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Next generation sequencing of T and B cell receptors is emerging as a valuable and effective method to
diagnose and monitor hematopoietic malignancies. So far, this approach has not been fully explored in
regard to autoimmune diseases. T cells develop in the thymus where they undergo positive and negative
selection, and the autoimmune regulator (Aire) is central in the establishment of immunological toler-
ance. Loss of Aire leads to severe multiorgan autoimmune disease with infiltration of autoreactive T cells
in affected organs. Here, we have utilized next generation sequencing technology to investigate the T cell
receptor repertoire in autoimmunity induced by immunization of mice with a self-antigen, myeloper-
oxidase. By investigating the T cell receptor repertoire in peripheral blood, spleen and lumbar lymph
nodes from naïve and immunized Aire �/�mice and wild type littermates, changes in the usage of V and
J genes were evident. Our results identify TCR clonotypes which could be potential targets for immune
therapy. Also, Aire �/� autoimmunity is driven by a variety of autoantigens where the autoimmune
response is highly polyclonal, and access to the most adjacent immunologically active tissue is required
to identify T cell receptor sequences that are potentially unique to the antigen in Aire�/� immunized
mice.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Next generation immunosequencing allows for detailed identi-
fication and quantitation of every T cell in a biologic sample. This
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enables the assessment of clonal expansion and the detection of
shared clones among multiple samples of interest and has become
an appreciated method to monitor and diagnose haematological
malignancies [1,2], but so far this technology has been less inves-
tigated in autoimmune diseases [3].

Effective T cell immunity relies on the enormous diversity of
their membrane bound T cell receptor (TCR) repertoire. The
combinatorial diversity generated by the V(D)J recombination
mechanisms in the thymus results in the somatically hypervariable
CDR3 loop recognising the peptide antigen presented by major
histocompatibility complexes I and II [4,5]. T cells undergo positive
and negative selection in the thymus, where the autoimmune
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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regulator (Aire), a mediator of negative selection, is essential for the
establishment of immune tolerance [6]. Aire is mainly expressed in
a subset of medullary thymic epithelial cells (mTECs), allowing the
promiscuous expression of peripheral antigens to be displayed to
developing T cells [7,8].

In humans, the lack of AIRE leads to multiorgan autoimmune
disease [9,10], where the endocrine organs, like the adrenals and
the parathyroid glands are affected in particular [11]. The infiltra-
tion of T cells is evident in the affected organs, and patients also
develop high levels of circulating autoantibodies directed against
proteins expressed in the affected tissues. Although this is a rare
disease, is has been valuable in studying the mechanisms behind a
functional immune system and the impact of negative selection
[12,13]. C57BL/6 mice mimicking a human 13-base pair AIRE dele-
tionwere shown to have altered development of their mTECs and a
mild autoimmune phenotype with infiltrating T cells in affected
organs particularly the eyes and salivary glands [14]. Previous
assessment of T cells in these mice has shown minimal changes in
the TCR repertoire and a polyclonal expansion of autoreactive T
cells [14].

The expression of myeloperoxidase (MPO) was found to be
under Aire control in thymus [15]. The role of systemic autoim-
munity to MPO in the development of crescentic glomerulone-
phritis has been unraveled during the last years, where both
antibody producing B cells [16] and MPO specific T cells have been
shown to be important for the disease development [17,18]. In
Aire�/�mice immunized withMPO, increased frequencies of anti-
MPO CD4þ T effector cells resulted and the severity of glomerulo-
nephritis was enhanced [15]. This has now become a validated
model of MPO-induced autoimmunity, where the T cells have been
shown to direct disease progression [17e21].

We used next generation sequencing to study the TCR repertoire
in autoimmunity by exploring the expansion and specificity of
autoreactive T cells in naïve and MPO immunized mice that were
either intact or had lack of negative selection (Aire deficiency). The
rearranged TCRb CDR3 regions were sequenced in peripheral blood
and from the immunological active organs spleen and lumbar
lymph nodes (LNs) in all groups of mice. Using this as a model
system, we hypothesised that the MPO-immunization would
change the V and J gene usage and increase the number of over-
lapping CDR3 sequences in both Aire �/� and wt mice, and aimed
to explore the potential of the TCR repertoire as a diagnostic marker
for autoimmune diseases.

We here found specific V and J genes upregulated in MPO
immunized wt and Aire �/� mice and a lack of clonal increase in
the Aire �/� mice which suggests that the autoimmunity is driven
by awide variety of antigens. The TCRb sequences likely to beMPO-
specific were more easily detected in LN samples after immuniza-
tion, and hardly ever seen in samples from peripheral blood. Our
findings suggest that the individual responses towards auto-
antigens are unique and polyclonal, and highlight the importance
of selecting the relevant tissue to assess if analysis of the TCR
repertoire is to be utilized in the monitoring of immunization and
autoimmune diseases.

2. Materials and methods

2.1. Mice and MPO induction

Mice of the Aire �/� and þ/þ genotype on the C57Bl/6 back-
ground were used (Hubert et al. [14]). Mice were bred at the animal
house at the Center for Cancer Biology, Adelaide, Australia and
immunization experiments were performed at theMonashMedical
Center Animal Facility, Melbourne, Australia, according to the ani-
mal ethics guidelines. Aire �/� and control Aire þ/þ (wt) male
littermates (n ¼ 7 and n ¼ 4, respectively) were immunized with
20 mg of native mouse MPO (nmMPO) [22] in Freunds complete
adjuvant subcutaneously at the base of tail at Day 0. At Day 7, the
mice were immunized again with 20 mg nm MPO in Freunds
incomplete adjuvant subcutaneously at the neck. Nine days after
immunization, glomerulonephritis was induced in all mice by
planting endogenous MPO in their glomeruli using an established
technique [18,20,21] of administering 1.5 mg of sheep anti-mouse
GBM globulin intravenously on two consecutive days. Mice were
humanly culled at day 20. As controls for the TCRb sequencing,
naïve Aire �/� and þ/þ mice were used (n ¼ 5 in each group).
Unfortunately, we did not get good quality DNA from spleen from
one of the immunized Aire �/� mice, and in the group of naïve wt
mice DNA from peripheral blood and lymph nodes were not
available from one mouse. Mice were age matched to the immu-
nized mice, the majority of the mice being 16 or 17 weeks of age at
date of death while two immunized Aire �/� and one mouse in
each of the naïve groups were 28e29 weeks at date of death. The
mice were also sexmatched except for the use of one female mouse
in each of the naïve groups. Freunds adjuvant contains many
immunogenic foreign proteins and using it does generate many
antigen specific immune responses. However, trying to induce
autoimmunity, adjuvants are essential in the complex processes
that results in the loss of tolerance and broadly accepted as being
necessary for the generation of adaptive immunity. We have pre-
viously shown in this model that MPO immunized AIRE�/� mice
develop more severe anti-MPO GN compared to MPO immunized
WT mice. The measures of glomerular injury included functional
renal loss (measured by the extent of albumin leakage, albumin-
uria) and structural renal damage (quantitated by the frequency
glomerular focal segmental necrosis and the extent of injurious
lymphocyte infiltration into the glomeruli). All measures were
significantly more severe in MPO immunized AIRE�/� mice than
WT mice [15].
2.2. DNA extraction

Spleens and lumbar lymph nodes were harvested and snap
frozen in liquid nitrogen. Peripheral blood (200e500 ml) was
collected by cardiac puncture, thoroughly mixed with 50 ml of 0.5M
EDTA pH 8.0 and snap frozen in liquid nitrogen. DNAwas extracted
using the QIAamp DNA Mini kit from QIAGEN according to the in-
structions for blood and tissue samples respectively.
2.3. TCRb CDR3 sequencing

Amplification and sequencing of the TCRb CDR3 regions was
performed by Adaptive technologies using protocols described
previously by Robins et al. [23]. Briefly, a multiplexed PCR method
was employed to amplify all possible rearranged genomic TCRb
sequences in mice using 34 forward primers, each specific to a
functional TCR Vb segment, and 14 reverse primers, each specific to
a TCR Jb segment. LN samples with an estimated input of 200,000 T
cell genomes were sequenced to get a targeted output of 800,000
sequences. Spleen and blood samples with an estimated input of
40,000 T cell genomes were sequenced to reach a target output of
200,000 sequences. The total number of sequences for LN samples
was higher than the expected output of 800,000 sequences while a
few spleen samples and half of the blood samples were below the
expected output of 200,000 sequences. The divergence in sequence
output could be due to differences in the number of input T cells,
and a lower percentage of TCR genomes than expected in some of
the samples.



Table 1
TCRb CDR3 deep sequencing result for lymph node (LN) samples.

Original
Sample

Geno-
type

Immunized
with MPO

Productive
DNA
sequences

Non-
productive
DNA sequences

Total DNA
sequences

Unique
productiveDNA
sequences

Unique
productive aa
sequences

Total
unique
sequences

Unique V-gene
J-gene
combinations

Fraction of
unique vs. total
unique sequences

Clonality

LN1735 þ/þ þ 1 991 274 892 022 2 883 296 31 630 28 911 48 688 302 65,0 0,08
LN1736 þ/þ þ 935 462 392 179 1 333 556 25 881 23 884 39 571 290 65,4 0,07
LN1737 þ/þ þ 2 058 899 820 170 2 879 069 38 308 34 670 59 207 307 64,7 0,13
LN1738 þ/þ þ 1 764 655 675 753 2 440 408 39 132 35 554 60 654 314 64,5 0,09
LN1739 �/� þ 1 780 190 692 027 2 484 108 54 229 48 576 83 854 306 64,7 0,07
LN1740 �/� þ 1 342 025 576 843 1 918 868 42 286 38 276 65 182 303 64,9 0,08
LN1741 �/� þ 719 656 298 042 1 017 698 30 448 28 066 46 251 296 65,8 0,09
LN1742 �/� þ 3 052 632 1112 693 4 165 325 21 853 20 130 34 436 299 63,5 0,07
LN1743 �/� þ 2 557 834 1016 103 3 573 937 35 408 32 149 55 684 309 63,6 0,07
LN1744 �/� þ 3 462 945 1293 215 4 756 160 43 328 38 796 69 130 311 62,7 0,06
LN1745 �/� þ 1 965 343 785 710 2 751 053 42 034 37 809 65 307 315 64,4 0,08
LN2 �/� e 999 985 421 973 1 421 958 30 899 28 464 47 973 294 64,4 0,07
LN71 �/� e 1 599 834 704 541 2 304 375 21 411 19 871 33 567 297 63,8 0,15
LN72 �/� e 1 170 172 505 708 1 675 880 29 076 26 800 45 035 290 64,6 0,06
LN74 �/� e 1 639 616 669 818 2 309 434 32 540 29 620 51 009 295 63,8 0,07
LN75 �/� e 931 447 389 591 1 321 038 33 750 30 930 51 680 292 65,3 0,07
LNc57Na þ/þ e 3 267 878 1334 592 4 602 470 35 139 31 981 56 211 302 62,5 0,06
LN54 þ/þ e 3 345 378 1235 426 4 580 804 91 797 81 033 144 839 325 63,4 0,07
LN70 þ/þ e 1 005 888 393 194 1 399 082 18 534 17 397 28 007 278 66,2 0,18
LN83 þ/þ e 3 033 738 1251 284 4 285 022 34 984 31 544 54 834 309 63,8 0,09

B.E. Oftedal et al. / Journal of Autoimmunity 81 (2017) 24e3326
2.4. Identification of TCRb CDR3 sequences and VDJ decomposition

Raw Illumina sequence reads were demultiplexed based upon
Adaptive's proprietary barcodes then further processed to remove
adapter and primer sequences, primer dimer, germline and other
contaminant sequences. The data is then filtered and clustered
using both the relative frequency ratio between similar clones and a
modified nearest-neighbour algorithm, to merge closely related
sequences introduced through PCR and sequencing. The resulting
sequences were sufficient to allow annotation of the V(N)D(N)J
genes constituting each unique CDR3 and the translation of the
encoded CDR3 amino acid sequence. V, D and J gene definitions
were based on annotation in accordance with the IMGT database
(www.imgt.org). The set of observed biological TCR beta CDR3 se-
quences were normalized to correct for residual multiplex PCR
amplification bias and quantified against a set of synthetic TCR beta
CDR3 sequence analogues TCRb CDR3 region was identified ac-
cording to the definition previously established by the International
[24].

2.5. Overlap in unique sequences between two mice

Clones in common between mice within and between groups
were compared using their relative frequencies.

2.6. Identification of TCRb CDR3 sequences specifically increased in
mice immunized with MPO

To identify the TCRb CDR3 sequences that were specifically
increased in response to MPO induction we compared the abun-
dance distribution of clones across the 7 immunized ko mice (LN
samples) to the binomial distribution that one would expect if all
clones were randomly drawn from a common population with
equal probability. These distributions diverged for MPO-specific
clones that were present in more than approx. 4 out of the total
of 7 mice, so we considered clones present in 4 or more clones as
potentially MPO-induced.

Clones that were considered potentially specific for MPO were
present in a number of immunized ko mice above the cut off and
could be present in immunized wt and naïve ko mice but not in any
tissue samples from naïve wt mice. By not including any cloned
found in naïve wt mice, most native public clones were eliminated.
Clones present at 2 copies or above was considered possibly
expanded (communication with Adaptive technologies). The
resulting list of clones was ranked by their total number across the
7 immunized ko mice, and normalized by the total depth per
sample (weighted average number).

The edit distance analysis in the Immuno Seq analyser software
was used to identify clones differing in only one aa from the top
clone in common between immunized mice. Clones that were
present in naïve wt mice or only present in naïve ko mice were
excluded.

The TCRb CDR3 sequences for the top 10 potentially MPO spe-
cific clones in common for immunized mice as well as the top 5
sequences in common for ko mice were blasted using WU-BLAST,
an implementation of the Basic Local Alignment Search Tool
(BLAST) by Altschul et al. [25], at the Mouse Genome Informatics
Web Site, URL: http://www.informatics.jax.org (March, 2013). They
were also blasted against the Genbank Mouse database and the
UniProt Mouse database (March 2013), and analysed using IMGT/V-
QUEST [26] on the Immunogenetics Web Site URL: http://www.
imgt.org (September, 2016).

2.7. Statistical analysis

All statistical analyses were performed using GraphPad Prism 5
software (La Jolla, USA). Student's t-test was used when comparing
two groups and 1-way Anovawith the Bonferroni's test for multiple
comparisons whenmore than two groups were compared. P-values
below 0.05 were considered statistically significant.

3. Results

3.1. TCRb CDR3 sequencing

Rearranged TCRb CDR3 regions in genomic DNA samples from
LNs, spleen and peripheral blood from Aire �/� and wt mice either
naïve or immunized with MPO, were sequenced using the immu-
noSEQ assay (Adaptive biotechnologies, Seattle, Washington). Be-
tween 700,000 and 3,4 million TCRb CDR3 in-frame sequence reads
from the LN samples were generated (Table 1), while fewer
sequence reads for spleen and blood samples were obtained; with



Fig. 1. Frequency of unique clones. The ratio of unique versus total unique sequences is shown for all groups in peripheral blood (A), spleen (B) and LN (C). The ratio between the
immunized and the naïve groups of mice is shown in (D). Median is shown for all groups. *p < 0.05.
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75,000e1,400,000 and 6000e1,200,000 respectively
(Supplementary Tables S1 and S2).

As a measure of diversity, we elected to use the ratio of pro-
ductive unique to total sequences (Fig. 1), productive sequences
being sequences within reading-frame and without stop. In both
spleen and peripheral blood, the amount of unique productive se-
quences were significantly higher (p < 0.05) in MPO immunized
mice compared to non-immunized mice. However, no differences
between the groups were found in LN samples or between Aire�/�
and wt mice. To what extent the repertoire was dominated by one
or a few clones (clonality) was investigated in the productive se-
quences but no differences were found between the four groups of
mice in any of the tissues (data not shown).

3.2. TCRb V- and J gene utilization

For the productive sequences, the Vb gene usagewas distributed
similarly in the different tissues among the different groups of mice
(Fig. 2 and Supplementary Fig. S1). The immunization with MPO
reflected on the repertoire by changing the Vb gene utilization.
Most profound were the differences in the V families Vb 3, 5, 12, 13,
14, 17, 19, and 29 between the immunized and the naïve mice
(Supplementary Figs. S1 and S2). In particular, the individual V gene
with largest difference in utilization between immunized and naïve
mice in all tissues was 13-3 (p < 0.01) (Fig. 2). This suggests this
gene to be used in clones specifically expanded in response to MPO
immunization, and several of the clones with the highest copy
numbers in common for immunizedmice actually used the 13-3 Vb
gene (Table 2). The differences in the Vb usage was not as profound
when comparing naïve Aire �/� mice to the two wt groups, but
there was a significantly higher utilization of V genes 3e0, 17e0
and 19e0 in naïve Aire �/� mice in the three tissues investigated
(p < 0.01) (Fig. 2). This suggests that these V genes are likely to be
utilized in TCR clones bearing receptors that recognise self-antigens
related to Aire-deficiency.

The differences between the groups were smaller for the J gene
than for the V gene usage, but some differences were significant in
the LN samples (Supplementary Fig. S3). Here naïve Aire �/� mice
had higher usage of some J genes, e.g. J 2e3. This might suggest a
difference in expanded TCR clones due to Aire deficiency. The uti-
lization of J gene 2e3 was also more similar between the two
Aire�/� groups in the spleen and peripheral blood samples, which
supports the idea of a specific J gene usage in Aire deficient mice.

In total, there were 34 V genes and 14 J genes used in all LN
samples, hence a total of 476 combinations were available. Among
the LN samples only 378 of these combinations appeared which
could suggest a biased usage of V and J genes.



Fig. 2. The frequency of V genes for all tissues. The mean value of the frequencies of the individual V gene usage per sample is shown for peripheral blood (A), spleen (B) and
lymph node (C). 13e3 is the V-gene with most profound change between the immunized and the naïve mice (p < 0,01). Comparing naïve Aire �/� mice to the two wt groups, 3e0,
17e0 and 19e0 were significantly higher in naïve Aire �/� mice in all tissues (p < 0,01). The standard deviation is shown for all groups.
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3.3. Overlap of TCRb CDR3 repertoire

We found the overlap of unique nucleotide sequences between
all samples to be tissue-dependent, and dependent on the depth of
the sequencing, when assessing the overall overlap between the
groups. The highest number of overlapping nucleotide sequences
was seen in LN and spleen samples, where all twenty samples
shared a single clone, while this was reduced to only 14 mice
sharing one clone in peripheral blood (Fig. 3). Of note, spleen and
peripheral blood were sequenced to the same depth, which high-
lights the tissue-effect.

Analysing the overlapping unique amino acid sequences within
the four groups, we expected the immunized and the Aire�/�mice
to have more clones in common as they develop immunity to
shared antigens. For the LN samples, it seems like the overlap of
unique clones was mostly dependent on the number of samples
investigated, and in peripheral blood there was hardly any overlap
in any of the groups (0e2 shared clones) (Fig. 4). However, looking



Table 2
Top clones present in common in immunized and Aire ko mice.

Amino acid sequence
of CDR3 region

V D J Copies
for
IKOs
LNa

Copies
in LNs
from
IM

IKO with
clones in
LN (n ¼ 7)

IWT with
clones in
LN (n ¼ 4)

Copies
in NKO
LNs

NKO with
Clones in
LN (n ¼ 5)

Copies
in
spleen

IKO with
clones in
spleen
(n ¼ 6)

IWT with
clones in
spleen
(n ¼ 4)

NKO
with
clones
in spleen
(n ¼ 5)

Copies
in
blood

Mice with
clones in
blood
(n ¼ 16)

IM/KO CASSGTENTEVFF 13e1 1 1e1 1063,2 10451 7 4 24 1 488 5 2 0 7 1b

CASRDISNERLFF 13e3 1 1e4 741,5 9712 4 1 0 0 63 1 1 0 12 1b

CASSITGENTLYF 19e0 1 2e4 343,9 1815 5 1 0 0 165 3 1 1 33 1b

CASGTHNNQAPLF 13e2 1 1-5*1 245,2 2499 4 1 0 0 82 1 0 0 0 0
CASGDHSNSDYTF 13e2 1 1e2 229,3 1257 5 2 0 0 82 3 2 0 2 1b

CASSEGNTEVFF 13e3 1 1e1 227,9 1792 5 2 0 0 52 0 1 0 0 0
IKO CASSTGGAETLYF 19e0 1 2e3 889,8 7146 5 0 0 0 775 2 0 0 0 0

CASSDTGGNTGQLYF 13e3 2 2e2 425,3 4204 4 0 0 0 113 1 0 0 13 1b

CASSRDWANQDTQYF 19e0 2 2e5 316,9 1459 4 0 0 0 0 0 0 0 20 1b

CASSGVQDTQYF 13e3 1 2e5 198,6 1859 4 0 0 0 0 0 0 0 0 0
KO CTCSAGQGTNERLFF 1e0 1 1e4 431,2 3637 4 0 0 0 209 0 0 2 0 0

CASREISNERLFF 13e3 1 1e4 320,7 1773 4 0 37 1 0 0 0 0 0 0
CTCSADINQDTQYF 1e0 1 2e5 280,6 1647 4 0 0 0 0 0 0 0 231 1b 1c

CASSDAGSQDTQYF 13e3 1 2e5 168,8 1284 4 0 41 2 14 0 0 1 0 0
CASSSANSDYTF 13e3 1 1e2 166,9 788 4 0 7 1 0 0 0 0 0 0

LN: lymph node, IM: immunized mice (both groups), IKO: immunized knock out, IWT: immunized wild type, NKO: naïve knock out.
In the amino acid sequence of the CDR3 region the first underlined amino acids indicate the V gene, the last ones the J gene.
Amino acids not underlined indicate D gene, nucleotides and transitions between genes.

a Weighted average number.
b IKO mouse.
c Indicates NKO mouse.
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at the samples from spleen, it is evident that the immunization
with MPO significantly (p < 0.05) reduces the number of over-
lapping unique nucleotide sequences (Fig. 4D). This suggests an
individual, polyclonal expansion toward this antigen, and un-
derscores the importance of studying an immunologically active
tissue.

In a pair-wise comparison of common clones within each group,
the highest number of common clones was found in the naïve wt
and immunized Aire �/� samples and the lowest number of
common clones was seen in naïve Aire �/�mice (Table S3 and S4),
which could suggest a polyclonal recognition of common
autoantigens.
3.4. Identification of TCRb CDR3 sequences specifically increased in
mice immunized with MPO

To identify the TCRb CDR3 sequences specifically increased in
response to MPO immunization, we investigated the LN samples, as
this was the tissue with largest sample sizes and the MPO specific
clones should be enriched in the draining LNs. The sequences were
defined by demanding that the clones were (i) in common in four
immunized mice (Supplementary Figure S4), (ii) not expanded in
naïve wt mice, (iii) present at above 2 copies in a sample. These
clones should be present in one or both the immunized groups, and
could be detected in naïve Aire �/� mice as they have the pro-
pensity to develop autoimmunity to this antigen (Fig. 5). The
resulting list of clones was further ranked by their total number
across the 7 immunized Aire�/�mice, and normalized by the total
depth per sample. The top clones are listed in Table 2, including a
number of clones present at higher levels in one or more of the
naïve Aire�/�mice, representing TCR clones possibly expanded in
response to a common autoantigen.

The most interesting clone is comprised by the amino acid
sequence CASSGTENTEVFF and utilizes the TRBV13-1 and TRBJ1-1
genes (Table 2). This clone had the highest collective copy num-
ber among the LN samples, and was present at high levels in the
spleen samples, and in one blood sample. The likelihood of the
same TCR arrangement being in two individuals and having a high
affinity toward the MPO antigen is unknown and could be low.
Therefore, the other clones listed as potential clones in Table 2
could also be specifically expanded in response to the immuniza-
tion with MPO. We also identified clones only present in Aire �/�
mice, both immunized and naïve, which could be expanded in
response to common autoantigens (Table 2).

The amino acid sequences in our top ten clones share some
similarities. The two longest shared CDR3-motifs made up by the D
gene and inserted nucleotides is G_H_N and TGG, and is shared by
two of the top clones in immunized wt mice and immunized
Aire �/� mice, respectively (Table 2). Investigating single amino
acid substitutions in CDR3 of the top clone identified 5 potentially
mutated clones, after elimination of clones present in naïvewtmice
or at high levels in naïve Aire �/� mice. Of these, the clone most
likely to be mutated and recognising the same antigen as the
original top clone had the CDR3 sequence CASSETENTEVFF
(Table S5), and was present in higher levels than the CASSGTEN-
TEVFF clone in one immunized Aire �/� mouse.

The top ten TCRb CDR3 sequences expanded in immunizedmice
and the top 5 sequences expanded in Aire �/� mice were blasted
against the Genbank Mouse and the UniProt Mouse databases, to
see if they are commonly expanded in mice. No clones had an
identical match in either the nucleotide or the protein database.
These sequences were also analysed using IMGT/V-QUEST. This
program could correctly identify the V and J genes but not the D
genes according to the programs requirements. For thirteen of the
fifteen top clones the best match using the IMGT/V-QUEST was
however identical to the D gene identified by the sequencing
analysis tool, which is in fact based on annotation in accordance
with the IMGT database. No TCRb CDR3 sequence show perfect
alignment with any sequences in the databases, as would be ex-
pected for a novel finding.
4. Discussion

In this study, we have investigated the utility of next generation
sequencing of the TCR repertoire in the assessment of an autoim-
mune disease. By using three different tissues for sampling, we had



Fig. 3. The shared unique sequences between samples. The shared unique sequences
are shown for peripheral blood, spleen and lymph node. While in peripheral blood,
only 14 mice share one clone, all twenty share one clone in spleen, and 88 clones in LN.
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the opportunity to investigate the relationship between putative
antigen specific TCR clones in peripheral blood, spleen and lumbar
lymph node.

We hypothesised that MPO immunized mice would have fewer
unique clones compared to naïve mice due to loss of diversity
caused by clonal expansion; however, this was not observed in any
of the tissues. Rather, we saw a higher frequency of unique clones,
as well as total clones, in immunized mice compared to non-
immunized mice in samples from spleen and peripheral blood.
This is likely to reflect a polyclonal expansion of clones towards the
antigen. Although Aire �/� mice have been reported to develop a
more severe induced glomerulonephritis than wt littermates, we
found no differences in diversity between the Aire �/� and wt
mice. This suggests a broad, polyclonal expansion towards auto-
antigen, or that the autoimmune T cells reside in the affected
tissues.

The impact of immunization with MPO was evident on the
utilization of the V and J genes where we found a highly expanded
V gene usage in the immunized mice, in particular for the V gene
13e3 in all tissues. This gene was also found in the top clones in
common for the immunized mice. This highlights that expansion of
specific TCR clones is detectable already with such crude
comparison between groups, but our data also shows that clones
specifically expanded in response to an antigen can be impossible
to identify at the level of average V gene usage, as seen in Table 2.
TRVB 13e3, together with 19-0 which we also found to be
expanded after immunization, are found to be expanded in NOD
prediabetic and diabetic nod mice [27,28], suggesting these gene
segments to be of particular interest in autoimmune diseases with
possible therapeutic potential. Also, changes in gene usage could
suggest a possible auto-antigen receptor motif instead of a specific
highly shared TCR.

The utilization of J genes in naïvewtmice in our studywere very
similar to the results by Ndifon et al., where the splenic TCRb CDR3
repertoire in five naïve C57Bl/6 mice were analysed on the RNA-
level by massive parallel sequencing [29]. There were larger dis-
crepancies regarding the V genes, and the sequences that were
most highly used in our study were not amplified in Ndifon et al.
[29]. A specific V and J gene usage in Aire �/� naïve mice in the
C57Bl/6 background was evident in all tissues, suggesting an
expansion of TCRs specific for different autoantigens, thus reflect-
ing the loss of negative selection. Previously this repertoire has
been investigated by flow cytometry and spectratyping with con-
flicting results [14,30], however, the reported increased usage of
TRVb 19 in T cells isolated from spleen is in accordance with our
results [30]. The low number of V and J gene combinations utilized
in all of the LN samples from our mice suggests a biased usage of V
and J genes, which is in agreement with findings in human TCR
repertoires [23,31] as well as in mice [29].

The most informative comparison made available through the
massive parallel sequencing of TCRb CDR3 regions is of the unique
TCRb CDR3 sequences. Looking at the overlap of unique amino acid
sequences in each tissue, it was evident that the tissue investigated
and the number of T cells sequenced was of great importance, as no
overlapping unique clones were found in common for all the
samples from peripheral blood (Fig. 4). When we explored the
overlap of unique clones from the spleen samples for the different
groups of mice, we found a significantly reduced number of clones
in common for immunized mice compared to naïve mice. This
suggests an individual and unique response towards MPO that
drives down the amount of sharing between the samples.

The TCR sequences in common for four ormoremice from any of
the groups were very seldom unique to that group (Supplemental
Table S6). This suggests that these clones were either expanded
due to immunization in common between immunized mice, due to
reactivity to autoantigens in common between Aire�/�mice, or in
response to an antigen in common for mice in several groups.

Aire �/� mice were expected to have more clones in common
compared to wt mice, as the Aire �/� mice have the propensity to
develop autoimmunity to the same autoantigens. However, ex-
amination of the number of unique clones in common among all
Aire �/� samples did not identify any trend indicating a difference
in the TCR repertoire compared to wt mice. When unique se-
quences were compared in pairs within a group, we unexpectedly
found a higher number of clones in common for the naïve wt mice,
both in mouse pairs and within the groups. This could reflect that
the recognition of common autoantigens in the Aire �/� and the
immunized mice is highly polyclonal and unique to each animal.

Comparing Aire�/�mice to wt, we identified differential usage
of V genes in all tissues, as well as clones restricted to Aire�/�mice
in LNs and spleen, indicating a TCR repertoire expanded in response
to loss of negative selection, but this was not reflected in changes in
diversity in the TCR repertoire. C57Bl/6 Aire �/� mice have previ-
ously been shown to develop autoantibodies as markers of an
autoimmune reaction at 20e25 weeks of age [14], and the mice in
this study (16e29 weeks of age, the majority between 16 and 17
weeks) might not have fully developed autoimmunity yet. As



Fig. 4. Overlapping, unique amino acid sequences between the groups. Overlapping, unique clones were investigated in all tissues and among the immunized and non-
immunized mice. The immunized mice show a significant reduction of overlapping clones. The samples were analysed using an unpaired, two-tailed t-test. *p < 0.05.
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previously shown [14], there is individual variation between the
mice in their recognition of autoantigens that could mask a clonal
expansion within the group. It is also likely that the autoreactive T
cells mainly reside in their target tissue. It could be that other
functions of Aire, like Aire's involvement in the development of
some thymic Treg populations [32], the extrathymic Aire-
expressing cells that inactivate CD4þ T cells [33] or the effect that
loss of Aire has on the thymic milieu [34,35] could influence our
results and be themain reason for the observed difference in V gene
usage.

A very intriguing finding is the identification of TCRb CDR3 se-
quences that are specifically and highly increased in all or the
majority of the immunized mice but not detected in any samples
from naïve wt mice (Table 2). The top clone CASSGTENTEVFF uti-
lizing the TRBV13-1 and TRBJ1-1 genes is our best candidate for
recognising MPO, and the clone CASSETENTEVFF with a single
nucleotide substitution would also be expected to recognise the
same antigen epitope. None of our top sequences has to our
knowledge previously been described in the literature and are not
present in the GenbankMouse, the UniProt Mouse databases or the
databases used by IMGT/V-QUEST. One study in humans with
microscopic polyangiitis has described TCR sequences from T cell
lines specific to MPO generated from peripheral T cells from pa-
tients [36]. These TCR sequences share a maximum of two amino
acids with our top sequences in the amino acid sequence in the part
of the CDR3made up by the D gene and inserted nucleotides, i.e. TG
or G_E. This is in concordance with the similarities in epitope
sharing between humans and mice for autoantibody reactivity to
MPO, where one of the main B cell epitopes in humans and mice
also overlaps with the dominant T cell epitope in mice [37]. We find
that the TCRb sequences recognising MPO have limited sequence
diversity, which could make them suitable as therapeutic targets by
idiotypic TCRs, an approach that has shown to prevent allergic
encephalomyelitis in mice [38], and to have beneficial effects in
patients with multiple sclerosis [39,40]. Thus, further studies could
possibly reveal a potential as biomarkers and therapeutic targets
[3] in patients with ANCA associated vasculitis and necrotising
glomerulonephritis.

So far only few studies utilize this high throughput approach to
monitor autoimmune diseases. Our model system emphasises the
fact that in order to reveal TCRb sequences specific to autoantigens,
one needs access to the targeted tissue or a tissue of immunological
activity [27,41]. Inkludere Hayday paper her This is an obvious
drawback to fully applying this method in the field of autoimmu-
nity, as it will call for invasive surgery or post mortem assessment.
However, the current effort in epitope-MHC investigations and the
utilization of MHC multimer technology [42] might be useful tools
in this process, shedding light on the establishment and breakdown
of tolerance in autoimmune diseases as well as tissue destruction
and the potential to use this information in targeted immuno-
therapy. More intriguingly, as studies from mice points to a limited
set of TRBV genes that contribute to autoimmune disease, this could
lead to new therapeutic targets and disease intervention which is
still poorly described in most autoimmune disorders.



Fig. 5. 3D plot with clones in common in LN for 4 immunized wt or more, but not in naïve wt mice. To select clones which should be present in one or both of the immunized
groups, and could be detected in naïve ko mice as they have the propensity to develop autoimmunity to this antigen, and to prioritise between the clones, a 3d-graph was produced
where the average depth of clones (axes) as well as the number of samples with the clone present in the different groups (pie chart dots) was depicted. An explanation for the pie
chart dots is found in the bottom of the figure. The clones to the bottom right side of the plot were of most interest since they were present at high copy numbers in immunized wt
and/or ko mice but no or few copies in the naïve ko mice. Clones only present in immunized ko mice in high numbers could also be specific to MPO as this group could have a
specific T cell repertoire in common.
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In conclusion, using next generation sequencing, we have
identified potential specific TCRb sequences recognising MPO, and
show that these sequences have limited diversity. We observe
changes to the repertoire already in the utilization of V and J genes,
and identified common CDR3 sequences restricted to the Aire �/�
mice. However, the reaction towards shared autoantigens seems to
be private and highly polyclonal, and this study emphasises the
importance of the choice of tissue if utilizing this technique to
monitor and diagnose autoimmune diseases.
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