene, DapB, for 2 hr at 40° in a HybEZ™ Oven.
Signal amplification steps using AMP1 to AMP6 reagents
were performed, culminating in the binding of horserad-
ish peroxidase-labelled probe followed by the chro-
mogenic 3,3'-diaminobenzidine (DAB) substrates (DAB-A
and DAB-B). Sections were counterstained with haema-
toxylin and mounted with xylene-based mounting med-
ium; photographs were taken using a bright field
microscope (Olympus IX71).
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Sorting of thymic APC subsets

After removing fat and connective tissue, individual
thymi were placed in a Petri dish with 5 ml of warm
RPMI-1640 medium, small incisions were made in the
capsule to release thymocytes and tissue pieces were then
transferred into one well of a 24-well plate with 1 ml
warm RPMI-1640. A plastic transfer pipette was used to
liberate thymocytes into the supernatant, which was dis-
carded. Larger fragments were digested through a series
of incubations in 1 ml of digestion buffer at 37° for
10 min at a time. After each digestion, supernatant was
collected and stored on ice. Three incubations were
performed using RPMI-1640 containing 1 mg/ml Collage-
nase 4 (Worthington Biochemical Corporation, Lake-
wood, NJ, USA) with 0-2 mg/ml DNAse 1 (Roche, Basel,
Switzerland), followed by three incubations in 1 mg/ml
Collagenase/Dispase (Roche) with 0-2 mg/ml DNAse 1.
The final two digestion fractions were pooled and passed
through a 100-pm mesh. Cells were pelleted, washed in
FACS buffer and stained in a 500 pl antibody cocktail
containing propidium iodide and the antibodies (BioLe-
gend, San Diego, CA): allophycocyanin-conjugated anti-
Ly5.1, allophycocyanin-Cy7-conjugated  anti-EpCAM,
anti-MHCII eF450, anti-TCR-f BV510, phycoerythrin-
Cy7-conjugated anti-CD11c and phycoerythrin-conju-
gated anti-CD45.1 (Miltenyi Biotec, Bergisch Gladbach,
Germany) plus fluorescein isothiocyanate-conjugated
anti-UEA-1 (Vector Laboratories, Burlingame, CA, USA).
Cells were washed and sorted directly into 350 pl of
RNeasy Lysis Buffer (Qiagen, Hilden, Germany) using the
100 um nozzle on an Influx 3 cell sorter (Becton Dickin-
son, Franklin Lakes, NJ). Testes from insHEL mice were
digested and lysed using the same protocol excluding the
staining and sorting steps.

Real-time quantitative PCR

RNA was isolated using the RNeasy Micro kit (Qiagen),
cDNA was synthesized using the QuantiTect Reverse
Transcription Kit (Qiagen), PCRs were performed using
reagents from the QuantiNova SYBR Green RT-PCR Kit
(Qiagen) on a Rotor-Gene Q real-time PCR machine
(Qiagen). Primer sequences were: Actb_I, CGTGAAA
AGATGACCCAGATCA; Actb_r TGGTACGACCAGAG
GCATACAG; HEL I, GTGTGCCGCAAAATTCGAGA;
HEL_r, TGTTGCACAGGTTCCTGGAG. PCR conditions
were 95° for 2 min followed by 40 cycles of 95° for 5 sec-
onds and 58° for 10 seconds. PCR amplification of a 10-
fold dilution series of cDNA from insHEL testis tissue,
which is known to express HEL,?® was used to verify that
c¢DNA molecules from HEL and the internal control gene
Actb were amplified equally efficiently. Relative expression
levels of HEL and Actb were calculated using the compar-
ative C method.*®
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Flow cytometry

Single-cell thymocyte suspensions were pelleted by cen-
trifugation and incubated for 30 min at 4° in culture
supernatant from the 1GI2 hybridoma (specific for
TCR**) (American Type Culture Collection, Manassas,
VA; Cat #CRL-2827). Then, cells were incubated for
30 min at 4° in FACS buffer (PBS containing 2% v/v
heat-inactivated bovine serum and 0-01% m/v sodium
azide) containing assortments of fluorochrome-conju-
gated monoclonal antibodies against CD4 (BioLegend,
Cat #100430), CD8u (BioLegend, Cat #100765), CD45.1
(BioLegend, Cat #110739), CD45.2 (BioLegend, Cat
#109828) or mouse IgGl (to detect 1G12) (Becton Dick-
inson, Cat # 560089). After washing in FACS buffer, cells
were fixed and permeabilized using the Foxp3/Transcrip-
tion Factor Staining Buffer Set (Affymetrix eBioscience,
Santa Clara, CA), then incubated with antibodies specific
for intracellular proteins, Helios (clone 22F6; BioLegend)
and Foxp3 (eBioscience, Cat # 11-5773-80). Data were
acquired with LSRFortessa or LSR II flow cytometers
(Becton Dickinson) and analysed using FLowJo software
(FlowJo LLC, Ashland, OR).

EdU labelling

For 5-ethynyl-2'-deoxyuridine (EdU) labelling, 0-25 mg
of EAU was injected intraperitoneally (0-1 ml of a
2:5 mg/ml m/v in DMSO solution) per mouse. After
intracellular staining as described above, cells were
processed following the manufacturer’s instructions
(Click-iT® EdU Flow Cytometry Assay Kit, Thermo
Fisher Scientific, Waltham, MA) except that Click-iT®
EdU buffer additive (Component G) was used at one-fifth
of the concentration recommended.

Statistical analysis

GrapHPAD PrisMm version 7 for Mac was used to conduct
statistical analyses as described in the figure legends.

Results

Intrathymic HEL expression is less abundant and
more restricted to the medulla in insHEL mice
compared with thyroHEL mice

To determine the intrathymic location of HEL expression
in insHEL and thyroHEL mice, we used in situ hybridiza-
tion to detect HEL mRNA in thymus sections. Intense
focal staining was observed in rare cells in the medulla in
both insHEL and thyroHEL thymi (Fig. la). In addition,
punctate staining of lower intensity was observed in a dif-
fuse pattern throughout the cortex and medulla of thyro-
HEL but not insHEL thymic sections (Fig. la). Next, we

© 2018 John Wiley & Sons Ltd, Immunology, 154, 522-532



measured HEL mRNA abundance in FACS-sorted thymic
APC subsets using real-time PCR. Although HEL mRNA
was undetectable in thymic dendritic cells, HEL mRNA
was detected at low levels in two out of three cortical
TEC (cTEC) samples from thyroHEL mice (Fig. 1b). The
mTEC population was subdivided into MHCII and
MHCII" subsets. HEL mRNA was detected in five out of
six mTEC samples from thyroHEL mice and was detected
at a lower level in one out of four mTEC samples from
insHEL mice (Fig. 1b). These data indicate that HEL
expression is less abundant and more confined to the
medulla in insHEL mice compared with thyroHEL mice.

Both insHEL and thyroHEL delete DP thymocytes
albeit to different extents

To define the maturation stages at which insHEL and
thyroHEL delete thymocytes, we used flow cytometry to
examine thymocytes from 3A9xinsHEL or 3A9xthyro-
HEL double-transgenic mice and 3A9 single-transgenic
littermates. Thymocytes expressing the transgenic 3A9

(@)

Indirect presentation in thymic tolerance

TCR (TCR*?) were detected in all groups except non-
transgenic (Non-Tg) controls (Fig. 2a). At both DP and
CD4SP stages the numbers of TCR***" Foxp3™ thymo-
cytes were significantly lower in 3A9xinsHEL mice com-
pared with 3A9 mice, while 3A9xthyroHEL mice had
even fewer cells than 3A9xinsHEL mice (Fig. 2b). Hence
insHEL and thyroHEL both delete thymocytes at the DP
stage, but more deletion occurs at the DP stage in
3A9xthyroHEL mice than in 3A9xinsHEL mice.
Surprisingly, there was no difference between 3A9 mice
and 3A9xinsHEL mice in Helios expression within thy-
mocytes at the DP stage (Fig. 2c). We noted that DP thy-
mocytes in 3A9 mice had Helios relative fluorescence
intensity values of ~3, which means their Helios expres-
sion was three-fold higher than Non-Tg DP thymocytes
analysed in parallel (Fig. 2c). However, Helios was signifi-
cantly up-regulated in DP thymocytes from 3A9xthyro-
HEL mice (Fig. 2¢). Increased deletion at the DP stage in
3A9xthyroHEL mice was therefore associated with
increased Helios expression in DP thymocytes. Helios
expression in CD4SP cells was greater in 3A9xinsHEL
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Figure 1. Differential intrathymic hen egg lysozyme (HEL) expression in mice in which HEL is driven by insulin (insHEL) or thyroglobulin
(thyroHEL) promoter. (a) HEL mRNA detection using in situ hybridization in thymic tissue sections from mice of the genotypes indicated (left).
Cortical (C) and medullary (M) regions were distinguished based on cell density, as shown in the schematics (right). Sections exposed to the neg-
ative control probe targeting the bacterial gene, DapB, were indistinguishable from the non-transgenic (Non-Tg) section (data not shown). Sec-
tions from thyroHEL mice (n = 3 mice) exhibited low-intensity punctate staining throughout cortical and medullary regions. (b) Quantification
of HEL expression in the thymic antigen-presenting cell (APC) subsets indicated (left). Dendritic cells (DCs; CD45" CD11c"), cortical thymic
epithelial cells (cTECs; CD45~ EpCAM* UEA-1" Ly51%), MHCII medullary TECs (mTECs; CD45~ EpCAM"™ UEA-1* MHCII") and MHCII"
mTECs (CD45 EpCAM' UEA-1" MHCII") were sorted from individual thymi of mice of the indicated genotypes (bottom) and cDNA was
analysed by real-time PCR. For samples in which a product was detected in the HEL-specific PCR, red symbols on graphs show HEL expression
relative to the internal control gene, Actb, calculated using the comparative Cr method. Values were normalized to HEL expression levels in the
insHEL testis, which is represented by the dotted line at 1 on the y-axis. Limits of detection (L.O.D.) were determined based on the maximum
Cr value for the lowest concentration of insHEL testis cDNA that generated a product in nine out of nine HEL-specific PCRs. Error bars show
the standard deviation of observations from three independent experiments performed on the same panel of cDNA samples.
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Figure 2. Both insulin promoter-driven hen egg lysozyme transgene (insHEL) and thyroglobulin promoter-driven hen egg lysozyme transgene
(thyroHEL) delete thymocytes at the double-positive (DP) stage of development albeit to different extents. (a) Representative flow cytometry
plots show expression of the 3A9 TCR (TCR**’) versus Foxp3 on all thymocytes from 3A9, 3A9xinsHEL, 3A9x thyroHEL and non-transgenic
(Non-Tg) mice with gates enclosing the TCR**** Foxp3~ and TCR**** Foxp3" populations (left). Graph shows the number of TCR**** Foxp3*
cells per thymus (right). (b) TCRA%* Foxp3™ thymocytes were analysed for CD4/CD8 expression (left). Graphs show the number of

TCR™’" Foxp3~ thymocytes divided into DP and CD4 single-positive

(CD4SP) stages as gated in the plots. (c) Helios expression in

TCR**** Foxp3™ DP or CD4SP thymocytes from mice of the indicated genotypes (left). Helios relative fluorescence intensities (RFIs) were calcu-

lated relative to Non-Tg DP thymocytes analysed in parallel. (a—c) Data compiled from three independent experiments were analysed using one-

way analysis of variance and Sidak’s multiple comparisons test. Lines show
< 0:01; ***P < 0-001; ****P < 0-0001.

mice than in 3A9 mice, an effect mainly attributable to a
decrease in Helios expression during the DP to CD4SP
transition in 3A9 mice (Fig. 2¢).

As strong TCR signalling can also induce Foxp3* Treg
cell differentiation, TCR*** Foxp3" thymocytes were enu-
merated. Compared with 3A9 mice, there was a significant
increase in TCR*’" Foxp3" thymocytes in 3A9 x thyroHEL
mice, but not in 3A9 xinsHEL mice (Fig. 2a).

Helios up-regulation can be limited by intraclonal
competition and by rapid deletion

Intraclonal competition limits Helios expression in
CD4SP thymocytes in 3A9xinsHEL mice.”’ In addition,
rapid deletion might limit the extent of Helios up-regula-
tion. Thymocytes lacking the pro-apoptotic protein, Bim
(encoded by the Bcl2 I11 gene, referred to as Bim

526

the group mean; one symbol represents one mouse; *P < 0-05; **P

hereafter), are able to survive stimuli that normally
induce thymocyte deletion.”” To investigate more closely
the stage and extent of Helios up-regulation induced by
insHEL and thyroHEL, chimeric mice were generated
using a BM mixture composed of 90% Non-Tg (CD45"%)
BM, 5% Bim™* 3A9 (CD45"") BM and 5% Bim ™'~ 3A9
(CD45*?) BM. This enabled comparison of co-resident
wild-type and apoptosis-defective 3A9 TCR transgenic
thymocytes at moderate clonal frequencies.

In Non-Tg hosts, Bim-deficiency caused a small but
statistically significant decrease in CDA4SP frequency
(Fig. 3b) but there was no effect on Helios expression
(Fig. 3c). In insHEL hosts, Bim-deficiency caused a
marked increase in CD4SP frequency (Fig. 3b), consistent
with the requirement for Bim in insHEL-mediated thy-
mocyte deletion.”’ DP thymocytes expressed significantly
more Helios in insHEL hosts than in Non-Tg hosts

© 2018 John Wiley & Sons Ltd, Immunology, 154, 522-532



(Fig. 3c¢). The finding that reducing the frequency of
HEL-specific thymocytes to 10% led to insHEL-depen-
dent Helios up-regulation in DP thymocytes suggests that
intraclonal competition limits Helios expression at the
DP stage in 3A9xinsHEL mice, as previously observed at
the CD4SP stage.”!

In thyroHEL hosts, Bim-deficiency did not affect the
CDA4SP frequency (Fig. 3b), indicating that thyroHEL pre-
vents naive T-cell differentiation in a Bim-independent
manner. Notably, in thyroHEL hosts, Bim-deficiency
caused a significant increase in Helios expression (Fig. 3c),
which prompted us to formulate two hypotheses. First,
Bim-deficiency may affect the kinetics of Helios up-regula-
tion induced by thyroHEL. Second, Bim-deficient thymo-
cytes may survive for a longer period after engaging the
thyroHEL self-antigen and accumulate higher levels of
Helios protein over time. To distinguish between these
hypotheses, some of the mixed chimeras described above
were injected with EAU, a thymidine analogue that is incor-
porated by DNA-synthesizing cells.”’ This procedure labels
immature thymocytes, which can then be tracked as they
progress through thymocyte development. Helios expres-
sion levels in EdU" TCR**** thymocytes were lower at
<1 day after EdU injection compared with 2 or 5 days
after EAU injection (Fig. 3d), indicating that the older thy-
mocytes had higher Helios expression. Age-matched Bim*’
* and Bim™" thymocytes had similar levels of Helios
expression at all time-points (Fig. 3d), consistent with the
hypothesis that Bim-deficient thymocytes survive longer
after engaging the thyroHEL self-antigen and accumulate
higher levels of Helios protein over time.

Bim-deficiency consistently increased Treg cell differen-
tiation in TCR**** Foxp3* thymocytes (Fig. 3a). In addi-
tion, the TCR*" Foxp3" thymocyte frequencies were
usually higher in insHEL and thyroHEL hosts than in
Non-Tg hosts (Fig. 3a). Apoptosis therefore limits Treg
cell differentiation in 3A9 thymocytes. Furthermore,
inhibiting apoptosis revealed that HEL expression can
promote Treg cell differentiation in both insHEL and
thyroHEL mice.

Indirect presentation in thymic tolerance

Direct presentation by BM-APCs has no role in
deletion mediated by insHEL or thyroHEL

3A9 thymocytes are not deleted when only the BM-APCs
carry the insHEL transgene.”” To test whether BM-APCs
carrying the thyroHEL transgene can mediate deletion
through direct presentation, chimeras were made by
reconstituting Non-Tg hosts with BM from Non-Tg,
insHEL or thyroHEL mice that was mixed 9 : 1 with 3A9
BM. Six weeks later, the CD4SP cell frequency among
TCR**** Foxp3~ thymocytes were similar in all groups
(Fig. 4), which shows that neither insHEL BM-APCs nor
thyroHEL BM-APCs are sufficient to delete 3A9 thymo-
cytes through direct presentation.

Indirect presentation is essential for insHEL-mediated
deletion

Having excluded a role for direct presentation by BM-
APCs, the remaining pathways by which insHEL and thyro-
HEL must delete thymocytes include indirect presentation
and direct presentation by TECs. To test whether indirect
presentation is required, chimeras were made using wild-
type or MHCII-deficient (H2-Aa") 3A9 BM. The insHEL
and thyroHEL hosts with wild-type BM-APCs had similar
thymic phenotypes to non-chimeric 3A9xinsHEL and
3A9 xthyroHEL mice, respectively (Fig. 5b and 2b, respec-
tively). In contrast, insHEL hosts with MHCII-deficient
BM-APCs were indistinguishable from Non-Tg hosts
(Fig. 5b,c) demonstrating that indirect presentation is
essential for insHEL-mediated deletion.

Defective indirect presentation delays deletion and
increases Treg cell differentiation mediated by
thyroHEL

Compared with thyroHEL hosts with wild-type BM-
APCs, thyroHEL hosts with MHCII-deficient BM-APCs
had a larger CD4SP thymocyte population (Fig. 5b),
which is indicative of a defect in thymocyte deletion. In

Figure 3. Phenotypes of 3A9 thymocytes rescued from deletion by a defect in apoptosis. Mixed bone marrow (BM) chimeras were generated by
reconstituting irradiated non-transgenic (Non-Tg) (n = 9), insulin promoter-driven hen egg lysozyme transgene (insHEL) (n = 7) or thyroglobu-
lin promoter-driven hen egg lysozyme transgene (thyroHEL) (1 = 7) hosts with a cell mixture comprising 90% CD45" Bim™* Non-Tg BM, 5%
CD45"" Bim™* 3A9 BM and 5% CD45”% Bim "~ 3A9 BM. (a) Six weeks post-reconstitution, electronically gated CD45"" (Bim**) and CD45%>
(Bim™") thymocyte populations were analysed for expression of TCR*? and Foxp3 (left) with a summary graph showing the TCR*?* Foxp3*
cell frequencies within the CD45"' and CD45%? populations as gated in the plots (right). (b) CD4/CD8 phenotype of Bim*"
TCR*** Foxp3~ thymocytes (left) and summaries (right) show the double-positive (DP) and CD4 single-positive (CD4SP) cell frequencies as
gated in the plots. (c) Helios expression on the DP and CD4SP subsets gated in (b) with a summary showing the Helios relative fluorescence

or Bim™~

intensity (RFI) values relative to Non-Tg DP thymocytes analysed in parallel (right). (d) ThyroHEL hosts were injected intraperitoneally with
EdU at the indicated times before analysis. Representative plots show the gate for the EQU" TCR**** population (first column) that was divided
into CD45"! (Bim™*) and CD45%? (Bim ") subsets (second column) that were compared for Helios expression with the mean fluorescence
intensity of Bim"* and Bim " cells shown in black and grey text, respectively (columns 3—7). Each pair of symbols joined by a line in (a—c) and
each histogram overlay in (d) represents one mixed chimera. Statistical comparisons used two-way analysis of variance with Sidak’s multiple
comparisons test. ¥P < 0-05; **P < 0-01; ***P < 0-001; ****P < 0-0001.
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thyroHEL hosts, MHCII deficiency in BM-APCs also
decreased Helios expression (Fig. 5¢). However, thyroHEL
hosts with MHCII-deficient BM-APCs had fewer CD4SP
thymocytes and higher Helios expression than Non-Tg
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Figure 4. Neither insulin promoter-driven hen egg lysozyme transgene (insHEL) nor thyroglobulin promoter-driven hen egg lysozyme transgene

(thyroHEL) mediates deletion when only the bone marrow-derived antigen presenting cells (BM-APCs) are transgenic. Irradiated non-transgenic
(Non-Tg) hosts (CD45%?) were reconstituted with Non-Tg, insHEL or thyroHEL (CD45YY) BM mixed with 3A9 (CD45Y%) BM at a ratio of
9 : 1. Six weeks later, CD45"* TCR™’" Foxp3~ thymocytes were analysed for CD4/CD8 phenotype (left) and the CD4SP cell percentage was
determined (right). Each symbol represents one mouse; each line shows the group mean.

2-5-fold more numerous in thyroHEL hosts with MHCII-
deficient BM-APCs compared with thyroHEL hosts with
wild-type BM-APCs (Fig. 5a). Impairing indirect presen-
tation therefore delayed thyroHEL-mediated deletion and
was associated with an increase in thyroHEL-mediated
Treg differentiation.

Discussion

In the thymus, the indirect presentation pathway is
important for the establishment of immunological self-
tolerance by promoting deletion or Treg cell differentia-
tion. The data above show that indirect presentation
amplifies TCR signalling and promotes thymocyte dele-
tion mediated by the transgenic self-antigens, insHEL and
thyroHEL. In the insHEL model indirect presentation is
absolutely required for deletion. In the thyroHEL model
indirect presentation is required to promote deletion at
the DP stage and to limit Treg cell differentiation. Indi-
rect presentation therefore limits differentiation of both
naive CD4" T cells and Treg cells by promoting self-
antigen recognition at the DP stage of thymocyte
development.

We examined Bim-deficient thymocytes to rescue thy-
mocytes from deletion so that we could determine the
maturation stage at which thymocytes encounter insHEL
and thyroHEL by assessing Helios expression. The mixed
chimeras made for this purpose revealed that both self-
antigens increased Helios expression in DP thymocytes
(Fig. 3c). The experiment also provided unanticipated
insights.  First, Bim-deficiency enabled thymocytes
encountering thyroHEL to express very high levels of
Helios. That Bim-deficient thymocytes expressed mark-
edly more Helios in response to thyroHEL compared with
insHEL is consistent with the evidence of higher intrathy-
mic HEL expression in thyroHEL mice compared with
insHEL mice (Fig. 1). Second, Bim-deficiency had

© 2018 John Wiley & Sons Ltd, Immunology, 154, 522-532

different effects on tolerance induction in the two models.
ThyroHEL prevents naive T-cell development in a Bim-
independent manner, as observed in other models where
the deleting self-antigen is expressed in the thymic cortex
and deletion occurs at the DP stage.”” >> These findings
suggest that tolerance induction in the thymic cortex is
Bim-independent. By contrast, Bim is essential for the
mechanisms by which insHEL prevents CD4" T-cell
development® and RIP-mOVA prevents CD8" T-cell
development.”®?® To our knowledge, no models of thy-
mocyte deletion in the thymic medulla are Bim-indepen-
dent. However, defects in medullary deletion caused by
Bim-deficiency appear to be offset by an increase in Treg
cell differentiation in CD4" T cells (Fig. 3) or induction
of anergy in CD8" T cells.”> While Bim-deficiency is suf-
ficient to precipitate organ-specific autoimmunity,® toler-
ance is induced in substantial numbers of self-reactive T
cells by Bim-independent mechanisms,”>>>*” which may
explain why the organ-specific autoimmunity caused by
Bim-deficiency is relatively mild.

Thymus-grafting experiments excluded the blood and
BM-APCs as potential sources of the insHEL self-antigen
that deletes 3A9 thymocytes.” Aire is required for
insHEL-mediated deletion,>>"*° indicating that TECs are
involved in the mechanism. However, we found that
insHEL TECs were unable to delete 3A9 thymocytes via
direct presentation (Fig. 5). These results align insHEL
with RIP-OVA"®) Aire-GCLG 204, myelin basic pro-
tein'® and interphotoreceptor retinoid-binding protein'®
in a class of self-antigens for which thymocyte deletion
requires both TECs and BM-APCs, but only the BM-
APCs actually present the self-antigen to CD4" thymo-
cytes.

At what site and stage do thymocytes engage insHEL?
The smaller DP population size in 3A9xinsHEL mice
compared with 3A9 mice suggests that insHEL is engaged
at the DP stage. The insHEL-mediated Helios induction
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Figure 5. Defective indirect presentation by bone marrow antigen-presenting cells (BM-APCs) abrogates insulin promoter-driven hen egg lyso-
zyme transgene (insHEL)-mediated deletion and delays thyroglobulin promoter-driven hen egg lysozyme transgene (thyroHEL)-mediated dele-
tion. Irradiated none-transgenic (Non-Tg), insHEL or thyroHEL hosts were reconstituted with 3A9 BM that was either wild-type (H2-Aa"") or
MHCII-deficient (H2-Aa™") and analysed 4-6 weeks later. (a) Thymocytes were gated for TCR3A* Foxp3" and TCR>A* Foxp3™ subsets (left)
and the summary shows the number of TCR**** Foxp3" thymocytes (right). (b) TCR*°* Foxp3  thymocytes were analysed for CD4/CD8
expression (left) and summaries show the number of double-positive (DP) and CD4 single-positive (CD4SP) cells (right). (c) Helios expression
on DP and CD4SP subsets of TCR***" Foxp3™ thymocytes (left) with Helios relative fluorescence intensity (RFI) values relative to Non-Tg DP

thymocytes (right). Statistical comparisons used two-way analysis of variance and Sidak’s multiple comparisons test. P-value symbols: *P < 0-05;
*¥*P < 0-01; ¥*¥*¥P < 0-001; ****P < 0-0001.
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in DP thymocytes required MHCII expression in BM-
APCs (Fig. 5). Multi-photon imaging in thymic slices
revealed that DP thymocytes localize to the thymic cor-
tex,”®* yet insHEL expression was detected only in the
medulla (Fig. 1). To reconcile these findings, it is con-
ceivable that migratory DCs transport self-antigens from
the medulla to the cortex. Only ~2% of DCs in the thy-
mic cortex were observed to migrate,*” which may
explain why insHEL-mediated Helios induction in DP
thymocytes required conditions of low intraclonal compe-
tition (Fig. 3).

The HEL protein concentration in the blood is lower
in thyroHEL mice than in insHEL mice (0-5 ng/ml and
1-2 ng/ml, respectively),”* which excludes the blood as a
potential source of the thyroHEL self-antigen that triggers
thymocyte deletion. ThyroHEL can delete 3A9 thymocytes
through direct presentation by TECs (Fig. 5) but not
through direct presentation by BM-APCs (Fig. 4). How-
ever, indirect presentation by BM-APCs increases thyro-
HEL-mediated Helios induction and promotes deletion at
the DP stage. This observation extends in vitro evidence
that mTEC-derived self-antigens can activate T cells more
strongly when presented by thymic dendritic cells than by
the mTECs themselves.” ThyroHEL and the transgenic
self-antigen pigeon cytochrome ¢'**' fall within a class of
self-antigens for which direct presentation by TECs can
delete thymocytes, but indirect presentation by BM-APCs
enhances deletion at the DP stage.

T-cell receptor sequencing data indicate that indirect
presentation of Aire-dependent self-antigens plays a cru-
cial role in promoting Treg cell selection.”® Our results
reveal an effect in the opposite direction, that is, indirect
presentation can also limit Treg cell selection in thyro-
HEL mice (Fig. 5). How might indirect presentation limit
Treg selection? The ‘avidity hypothesis’ postulates that
strong TCR signalling induces deletion whereas interme-
diate TCR signalling induces Treg cell selection.”** The
data above are consistent with the ‘avidity hypothesis’
because a decrease in Helios induction was associated
with a shift from deletion towards Treg cell selection in
thyroHEL mice. Alternatively, it is also significant that
indirect presentation was required for normal deletion at
the DP stage in thyroHEL mice. High-affinity TCR
engagement is less likely to induce Treg cell differentia-
tion in a thymocyte at the DP stage than at the CD4SP
stage.*>** In summary, this study demonstrates that indi-
rect presentation amplifies TCR signalling induced by cer-
tain self-antigens and thereby limits the differentiation of
both naive CD4" T cells and Treg cells in the thymus.
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