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A clonotypic Vy4ly1/Vo5D02J01 innate yo T-cell
population restricted to the CCR6 T CD27 ~ subset
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Here we investigate the TCR repertoire of mouse Vy4 ™ v8 T cells in correlation with their
developmental origin and homeostasis. By deep sequencing we identify a high frequency of
straight V85D62J61 germline rearrangements without P- and N-nucleotides within the
otherwise highly diverse Trd repertoire of Vy4™T cells. This sequence is infrequent in
CCR6~CD27 " cells, but abundant among CCR6 ™ CD27 ~ v& Tcells. Using an inducible Rag?
knock-in mouse model, we show that yo T cells generated in the adult thymus rarely contain
this germline-rearranged V65D62J51 sequence, confirming its fetal origin. Single-cell analysis
and deep sequencing of the Trg locus reveal a dominant CDR3 junctional motif that completes
the TCR repertoire of invariant Vy4 T V85T cells. In conclusion, this study identifies an innate
subset of fetal thymus-derived v T cells with an invariant Vy4 V85 ™ TCR that is restricted
to the CCR6 7 CD27 ~ subset of y8 T cells.
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8 T cells use Rag-mediated V(D)] recombination to

rearrange T-cell antigen receptors (TCRs) consisting of y

and d chains. In theory, the gotential junctional diversity of
¥8 TCRs is in the range of 10'8, and thus several orders of
magnitudes higher than that of o TCR or Ig rearrangements!.
However, v T cells are often regarded as innate T cells that use
their TCR recombination machinery to generate identical o
TCRs of limited diversity. This perception is based on the
occurrence of a few prominent Y3 T-cell subsets with no or little
TCR junctional diversity, in which anatomical localization and
function correlate with invariant Y8 TCRs>3. Specifically, the
mouse skin epidermis contains a specialized yd T-cell population
of dendritic epidermal T cells (DETCs) with a fixed TCR
composed of invariant Vy5JylCyl and germline-rearranged
V61D82J62  without P-  or N-nucleotides (Tonegawa
nomenclature)®®. The same canonical V81D82)J82 chain is
employed in combination with an invariant Vy6]JylCylTCR
chain in interleukin (IL)-17-producing Vy6/V81 T cells. These
Vv6/V31 cells were initially thought to be restricted to the uterus
and the tongue®, but subsequently were also found in most other
tissues including the lung’, liver®, dermis®!?, secondary lymphoid
organs!! and intestinal lamina propria'?. Finally, IL-4-producing
VylT y8 NKT cells with restricted V36D82J31 junctions and
semi-invariant Vyl1Jy4Cy4 junctions are preferentially localized
in the liver and spleen!®!4. In contrast, Y& T cells circulating in
the blood and secondary lymphoid organs mostly contain either
Vvl or Vy4 rearrangements and are thought to have highly
diverse TCR repertoires>!>~18,

Recently, yd T-cell populations grouped on the basis of the
TCR 7y-chain usage were included into the ImmGen transcrip-
tome database!®. The data suggested that y& effector T-cell
function correlated with y3 TCR usage also in Vy4 ™ T cells. Fetal
thymic, and to a lesser extent splenic, Vy4™ T cells were
recognized as Y0 effector T cells associated with IL-17
production!®. However, the pool of Vy4T T cells is
heterogeneous and contains both innate cells with IL-17-
producing capacity as well as cells that are biased to interferon
(IEN)-y production. These two populations can be segregated
according to a CCR61TCD27 - or CCR6 CD27" surface
marker phenotype, respectively??-22. In addition, Vy4™* T cells
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also comprise CD27 © CD45RBM8P cells, a subset that readily
produces IFN-y upon stimulation with IL-18 and IL-12 (ref. 23),
similar to NK1.1 7 8 T cells?!. Moreover, the requirements for
final differentiation into effector cells may vary between y6 T-cell
types depending on their ontogeny?*. For example, it was recently
proposed that Vy4™ T cells but not Vy6™ T cells require
extrathymic maturation for imprinting of skin-homing properties
and acquisition of an IL-17-producing phenotype?>.

To address the correlation of Vy4™ TCR and Vy4™ T-cell
function in more detail, we performed a high-resolution analysis
of the mouse Y8 TCR repertoire. Focusing on Vy4™ T cells,
rearranged Trd and Trg loci of the respective subsets were
sequenced using 454 high-throughput sequencing technology. We
found striking differences in functionally different subsets of
Vy4™T T cells. Importantly, this study identifies invariant Vy4 ™
V85T T cells as a novel innate T-cell population that is abundant
only among CCR6 " CD27~ ¥3 T cells, which are known for
their IL-17-producing phenotype!%18:20-22,24.26,27

Results

Highly diverse Trd repertoire in Vy1* and Vy4™ cells. Most
v8 T cells in the blood and secondary lymphoid organs display a
TCR that comprises either Vy1 or Vy4 rearrangements. In con-
trast to fetal Vy5+ DETCs or invariant Vy6™ 8 T cells, which
have a restricted TCR repertoire of very limited diversity, circu-
lating Vy1 ™ or Vy4 ™ T cells are assumed to be far more poly-
clonal'®. To investigate their TCR diversity in depth, we sorted
these two major subsets of peripheral yd T cells on the basis of a
¥8 T-cell-specific reporter fluorescence?® and co-staining with
monoclonal antibodies (mAbs) directed against their Vyl™T or
Vy4T TCR. Next, mRNA of these samples was amplified by
rapid amplification of cDNA ends (RACE) using a gene-specific
primer within the first exon of the constant gene segment of the
Trd locus to amplify all rearranged VDJ combinations (Fig. 1a).
We observed differentially biased recombination of Trd chains in
Vyl™ and Vy4™ cells. Approximately 60% of the Trd chains
from Vy1 ™ samples contained a V36 segment, followed by V32,
V61, V67 and V612 (Fig. 1b). Trd chains from Vy4™T samples
contained mainly rearrangements of V37 segments (~55%),
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Figure 1| V3 gene segment usage among Vy1™ and Vy4 ™ cells from peripheral lymphoid organs. (a) Schematic presentation of a rearranged Trd locus
and primers for RACE PCR (O: SMARTer anchor oligonucleotide; V: variable, D: diversity, J: joining and C: constant gene segments). (b,c) Results of RACE
PCR product sequencing. Bars indicate proportion of in-frame rearrangements of V3§ gene segments within the purified VY17 or Vy4 T cells pooled from
the pLN and spleen of three TcrdH2BeGFP mice. (*: V43 is a pseudogene). For each Vy pool, at least 22,000 in-frame sequences were analysed. Data are

representative of two independent experiments that gave similar results.
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followed by V62, V&5 and V66 (Fig. 1c). This extends but is
largely consistent with prior studies based on V3-specific mAbs°.
Further analysis of individual CDR3 sequences revealed a highly
diverse repertoire in both Vy1* and Vy4™ cells (Supplementary
Fig. 1). A notable exception to broad Trd polyclonality was
observed only in V35 rearrangements within the pool of Vy4 ™
cells, where one V85TD3827J31" sequence was remarkably
abundant (Supplementary Fig. 1).

Abundant V85D82J81 rearrangements in Vy4 ™ cells. In order
to further investigate the occurrence of abundant V85D§2]d1
sequence in Y8 T cells, we applied primers that specifically
amplified CDR3 regions located between V45 and J61 segments
(Fig. 2a). With this independent approach, we confirmed the data
obtained by RACE analysis. On the amino-acid level, ~30% of
V35T Trd sequences in Vy4™ cells isolated from secondary
lymphoid organs showed a unique arrangement of V65, D52 and
J81 segments, whereas this combination was absent in Vyl ™
T cells, and represented less than 0.3% of V85 Trd sequences in
intestinal Vy7* cells (Fig. 2b). Importantly, the V35, D32 and
J61 segments were directly rearranged without P- and
N-nucleotides (hereafter called germline rearrangements) in more
than 95% of these canonical Trd sequences, while other nucleo-
tide sequences coding for the same CDR3 amino-acid sequence
were uncommon (Table 1). Next, we hypothesized that these
canonical V385D82J51 sequences originated from Vy4™ 73
T cells that had developed in the fetal thymus, similar to the
invariant Trd chains found in Vy5% DETCs and in Vy6 1 v§
T cells. Their TCRs share canonical N-nucleotide-lacking
V81D82J52 rearrangements? . To this end, we sequenced the
V85 repertoire of Vy4™ y8 T cells sorted from either wild-type
TcrdH2BeGFP control mice (wt) or from Indu-Ragl mice>?
crossed with TcrdH2BeGFP mice. In the latter, deficient V(D)]
recombination had been restored in the adult stage by tamoxifen-
induced cre recombinase expression. Only ~ 1% of the canonical
V85D62]81 rearrangements were found when only adult 8
T-cell development had been possible in Indu-Ragl mice as
compared with control Vy4T y8 T cells with more than 30% of
such sequences (Fig. 2c). These results suggest that the large
majority of canonical Vy4"/V35D382J81 " 3 T cells are
generated early in ontogeny, presumably in the embryonic
thymus.

Canonical rearrangements in CCR6 " CD27 ~ v8 T cells. Next,
we tested whether Vy4 T cells with canonical V85D82J81 rear-
rangements were contributing to the pool of IL-17-producing
Vy4T 43 T cells, as these were recently discovered to develop
exclusively before birth and subsequently persist in adult mice as
self-renewing, long-lived cells!!. Such IL-17-producing effector
vd T cells are contained within a population of y6 T cells
identified by a CCR6 " CD27 ~ surface marker phenotype??-22,
Therefore, we sorted Vy4 ™+ T cells from peripheral lymph nodes
(pLNs) and spleen of adult TcrdH2BeGFP mice into
CCR6~CD27 " and CCR61CD27~ subsets, sequenced their
Trd loci and compared them with each other. Clearly, canonical
V65D62]J61 rearrangements were highly enriched in the
CCR61TCD27~ subset (Fig. 2d). Thereby, the corresponding
CDR3  amino-acid motif ASGYIGGIRATDKLV from
CCR67CD27~ Vy4T T cells was principally but not
exclusively encoded by V§5D82J81 rearrangements unmodified
by P- or N-nucleotides (Fig. 3). Together, these results suggest
that CCR6 ¥ CD27 ~ Vy4 ™" T cells have a distinct TCR repertoire
that comprises canonical V385D82J817 v8 T cells. The
data further support the hypothesis that IL-17-producing

CCR6TCD27~ Vy4™ T cells are principally generated within
a functional wave of embryonic y8 T-cell development!!:18,

Ontogeny and organ distribution of V35D82J81 1 T cells. To
further explore the potential fetal thymic origin of canonical
V85D82J81 T Vyd™ T cells, we sorted Vy4™ T cells derived
from the thymus at different stages during ontogeny and
sequenced the Trd repertoire of V55-]J81 amplicons (Fig. 4a). The
invariant V65D02]81 sequence was already abundant in the fetal
thymic Trd repertoire of Vy4 ™ T cells on embryonic day 18 (E18,
15% of all V&5 sequences), but also persisted in juvenile (11-17%)
or adult thymi (7% at 4 months; Fig. 4a and Supplementary
Fig. 2). These data further support the hypothesis that IL-17-
producing yd T cells, in particular with the invariant V85D32J51
clonotype, are already generated in the fetal thymus, but later
persist as resident cells in the juvenile and adult thymus!"?4,
Moreover, these findings are consistent with a previous ontogeny
study as described in (ref. 31). However, invariant V85D82]J81 ©
T cells were even more abundant in peripheral lymphoid organs
than in the thymus, suggesting peripheral homeostatic expansion
of the subset. Notably, invariant V35D82J51 " Trd sequences
made up 43% of all V35 sequences of Vy4 ™ T cells in pLNs and
27% in the spleen (Fig. 4b). Because TCR repertoire as well as the
developmental requirements of Vy4™' T cells vary along with
location?®, we investigated different peripheral anatomical sites
separately. By deep sequencing of V§65-J81 amplicons we
examined the TCR repertoire of Vy4™ T cells derived from
other organs including the lung, skin and liver (Fig. 4b and
Supplementary Fig. 3). It turned out that the invariant
V65D82J61 sequence also dominated the Trd repertoire of
Vy4™ T cells in peripheral tissues such as the skin (27%), lung
(15%) and liver (25%), albeit to a lesser extent than in pLNs.
Across all samples derived from the pLN and spleen, the
V65D82J61 clonotype made up ~35% of the V35 repertoire in
Vy4T T cells. Since ~10% of Vy4™ T cells used the V&5
segment (as shown by RACE analyses in Fig. 1), these constitute
3.5% clonotypic cells of all Vy4™ T cells. Thus, with Vy4™
T cells making up to 50% of all v T cells derived from the pLN*2,
the actual rate of clonotypic invariant V85D82J81F v8 T cells is
1.5-2% among all yd T cells. This remarkably high frequency is in
the range of invariant IL-17A-producing Vy6V81 ™ T cells that
constitute 2-4% among all y& T cells in secondary lymphoid
organs®>34, Nevertheless, only moderate expansion of this subset
in peripheral tissues as compared with the thymus underlines
their genuine innate nature.

Decreased TCR diversity in CCR6TCD27~ Vy4™ T cells.
Next, we asked whether TCR diversity in noninvariant Vy4™
V35" T cells among the CCR6 T CD27 ~ subset was also dif-
ferent to CCR6 " CD27 " Vy4™ T cells (Fig. 5). Within an
equally sized pool of in-frame amino-acid sequences obtained
from both populations, CCR6 ~CD27 " Vy4™ T cells had a
higher proportion of unique V45 rearrangements that were pre-
sent only once in the tested sample (singletons), while CCR6 ™
CD27~ Vy4™ T cells showed fewer singletons (Fig. 5a). Con-
sequently, samples from CCR6 T CD27 ~ Vy4 T T cells contained
a higher frequency of sequences that were detected several times.
In Fig. 5b, in which all sequences are represented according to
their actual frequency among all sequences, such clones were
considered as expanded (1-1.99%) or highly expanded (> 2%).
To quantify the TCR diversity of the respective two yd T-cell
subsets, we calculated the effective number of sequences using the
Shannon index, which considers the number of observed indivi-
dual sequences as well their abundance in the repertoire®>36, It
turned out that the CCR6 T CD27 ~ subset was three times less
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Figure 2 | One V35D52J51 sequence is dominant in CCR6 "CD27 ~ Vy4 ™ T cells. (a) Schematic presentation of a rearranged Trd locus showing the
position of representative primers used for amplification of variable Trd regions between V85 and J31, F: forward primer, R: reverse primer. (b) CDR3
amino-acid sequence length distribution and composition for in-frame rearrangements of V85-J81 chain in VY17 T cells (left panel), and Vy4+ T cells
(middle panel) isolated from a pool of pLN and spleen, or Vy7 % intestinal IELs (right panel), of three TcrdH2BeGFP mice in each subset. (c) In-frame
rearrangements of V35-J31 chains in Vy4 T T cells pooled from the pLN and spleen of four TcrdH2BeGFP mice (wt; left panel) or four tamoxifen-induced
Indu-Rag1 x TcrdH2BeGFP mice (right panel). Genomic DNA from 10,000 Vy4* T cells was used as template. For each subset, 5,870 sequences were
analysed. (d) In-frame rearrangements of V85-J81 chains in CCR6 ~CD27 T (left panel) versus CCR6 ¥ CD27 ~ (right panel) Vy4 T T cells pooled from the
pLN and spleen of three TcrdH2BeGFP mice. cDNA from 4,800 CCR6 ~CD27+ or CCR6TCD27 = Vy4 ™1 cells was used as template. For each subset,
3,552 sequences were analysed. Individual in-frame-rearranged CDR3 amino-acid sequences are separated by colours. Data are representative of at least

two independent experiments that gave similar results.

diverse than CCR6 ~ CD27 T cells, and still two times less diverse
when the dominant canonical V35D32]J51 sequence was excluded
from the equation (Fig. 5¢). Qualitatively, we observed essentially
no overlapping V&5 sequences between two independently
analysed samples of CCR6~CD27 " Vy4™ cells. The only

exception was the canonical sequence that was found repeatedly,
albeit at low frequency (Fig. 5d, left panel). In contrast, two
independent samples of CCR6 ¥ CD27 ~ Vy4 1 T cells showed an
overlap of 29 Trd sequences, beside the canonical V85D§2]d1
sequence (Fig. 5d, right panel). Accordingly, the similarity of two
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Table 1 | Most frequent V55 CDR3 nucleotide sequences that encode the canonical V35 amino-acid sequence.
V5 (5'-3') P N1 D51 D62 (5'-3') N2 P J81 (5'-3') Frequency
ASGY IGGIR .TDKLV
gecteggggtat atcggagggatacgag ctaccgacaaactcgtc Germline
gecteggggtat atcggagggatacgag ctaccgacaaactcgtc 95-98%
gecteggggtat atcggagggatacg.. g g ctaccgacaaactcgtc 0.9-1.4%
gccteggggtat atcggagggatacgag cg ..accgacaaactcgtc 0.3-0.6%
gecteggggtat atcggagggatacg.. t g ctaccgacaaactcgtc 0.2%
gecteggggtat ata ..ggagggatacgag ctaccgacaaactcgtc 0-0.9%
gecteggg.... ...atat atcggagggatacgag ctaccgacaaactcgtc 0-0.4%
gccteggggta. ¢ atcggagggatacg.. g g ctaccgacaaactcgtc 0-0.3%
gecteggg.... ttat atcggagggatacgag ctaccgacaaactcgtc 0-0.2%
The germline sequences of related gene segments are demonstrated in red. P and N refer to P- and N-nucleotides, respectively.
V35 chains from sorted V4 cells a V85 chains from sorted Vy4* cells
wt |-| Germline-rearranged 'IE'hyI;rms
nucleotide sequence for 1Er3nd ryo
Indu-Rag1 ‘ ASGYIGGIRATDKLY ays
Thymus
— 2 weeks
CCRe CD27" ’ m Other rearrangements
for ASGYIGGIRATDKLV
CCR6CD27- l—l Thymus
. . . . . 4 months
0 20 40 60 80 100 . . . . .
% of Canonical V85D62J81
sequence b
Figure 3 | Frequency of a canonical V565D52J561 CDR3 sequence. Bar Skin
graphs show percentages of the canonical CDR3 amino-acid sequence
ASGYIGGIRATDKLV among in-frame V&5 sequences derived from the
indicated Vy4* T-cell populations. Yellow bars represent dominant Lung
rearrangements of germline-V45, -D&2 and -J81 segments without P- and
N-nucleotides. Error bars show s.e.m. Blue bars represent the sum of all Liver
other nucleotide sequences coding for ASGYIGGIRATDKLV. Data are
pooled from two independent experiments that gave similar results.
Spleen
independent samples, calculated as the Morisita-Horn index, was
low (0.003) for CCR6-CD27% and high (0.889) for PLN
CCR617CD27~ Vy4™ T cells. In conclusion, CCR6 " CD27 ~ i i i i .
Vy4+ T cells, which are known for their IL-17-production 0 10 20 30 40 50

capacity, display TCR repertoires of limited diversity and a
considerable TCR sequence overlap between independent
samples derived from individual mice. This is consistent with
the view that these cells develop as a population of prewired
innate effector cells with limited TCR diversity in the fetal thymus
to persist and expand after birth.

The corresponding Vy4 repertoire. To complement the Trd
repertoires, we next determined the respective Vy4 repertoires
of sorted Vy4™* T-cell populations. Sequencing was performed
using a Vy4-specific primer in combination with a consensus
primer amplifying Jy1, Jy2 and Jy3 (Fig. 6). Consistent with
previous findings>?’, overall diversity of the rearranged Trg
loci was lower than at Trd loci, and more than 99% of Vy4
rearrangements involved Jyl. Analysis of CDR3 amino-acid
sequence length distribution and composition of Vy4 chain
repertoires  demonstrated an  expanded Vy4  motif,
SYGXYSSGFHKV. Notably, this dominant motif was abundant
in Vy4 ™ T cells derived from wt and Indu-Rag! mice (Fig. 6a)
as well as in CCR6 ~ CD27 + and CCR6 T CD27~ Vy4 ™+ T cells

% of Canonical V35D82J81 AA sequence
among Vy4*V85* cells

Figure 4 | Frequency of a canonical V65D52J61 CDR3 sequence in
thymus ontogeny and in peripheral tissues. Bar graphs show percentages
of the canonical CDR3 amino-acid sequence ASGYIGGIRATDKLY among
in-frame V&5 sequences derived from the indicated fluorescence-activated
cell sorting-sorted Vy4 * T-cell populations. (a) Frequency of the canonical
CDR3 sequence in the thymus of day E18 old embryos, 2-week-old pups
and 4-month-old adult mice. (b) Frequency of canonical CDR3 sequence in
the skin, lung, liver, spleen and pLN. Data represent eight individual samples
from one 454-sequencing run.

(Fig. 6b). This is in contrast to our findings for the canonical
V65D62]61 Trd locus rearrangement, which was exclusively
abundant in fetal thymus-derived CCR6TCD27~ 8 T cells.
Nevertheless, the Vy4 repertoire of the IL-17-producing
CCR6TCD27~ subset was even more focused towards the
SYGXYSSGFHKV  consensus  CDR3  sequence  than
CCR6~CD27% Vy4™ T cells (Fig. 6b). Among all Vy4 chain
sequences analysed, a leucine residue was most frequently found
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Figure 5 | TCR diversity of CCR6 ~CD27 © versus CCR6 " CD27 ~ Vy4 ™ cells. (a) Proportion of 309 individual sequences of CCR6 ~CD27 + Vy4+
cells, or 276 individual sequences of CCR6 TCD27 = Vy4 ™ cells, among 3,552 V&5 sequences of each subset. Each individual sequence is counted only
once regardless of abundance. (b) Proportion of total sequences from the same pool as a, considering the abundance. For a,b, data shown are from one
representative of two independent experiments. (¢) Diversity measured as ‘effective number of sequences’ (e to the power of the Shannon index) for the
same data set of 3,552 CDR3 amino-acid sequences in each subset, including the canonical sequence (light blue), or after eliminating the canonical
sequence from the repertoires (dark blue). (d) Venn diagrams display overlap between the 100 most frequent CDR3 amino-acid sequences in similar
populations from two independent experiments. Numbers indicate overlapping individual sequences. Similarity between the repertoires from two
independent experiments was calculated using the Morisita-Horn index (MH). The MH index reveals the degree of similarity by analysing individual
sequences considering their frequency among the total repertoire, scoring from O for completely dissimilar subsets to 1 for identical subsets.

at the variable position X of this CDR3 motif, followed by serine,
arginine, proline and subsequently all other amino acids (Fig. 6¢).
While a stop codon within the germline Vy4 segment precludes
true germline rearrangements, the two most frequent nucleotide
sequences coding for SYGLYSSGFHKV were still rather
germline-like as they both lacked N-nucleotides (Table 2).
Together, these two sequences accounted for one-third of all
in-frame sequences obtained from the CCR61CD27~ subset
of Vy4™ T cells (Fig. 6d). In conclusion, sequence analyses of
the corresponding Vy4 repertoire is consistent with the view
that rearrangement at the y and & TCR loci is differentially
controlled. Furthermore, the presence of the semi-invariant Vy4
sequences also in CCR6 ~CD27 " Vy4™ T cells and in T cells
from Indu-Ragl mice would alone not be sufficient for any
potential positive selection of IL-17-producing CCR6 * CD27 ~
subset of Vy4™+ T cells.

Invariant V85D02J61 chains pair with a canonical Vy4 chain.
Finally, we sought to identify the corresponding TCR 7y and
TCR 9§ chain pairs that constituted the TCR heterodimer of

IL-17-producing CCR61TCD27~ Vy4t T cells. To this
end, we performed single-cell PCR from cDNA of sorted
Vy4TCCR6TCD27 = cells. Of 20 individual T cells with
V65D82J61 Trd germline rearrangement, 7 had Trg
rearrangements coding for the most frequent Vy4 CDR3
sequence SYGLYSSGFHKYV, 12 displayed other variations of
the SYGXYSSGFHKYV motif and one clone showed a shorter
version of this CDR3, namely SYG_YSSGFHKV (Table 3).
Together, these results suggest that the pool of fetal thymus-
derived IL-17-producing y& T cells of the CCR6 " lineage con-
tains a population of invariant Vy4 ™ cells with a TCR composed
of a germline-rearranged V65D62J61 chain and a canonical
Vv4]Jy1 chain motif.

Discussion

This study focused on the correlation between TCR sequence
and effector phenotype in Vy4™ T cells, which constitute a
heterogenic population of mouse yd T cells. It comprised
high-throughput generation of hundreds of thousands of
sequences of rearranged Trg and Trd genes and constitutes, to
our knowledge, the first deep-sequencing report on Trd genes in
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Figure 6 | A frequent motif in the Vy4 repertoire. (a,b) CDR3 amino-acid sequence length distribution and composition of in-frame-rearranged Vy4
chains in (@) Vy41 y8 T cells pooled from the pLN and spleen of four TcrdH2BeGFP or four tamoxifen-induced Indu-Rag? x TcrdH2BeGFP mice;
10,000 Vy4 T cells and 2,892 in-frame sequences each. (b) CCR6 ~CD27 © or CCR6 TCD27 = Vy4 ™ Tcells isolated from the pooled pLN and spleen of
three TcrdH2BeGFP mice; 12,000 Vy4 ™t cells and 6,888 in-frame sequences each. Individual in-frame-rearranged CDR3 amino-acid sequences are
separated by colours. Sequences containing the SYGXYSSGFHKYV motif are shown in green tones within a red box, and the sequence SYG_YSSGFHKV
(lacking X) with 11 amino acids is also shown in green. Data are representatives of three independent experiments. (¢) Graphical representation of multiple
sequence alignment for the frequent Vy4 amino-acid motif, SYGXYSSGFHKYV, inspired by http://weblogo.berkeley.edu. (d) Percentage of the most frequent
CDR3 sequence, SYGLYSSGFHKYV, and the proportion of its related nucleotide sequences (in blue tone), along with percentage of other nucleotide
sequences containing the SYGXYSSGFHKYV motif (in light green), and the sequences for SYG_YSSGFHKYV (in dark green), within all in-frame Vy4
sequences of the indicated populations. Data are representative of two independent experiments that gave similar results.
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Table 2 | Most frequent Vy4 CDR3 nucleotide sequences that encode the Vy4 amino-acid sequence SYGLYSSGFHKV.

Vy4 (5'-3) N P Jy1 (5'-3) Frequency
S'Y G Stop.. SSGFHKV

tcctacggctaaag atagctcaggttttcacaaggta Germline
tcctacgge..... tat atagctcaggttttcacaaggta 61-62%
tcctacgge..... ctat atagctcaggttttcacaaggta 25-27%
tcctacgg..... t ctat atagctcaggttttcacaaggta 3.8-5%
tcctacgg...... gt tat atagctcaggttttcacaaggta 1.5-2.2%
tcctacgg...... gctat atagctcaggttttcacaaggta 0.9-1.2%
tcctacgge..... ctt t atagctcaggttttcacaaggta 0.6-0.7%
The germline sequences of related gene segments are demonstrated in red. N and P refer to N- and P-nucleotides, respectively.

Table 3 | Single-cell analysis of 20 Vy4 chains pairing with the canonical V55D62J51 chain.

Vy4 N P Jy1 (5'-3) AA sequence Observed
tcctacggctaaag atagctcaggttttcacaaggta SYG..SSGFHKV Germline
tcctacggcet tat atagctcaggttttcacaaggta SYGLYSSGFHKV Five times
tectacgge..... ctat atagctcaggttttcacaaggta SYGLYSSGFHKV Once
tcctacgg...... gt tat atagctcaggttttcacaaggta SYGLYSSGFHKV Once
tcctacggct.... c at atagctcaggttttcacaaggta SYGSYSSGFHKV Four times
tcctacggce..... ga at atagctcaggttttcacaaggta SYGEYSSGFHKV Two times
tcctacggce..... ac at atagctcaggttttcacaaggta SYGTYSSGFHKV Two times
tcctacgge..... gc at atagctcaggttttcacaaggta SYGAYSSGFHKV Once
tcctacggce..... cc at atagctcaggttttcacaaggta SYGPYSSGFHKV Once
tcctacgge..... gtc t atagctcaggttttcacaaggta SYGVYSSGFHKV Once
tcctacggcta... t t atagctcaggttttcacaaggta SYGYYSSGFHKV Once
tcctacggcta... tagctcaggttttcacaaggta SYG_YSSGFHKV Once

The germline sequences of related gene segments and the variable AA between G3 and Y5 are demonstrated in red. N and P refer to N- and P-nucleotides, respectively.

any species as well as on mouse Trg genes. In general, our results
clearly support the view that diversity of rearranged Trd loci is
much higher than for their Trg counterparts. In particular, the
mouse Vvy4 repertoire contained predominant expanded
sequences that were shared between individual mice. These
findings are consistent with prior deep-sequencing studies of the
human TRG repertoire’®3, which described a limited diversity in
the TRG repertoire. There®, the TRG repertoire of peripheral
blood yd T cells from three independent donors was dominated
by canonical Vy9JyP sequences. In sharp contrast to the Trg
locus, our study showed that the Trd repertoire was highly diverse
in sorted Vy4™ and Vyl™ T cells from peripheral lymphoid
organs. Most importantly, we revealed a novel invariant subset of
innate Y3 T cells, with a TCR composed of a canonical Vy4Jyl
motif paired with germline-rearranged V85D62J61. This
invariant TCR rearrangement might have evolved under
selective  pressure for simple and efficient modular
recombination without any N- or P-nucleotides of the
respective loci yielding a useful invariant TCR. Furthermore, it
is conceivable that the canonical CDR36 loop might interact with
putative TCR ligands autonomously and uncoupled from the
variable CDR3y. Such mode of y6 TCR-ligand interaction would
be reminiscent of Y8 TCR recognition of the nonclassical major
histocompatibility complex class I molecules T10 and T22 (refs
40,41). While relatively short CDR3d chains can bind to model
antigens such as phycoerythrin (PE) or Cyanine Dye Cy3 (Cy-3)
haptens only in combination with a suitable CDR3y partner, a
relatively long CDR36 loop such as the canonical V85D82]d1
rearrangement (15 AA according to the international
ImMunoGeneTics information system™) may be indeed be
indicative of CDR3y-independent ligand binding.

8

In addition, the novel invariant Vy4 V85T T-cell population
shares several decisive features with three other prominent
invariant Y T-cell subsets in mice, which are Vy5 DETCs,
VY6 T V81T cells and semi-invariant Vy1 V86 + NKT cells and
likewise fetal liver-derived human Vy9 T V&2 cells*2. First, all of
these populations contain straight germline rearrangements of
invariant canonical TCRs without nontemplated N-nucleotides.
Second, they are of fetal or at least perinatal origin. These two
features, canonical germline rearrangements and exclusive
development in the fetal thymus, define such yd T-cell
populations as genuine innate T cells. Invariant Vy4+V35™
T cells were remarkably abundant in every sample of Vy4* T
cells sorted by a CCR6 T CD27 ~ surface phenotype associated
with IL-17-producing capacity and basically absent in
CCR6 ~CD27" Vy4™ T cells. Importantly, these results were
very reproducible and consistent regardless of whether
independent samples were derived from genomic DNA or
cDNA and whether these were analysed by either RACE or
V85-specific primers. Thus, the canonical Vy4+V35+T TCR
classifies a hitherto unrecognized conserved subset of innate and
presumably TL-17-producing Vy4™ T cells. Notably, invariant
Vy4 V85T T cells are actually abundant in peripheral lymphoid
organs in the same magnitude as IL-17-producing Vy6+ V1™
cells®>34, In future studies, it will be interesting to compare the
common and discrete functions of these two invariant yd T-cell
subsets that are likely innate ‘natural’ IL-17A-producers.

Interestingly, identical V35D82Jd1 germline rearrangements
had 24 years ago been designated as BID, for BALB/c invariant
delta®. These Trd germline rearrangements were described as
frequent in lungs and lymph nodes of mice with a BALB/c genetic
background, but are absent in mice with a C57BL/6 genetic
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background®®. However, BID chains were later found to be

generated also in C57BL/6 fetal thymocytes at levels similar to
those detected in BALB/c mice*4. Hence, it was concluded that
the presence of BID among resident pulmonary lymphocytes of
BALB/c and of BALB/c x C57BL/6 F1 mice but not in C57BL/6
mice was because of positive selection and peripheral
expansion®, Yet, in our study, y8 T cells bearing BID, that is,
V85D62]81 germline rearrangements, turned out to be an
abundant innate Vy4™* T-cell population in C57BL/6 mice. It
is currently unclear, however highly relevant for future work, why
the C57BL/6 mice of our study and the C57BL/6 mice of the Basel
Institute used as negative controls for the original BID description
in 1990 would differ in this respect. It is tempting to speculate
that specific genetic variations are responsible for differential
selection and peripheral expansion processes. This might provide
a remarkable analogy to the seminal observation that a substrain
of inbred FVB mice was uniquely depleted of invariant Vy5™
DETCs*, which led to the discovery of the DETC-selecting
determinant Skint-1 (refs 46,47). In any case, identification of
potential cognate ligands of the invariant TCRs from canonical
Vy4+ V5T T cells, as well as Vy5 DETCs, VY6 T V31T cells
and semi-invariant Vy1 TV36 " NKT cells, has highest priority.
Formerly suggested candidates for the selection of invariant
Vy4T V85T T cells, called BID T cells, included the murine heat-
shock protein 60 (ref. 48) and a potential self-ligand that
correlates with the presence of the endogenous murine leukaemia
virus Mpmv-30 (ref. 49). Furthermore, it needs to be determined
in future studies whether innate invariant Vy4 V35T T cells
accumulate or expand in response to inflammatory stimuli and
during bacterial infection as reported for invariant Vy6 V31 ™
cells1#°0-52,

The null hypothesis, however, is that no specific antigen is
required for selection and development of canonical innate
Vy4T V85T T cells. This would be consistent with the hypothesis
that the capacity to produce IL-17 cytokines is prewired in a
subset of fetal T-cell precursors before and is independent of TCR
rearrangement'!. In addition, there is considerable evidence that
positively selecting TCR-triggering in immature fetal yo T-cell
precursors induces differentiation towards the potential to
produce IFN-y while suppressing the IL-17-associated factors
Sox13, Sox4 and Rorc3>>37, Thus, if TCR-specific selection of
invariant Vy4TV35%t T cells occurred during thymic
development, they would, in contrast to our observations, be
rather expected to adopt a CCR6 ~CD27 " phenotype with the
potential to produce IFN-y.

In conclusion, we establish a novel truly innate yd T-cell subset
of invariant Vy4 V85T T cells, which is confined to presumably
IL-17-producing CCR6 ~ CD27+ T cells. Future studies addres-
sing the specific physiological functions of these cells within the
pLNs and within tissues such as the lung, skin and liver will
advance the understanding of innate lymphocyte and v T-cell
biology.

Methods

Mice. All mice used throughout the study were on a C57BL/6 genetic background.
C57BL/6-TcrdH2BeGFP mice were generated at the Centre d’'Immunologie de
Marseille-Luminy?® and C57BL/6-Indu-Ragl mice were a kind gift from Siggi
WeiB*. Indu-Ragl mice were crossed to TcrdH2BeGEP to obtain tamoxifen-
inducible Indu-Ragl x TcrdH2BeGFP mice!! at the animal facilities of the
Helmholtz Centre for Infection Research, Braunschweig. C57BL/6-TcrdH2BeGFP
and C57BL/6 wild-type control mice were bred and maintained under specific
pathogen-free conditions at the animal facility of the Hannover Medical School,
and used at 8-14 weeks of age (16 weeks in case of Indu-Ragl x TcrdH2BeGFP
mice) if not otherwise stated in the figure legends. Animal experiments were
carried out according to the institutional guidelines approved by the local
government. This study was performed in accordance with the German Animal
Welfare Law and with the European Communities Council Directive 86/609/EEC
for the protection of animals used for experimental purposes.

Cell isolation and cell sorting. pLNs and spleens were mashed, filtered through
50-uM nylon meshes and washed with PBS/3% fetal calf serum. Spleen cells were
treated with erythrocyte-lysis buffer before mixing with lymph node cells as
described previously®®. The liver and lung were cut into small pieces and digested
with 0.5 mgml ~! Collagenase D and 0.025 mgml ~ ! DNAse-1. The digestion was
stopped by adding EDTA to a final concentration of 20 mM. For the isolation of
skin lymphocytes, an area of the back was shaved, the skin was removed and cut
into pieces and digested with 0.5-mgml ~! Liberase and 0.025 mgml ~! DNAse-1.
Digestion was carried out for 45 min at 37 °C and was stopped by adding EDTA to
a final concentration of 40 mM. Digested organs were meshed through a 40-um
Cellstrainer. Lung lymphocytes were separated using Lympholyte M. Liver and skin
lymphocytes were separated with density gradient centrifugation using Percoll
gradients. MAbs against TCR Vy4 (clone UC3-10A6, PE-conjugated, 1:200) were
purchased from Biolegend or produced in rat hybridoma cell lines (clone 49.2-9,
Cy5-conjugated, 1:100). Antibody against TCR V1 (clone 2.11, PE-conjugated,
1:100) was purchased from Biolegend and antibody against TCR Vy7 (clone F2.67,
Cy5-conjugated, 1:50) produced in rat hybridoma cell lines. Antibodies against
TCR B (clone H57-597, PE-Cy7-conjugated, 1:200) and CD27 (clone LG.3A10,
PerCP/Cy5.5-conjugated, 1:200) were obtained from Biolegend. Antibodies against
CD196 (CCR6; clone 140706, Alexa Fluor 647-conjugated, 1:100) were purchased
from BD Biosciences. Cell suspensions were treated with FcR block (clone 2.4G2)
before 20-min staining with mAbs. Antibody-labelled cell populations were sorted
for high-throughput sequencing through the FACSAria ITu flow cytometer (Becton
Dickinson). In experiments designed to compare two populations, we always sorted
the same amount of cells as a starting population to be able to quantify TCR
diversities. Likewise, single cells were sorted into 96-well plates for single-cell PCR
by MoFlo or XDP flow cytometer (Beckman-Coulter). The first rows of the plates
were left empty as negative controls.

Nucleic acid isolation. For isolation of genomic DNA, sort-purified cell fractions
were resuspended in PCR lysis buffer (10 mM Tris (pH 8.4), 50 mM KCl, 2 mM
MgCl,, 0.5% Nonidet P-40, 0.5% Tween-20, 400 pgml ~ ! proteinase K) at

500 cells pl ! and incubated overnight at 50 °C. The proteinase K was inactivated
at 95 °C for 10 min. This protocol was adapted from refs 56-58. Up to 20 ul of the
DNA samples were used directly for PCR. Total RNA was isolated from sorted cell
populations using the RNeasy Mini Kit (QIAGEN) and was reverse-transcribed
with Superscript IIT (Invitrogen) using Random Primers (Invitrogen).

RACE. To generate unbiased template libraries of rearranged CDR3 regions of the
Trd locus, anchor sequence-containing cDNA template was synthesized using the
SMARTer RACE ¢cDNA Amplification Kit (Clontech) according to the manu-
facturer. RACE PCR was performed with a gene-specific primer located in the Cd
gene segment (5'-CGAATTCCACAATCTTCTTG-3') and an anchor sequence-
specific primer recommended in the kit.

Gene-specific PCR. PCR was performed to generate amplicon libraries of
rearranged TCR sequences. Gene-specific primers (Vy4: 5'-TGCAACCCCTAC
CCATATTTTCT-3' in combination with a consensus primer amplifying Jy1, 2 and
3: 5'-GTTCCTTCTGCAAATACCTTGTGA-3' or V&5: 5'-AGCACAGCAAGGC
CAACAGAACCTT-3' in combination with J81: 5-TTGGTTCCACAGTCACT
TGGGTTCC-3'). Either genomic DNA or cDNA were amplified using 0.375 pM of
each forward and reverse primers, 50 uM of each dNTP, 1.5 mM MgCl, and 2.5U
Taq DNA Polymerase (invitrogen) in a 50-pl reaction. Amplifications were
performed at 94 °C for 4 min, followed by 35 cycles consisting of 30's at 94 °C, 30s
at 59°C and 20s at 72°C, and finally a single incubation at 72 °C for 5min.

High-throughput sequencing. Forward and reverse PCR primers for deep-
sequencing contained at their 5 ends the respective 454 universal adaptor
sequences and multiplex identifier (MID) nucleotides. PCR products were purified
using gel extraction with the QIAquick Gel Extraction kit (QIAGEN) and was
quantified with Qubit fluorometer (Invitrogen) using the Quant-iT dsDNA HS
Assay kit (Invitrogen). Amplicons were processed with the emPCR—Lib-A SV kit
(GS FLX Titanium series; Roche) according to the manufacturer to sequence on
454 Genome Sequencer FLX system (Roche). Productive rearrangements and
CDR3o. regions were defined by comparing nucleotide sequences to the reference
sequences from IMGT, the international ImMunoGeneTics information system
(http://www.imgt.org)*. Rearrangements were analysed and CDR3c. regions were
defined using IMGT/HighV-QUEST®.

Single-cell PCR. For single-cell PCR, CCR6 " CD27 ~ Vy4 ™ single cells were
sorted directly into 96 wells. We reverse-transcribed RNA from each sort-purified
cell to cDNA, and used it as a template to amplify corresponding y and 8 TCR
chains. Single cells sorted in 6-pl PBS were immediately frozen on dry ice and
transferred to — 80 °C. Frozen cells were lysed by heating to 65 °C for 2 min and
were cooled to 4 °C. RNA transcription and a first round of PCR were sequentially
performed in one reaction using the OneStep RT-PCR kit (QIAGEN) according to
the manufacturer with some modifications. A combination of specific5’- primer
pair for Vy4 chain (Vy4 outer: 5'-ASCAAGAGATGAGACTGCACAAAT-3' in
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combination with Jyl, 2 and 3: 5-GTTCCTTCTGCAAATACCTTGTGA-3') and
V35 chain (V85 outer: 5-TGCGGATTCTCCAAACCCAGATTTA-3' in combi-
nation with J81: 5-TTGGTTCCACAGTCACTTGGGTTCC-3") was used for this
multiplex reaction. For a 25-pl reaction, the components were as following: 1 x
buffer, 400 pM of each dNTP, 0.4 uM of each primer and 1-ul OneStep

RT-PCR Enzyme mix. Reverse transcription was performed for 30 min at 50 °C
and was directly followed by amplification. PCR activation was initiated at 95°C
for 15 min, before 30 cycles, consisting of 30s at 94°C, 30s at 65°C and 60's at
72°C, and finally a single incubation at 72 °C for 10 min. Next, second rounds of
PCR with seminested primers (Vy4: 5-TGCAACCCCTACCCATATTTTCT-3'
and V35 inner: 5-TAGGGACGACACTAGTTCCCATGAT-3') were separately
performed for Vy4 and V&5 chains. For this, 0.2 pl from the first PCR products
were used as template in a 20-pl reaction. The PCR fragments were amplified using
0.5 unit AmpliTaq Gold DNA polymerase (Applied Biosystems) in combination
with GeneAmp 1 x PCR puffer II, 2mM MgCl,, 0.25 mM of each dNTP and
0.3 uM of each primer. After 10 cycles, samples positive for Vy4 and V85 were
detected using agarose gel electrophoresis. After additional 20 cycles of PCR, gel-
extracted (QIAGEN) PCR products of Vy4 and V85 chains from each cell were
separately cloned in pCR4-TOPO vector through the TOPO TA Cloning Kit for
sequencing (Invitrogen). These plasmid vectors were isolated via the QIAprep kit
(QIAGEN) and sequenced by GATC Biotech (Germany).

Sequence analysis. First, fna files generated by 454 high-throughput sequencing
were converted and partitioned into separate FASTA files using MIDs and gene-
specific primer sequence identifiers. Next, these files were uploaded to HighV-
QUEST, an online tool available on the IMGT website®®, and compared with the
IMGT data base. Analysed txt files returned from IMGT were further processed
with Excel to segregate productive and unproductive TCR rearrangements to
quantify and merge similar sequences and for further statistical analysis. Via
specifically selecting only in-frame productive TCR rearrangements, sequences that
contained insertions and deletions from the 454 platform were routinely excluded.
Shannon indices were calculated using Vegan R package (2.14.0). Venn diagrams
were produced with VennMaster (0.37.5; ref. 61). All raw sequence data were
uploaded to the NCBI Sequence Read Archive under the SRP accession number
SRP050364.

References

1. Davis, M. M. & Bjorkman, P. J. T-cell antigen receptor genes and T-cell
recognition. Nature 334, 395-402 (1988).

2. Bonneville, M., O’Brien, R. L. & Born, W. K. Gammadelta T cell effector
functions: a blend of innate programming and acquired plasticity. Nat. Rev.
Immunol. 10, 467-478 (2010).

3. Carding, S. R. & Egan, P. ]. Gammadelta T cells: functional plasticity and
heterogeneity. Nat. Rev. Immunol. 2, 336-345 (2002).

4. Asarnow, D. M. et al. Limited diversity of gamma delta antigen receptor genes
of Thy-1+ dendritic epidermal cells. Cell 55, 837-847 (1988).

5. Havran, W. L. et al. Limited diversity of T-cell receptor gamma-chain
expression of murine Thy-1+ dendritic epidermal cells revealed by V gamma
3-specific monoclonal antibody. Proc. Natl Acad. Sci. USA 86, 4185-4189
(1989).

6. Itohara, S. et al. Homing of a gamma delta thymocyte subset with
homogeneous T-cell receptors to mucosal epithelia. Nature 343, 754-757
(1990).

7. Sim, G. K., Rajaserkar, R., Dessing, M. & Augustin, A. Homing and in situ
differentiation of resident pulmonary lymphocytes. Int. Immunol. 6, 1287-1295
(1994).

8. Hamada, S. ef al. IL-17A produced by gammadelta T cells plays a critical
role in innate immunity against listeria monocytogenes infection in the liver.
J. Immunol. 181, 3456-3463 (2008).

9. Sumaria, N. et al. Cutaneous immunosurveillance by self-renewing dermal
gammadelta T cells. J. Exp. Med. 208, 505-518 (2011).

10. Gray, E. E., Suzuki, K. & Cyster, J. G. Cutting edge: Identification of a motile IL-
17-producing gammadelta T cell population in the dermis. J. Immunol. 186,
6091-6095 (2011).

11. Haas, J. D. et al. Development of interleukin-17-producing gammadelta T cells

is restricted to a functional embryonic wave. Immunity 37, 48-59 (2012).
. Sheridan, B. S. et al. gammadelta T cells exhibit multifunctional and protective
memory in intestinal tissues. Immunity 39, 184-195 (2013).

13. Gerber, D. J. et al. IL-4-producing gamma delta T cells that express a very
restricted TCR repertoire are preferentially localized in liver and spleen.
J. Immunol. 163, 3076-3082 (1999).

14. Azuara, V., Levraud, J. P., Lembezat, M. P. & Pereira, P. A novel subset of adult
gamma delta thymocytes that secretes a distinct pattern of cytokines and
expresses a very restricted T cell receptor repertoire. Eur. J. Immunol. 27,
544-553 (1997).

15. Takagaki, Y., Nakanishi, N., Ishida, I., Kanagawa, O. & Tonegawa, S. T cell
receptor-gamma and -delta genes preferentially utilized by adult thymocytes for
the surface expression. J. Immunol. 142, 2112-2121 (1989).

1

5]

1

(=)}

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—_

32.

33.

34.

35.

36.

37.

38.

39.

4

[=]

4

—_

42.

43.

44.

. Itohara, S., Nakanishi, N., Kanagawa, O., Kubo, R. & Tonegawa, S. Monoclonal

antibodies specific to native murine T-cell receptor gamma delta: analysis of
gamma delta T cells during thymic ontogeny and in peripheral lymphoid
organs. Proc. Natl Acad. Sci. USA 86, 5094-5098 (1989).

Bonneville, M. et al. Transgenic mice demonstrate that epithelial homing of
gamma/delta T cells is determined by cell lineages independent of T cell
receptor specificity. J. Exp. Med. 171, 1015-1026 (1990).

Prinz, I, Silva-Santos, B. & Pennington, D. J. Functional development of
gammadelta T cells. Eur. J. Immunol. 43, 1988-1994 (2013).

Narayan, K. et al. Intrathymic programming of effector fates in three
molecularly distinct gammadelta T cell subtypes. Nat. Immunol. 13, 511-518
(2012).

Ribot, J. C. et al. CD27 is a thymic determinant of the balance between
interferon-gamma- and interleukin 17-producing gammadelta T cell subsets.
Nat. Immunol. 10, 427-436 (2009).

Haas, J. D. et al. CCR6 and NKI1.1 distinguish between IL-17A and IFN-
gamma-producing gammadelta effector T cells. Eur. J. Immunol. 39, 3488-3497
(2009).

Martin, B., Hirota, K., Cua, D. J., Stockinger, B. & Veldhoen, M. Interleukin-
17-producing gammadelta T cells selectively expand in response to pathogen
products and environmental signals. Immunity 31, 321-330 (2009).

Wencker, M. et al. Innate-like T cells straddle innate and adaptive

immunity by altering antigen-receptor responsiveness. Nat. Immunol. 15,
80-87 (2013).

Chien, Y. H., Zeng, X. & Prinz, I. The natural and the inducible:

interleukin (IL)-17-producing gammadelta T cells. Trends Immunol. 34,
151-154 (2013).

Cai, Y. et al. Differential developmental requirement and peripheral regulation
for dermal Vgamma4 and Vgamma6T17 cells in health and inflammation. Nat.
Commun. 5, 3986 (2014).

Petermann, F. et al. gammadelta T cells enhance autoimmunity by restraining
regulatory T cell responses via an interleukin-23-dependent mechanism.
Immunity 33, 351-363 (2010).

Chien, Y. H,, Meyer, C. & Bonneville, M. gammadelta T cells: first line of
defense and beyond. Annu. Rev. Immunol. 32, 121-155 (2014).

Prinz, I. et al. Visualization of the earliest steps of gammadelta T cell
development in the adult thymus. Nat. Immunol. 7, 995-1003 (2006).
Pereira, P. et al. Developmentally regulated and lineage-specific rearrangement
of T cell receptor Valpha/delta gene segments. Eur. J. Immunol. 30, 1988-1997
(2000).

Duber, S. et al. Induction of B-cell development in adult mice reveals the ability
of bone marrow to produce B-1a cells. Blood 114, 4960-4967 (2009).

. Shibata, K. et al. Identification of CD25 4 gamma delta T cells as fetal thymus-

derived naturally occurring IL-17 producers. J. Immunol. 181, 5940-5947
(2008).

Gray, E. E. et al. Deficiency in IL-17-committed Vgamma4( 4 ) gammadelta T
cells in a spontaneous Sox13-mutant CD45.1(+ ) congenic mouse substrain
provides protection from dermatitis. Nat. Immunol. 14, 584-592 (2013).
Paget, C. et al. CD3(bright) signals on y3 T cells identify IL-17A-producing
Vy6Vol(+) T cells. Immunol. Cell. Biol. 93, 198-212 (2015).

Reinhardt, A. et al. CCR7-mediated migration in the thymus controls
gammadelta T-cell development. Eur. J. Immunol. 44, 1320-1329 (2014).
Jost, L. Partitioning diversity into independent alpha and beta components.
Ecology 88, 2427-2439 (2007).

Schleuning, M. et al. Specialization of mutualistic interaction networks
decreases toward tropical latitudes. Curr. Biol. 22, 1925-1931 (2012).

Chien, Y. H. & Bonneville, M. Gamma delta T cell receptors. Cell Mol. Life Sci.
63, 2089-2094 (2006).

Sherwood, A. M. et al. Deep sequencing of the human TCRgamma and
TCRbeta repertoires suggests that TCRbeta rearranges after alphabeta and
gammadelta T cell commitment. Sci. Transl. Med. 3, 90ra61 (2011).
Schumacher, J. A., Duncavage, E. J., Mosbruger, T. L., Szankasi, P. M. & Kelley,
T. W. A comparison of deep sequencing of TCRG rearrangements vs
traditional capillary electrophoresis for assessment of clonality in T-Cell
lymphoproliferative disorders. Am. J. Clin. Pathol. 141, 348-359 (2014).

. Adams, E. ], Strop, P., Shin, S., Chien, Y. H. & Garcia, K. C. An autonomous

CDR3delta is sufficient for recognition of the nonclassical MHC class I
molecules T10 and T22 by gammadelta T cells. Nat. Immunol. 9, 777-784
(2008).

. Shin, S. et al. Antigen recognition determinants of gammadelta T cell receptors.

Science 308, 252-255 (2005).

McVay, L. D. & Carding, S. R. Extrathymic origin of human gamma delta T
cells during fetal development. J. Immunol. 157, 2873-2882 (1996).

Sim, G. K. & Augustin, A. Dominantly inherited expression of BID, an
invariant undiversified T cell receptor delta chain. Cell 61, 397-405 (1990).
Sim, G. K. & Augustin, A. Dominant expression of the T cell receptor BALB
invariant delta (BID) chain in resident pulmonary lymphocytes is due to
selection. Eur. J. Immunol. 21, 859-861 (1991).

| 6:6477 | DOI: 10.1038/ncomms7477 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

45.

46.

47.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57.

58.

Lewis, J. M. et al. Selection of the cutaneous intraepithelial gammadelta + T cell
repertoire by a thymic stromal determinant. Nat. Immunol. 7, 843-850 (2006).
Boyden, L. M. et al. Skintl, the prototype of a newly identified immunoglobulin
superfamily gene cluster, positively selects epidermal gammadelta T cells. Nat.
Genet. 40, 656-662 (2008).

Barbee, S. D. et al. Skint-1 is a highly specific, unique selecting component for
epidermal T cells. Proc. Natl Acad. Sci. USA 108, 3330-3335 (2011).
Kobayashi, N. et al. V delta 5+ T cells of BALB/c mice recognize the murine
heat shock protein 60 target cell specificity. Immunology 81, 240-246 (1994).
Sim, G. K. & Augustin, A. The presence of an endogenous murine leukemia
virus sequence correlates with the peripheral expansion of gamma delta T cells
bearing the BALB invariant delta (BID) T cell receptor delta. J. Exp. Med. 178,
1819-1824 (1993).

Mukasa, A., Born, W. K. & O’Brien, R. L. Inflammation alone evokes the
response of a TCR-invariant mouse gamma delta T cell subset. J. Immunol. 162,
4910-4913 (1999).

. Mukasa, A., Lahn, M., Pflum, E. K., Born, W. & O’Brien, R. L. Evidence that the

same gamma delta T cells respond during infection-induced and autoimmune
inflammation. J. Immunol. 159, 5787-5794 (1997).

Murphy, A. G. et al. Staphylococcus aureus infection of mice expands a
population of memory gammadelta T cells that are protective against
subsequent infection. J. Immunol. 192, 3697-3708 (2014).

Jensen, K. D. et al. Thymic selection determines gammadelta T cell effector fate:
antigen-naive cells make interleukin-17 and antigen-experienced cells make
interferon gamma. Immunity 29, 90-100 (2008).

Turchinovich, G. & Hayday, A. C. Skint-1 identifies a common molecular
mechanism for the development of interferon-gamma-secreting versus
interleukin-17-secreting gammadelta T cells. Immunity 35, 59-68 (2011).
Malhotra, N. et al. A network of high-mobility group box transcription factors
programs innate interleukin-17 production. Immunity 38, 681-693 (2013).
Chennupati, V. et al. Intra- and intercompartmental movement of gammadelta
T cells: intestinal intraepithelial and peripheral gammadelta T cells represent
exclusive nonoverlapping populations with distinct migration characteristics.
J. Immunol. 185, 5160-5168 (2010).

Medina, K. L., Strasser, A. & Kincade, P. W. Estrogen influences the
differentiation, proliferation, and survival of early B-lineage precursors. Blood
95, 2059-2067 (2000).

Igarashi, H., Gregory, S. C., Yokota, T., Sakaguchi, N. & Kincade, P. W.
Transcription from the RAG1 locus marks the earliest lymphocyte progenitors
in bone marrow. Immunity 17, 117-130 (2002).

59. Lefranc, M. P. et al. IMGT, the international ImMunoGeneTics information
system. Nucleic Acids Res. 37, D1006-D1012 (2009).

60. Brochet, X., Lefranc, M. P. & Giudicelli, V. IMGT/V-QUEST: the highly
customized and integrated system for IG and TR standardized V-J and V-D-]
sequence analysis. Nucleic Acids Res. 36, W503-W508 (2008).

61. Kestler, H. A. et al. VennMaster: area-proportional Euler diagrams for
functional GO analysis of microarrays. BMC Bioinformatics 9, 67 (2008).

Acknowledgements

We thank Andreas Krueger for discussions and carefully reading of the MS, Mathias
Herberg for help with animal caretaking, Sabrina Woltemate and Zharah Fiebig for
excellent technical assistance with 454 sequencing, and Benjamin Wahl for sharing VBA
macros. We acknowledge the assistance of the Cell Sorting Core Facility of the Hannover
Medical School. This work was funded by grants from Deutsche Forschungsgemeinschaft
DFG-PR727/4-1 (L.P.), DFG-PR727/5-1 (L.P.), DFG SFB 900/B8 (I.P. and C.K.) and DFG
SFB 900/Z1 (S.S.). E.K. is a scholar of Hannover Biomedical Research School (HBRS) and
Zentrum fiir Infektionsbiologie (ZIB).

Author contributions

EK, LF, S.R. and LP. designed the studies, performed the experiments and analysed the
data. EK,, L.F,, LS. and L.O. performed cellular and molecular experiments. E.K. and L.F.
performed bioinformatics analyses. S.S. contributed to deep-sequence experiments. S.W.
provided vital reagents. S.W., CK. and S.S. contributed to study design. LP. and EK.
co-wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications.

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions.

How to cite this article: Kashani, E. et al. A clonotypic Vy4]Jy1/V85D62]61 innate yd
T-cell population restricted to the CCR6 T CD27 ~ subset. Nat. Commun. 6:6477 doi:
10.1038/ncomms7477 (2015).

| 6:6477 | DOI: 10.1038/ncomms7477 | www.nature.com/naturecommunications 1

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions
http://npg.nature.com/reprintsandpermissions
http://www.nature.com/naturecommunications

	A clonotypic Vγ4Jγ1/Vδ5Dδ2Jδ1 innate γδ T-cell population restricted to the CCR6+CD27− subset
	Introduction
	Results
	Highly diverse Trd repertoire in Vγ1+ and Vγ4+ cells
	Abundant Vδ5Dδ2Jδ1 rearrangements in Vγ4+ cells
	Canonical rearrangements in CCR6+CD27− γδ T cells
	Ontogeny and organ distribution of Vδ5Dδ2Jδ1+ T cells
	Decreased TCR diversity in CCR6+CD27− Vγ4+ T cells
	The corresponding Vγ4 repertoire
	Invariant Vδ5Dδ2Jδ1 chains pair with a canonical Vγ4 chain

	Discussion
	Methods
	Mice
	Cell isolation and cell sorting
	Nucleic acid isolation
	RACE
	Gene-specific PCR
	High-throughput sequencing
	Single-cell PCR
	Sequence analysis

	Additional information
	Acknowledgements
	References




