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Abstract 42 

 43 

Phosphoantigen-reactive Vγ9Vδ2 T cells represent the main innate human γδ T cell subset and 44 

dominate the fetal and adult peripheral blood γδ T cell repertoire. It has been hypothesized that adult 45 

blood Vγ9Vδ2 T cells find their origin in the fetus like it is established for mouse innate γδ T cells. In 46 

order to address this issue, we analyzed the complementarity-determining-region-3 (CDR3) of the T 47 

cell receptor (TCR) of human blood and thymic Vγ9Vδ2 T cells from fetal until adult life. We first 48 

identified key differences in the CDR3 repertoire of fetal and adult blood Vγ9Vδ2 T cells, including in 49 

CDR3 features important for phosphoantigen-reactivity. Next, we showed that most of these key adult 50 

CDR3 features were already present in the postnatal thymus and were further enhanced upon 51 

selection in vitro by the microbial-derived phosphoantigen (E)-4-hydroxy-3-methyl-but-2-enyl 52 

pyrophosphate (HMBPP). Finally, we demonstrated that the generation of a fetal-type or adult-type 53 

Vγ9Vδ2 CDR3 repertoire is determined by the fetal and post-natal nature of the hematopoietic-stem-54 

and-precursor-cell (HSPC). Thus, our data indicate that fetal blood Vγ9Vδ2 T cells find their origin in 55 

the fetal thymus while adult blood Vγ9Vδ2 T cells are generated to a large degree independently after 56 

birth. 57 

 58 

 59 

 60 

Key points: 61 

 Fetal and adult blood Vγ9Vδ2 T cells express a different CDR3 repertoire 62 

 The post-natal thymus produces a small number of Vγ9Vδ2 thymocytes 63 

 Adult blood Vγ9Vδ2 T cells are derived from postnatal Vγ9Vδ2 thymocytes  64 

 65 

  66 
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Introduction 67 

 68 

Since the emergence of jawed vertebrates more than 450 million years ago, γδ T cells have been 69 

conserved, and can play an important role in anti-microbial and anti-tumor immunity(1–4). γδ T cells, 70 

like αβ T cells and B cells, use V(D)J gene rearrangement with the potential to generate a set of highly 71 

diverse receptors to recognize antigens. This diversity is generated mainly in the complementary-72 

determining region 3 (CDR3) of the T cell receptor (TCR) via combinatorial and junctional diversity (5, 73 

6). The junctional diversity is generated during the V(D)J gene segment joining process by: (i) 74 

asymmetrical opening of the hairpinned coding ends allowing incorporation of palindromic sequences 75 

(‘P nucleotides’); (ii) the introduction of additional nucleotides (‘N additions’) in the junction by the 76 

terminal deoxynucleotidyl transferase (TdT); (iii) exonucleolytic cleavage that results in the trimming 77 

of nucleotides at the boundary between the two coding ends (6).  78 

 79 

Vγ9Vδ2 T cells express a TCR containing the γ-chain variable region 9 (Vγ9, TRGV9) and the δ-chain 80 

variable region 2 (Vδ2, TRDV2) and are the dominant population of γδ T cells in the blood circulation 81 

of human adults. They are activated and expanded in a TCR-dependent manner by microbe- and host-82 

derived phosphorylated prenyl metabolites (phosphorylated antigens or ‘phosphoantigens’), derived 83 

from the isoprenoid metabolic pathway (7, 8). Prototypical examples of phosphoantigens include the 84 

microbial (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) produced by the 2-C-methyl-D-85 

erythritol 4-phosphate (MEP) or ‘non-mevalonate’ pathway of isoprenoid synthesis, and host 86 

isopentenyl pyrophosphate (IPP) generated via the mevalonate pathway. These phosphoantigens do 87 

not bind directly the Vγ9Vδ2 TCR but have been recently shown to be sensed by the butyrophilin 88 

BTN3A1 and, via a mechanism that is yet to be fully understood, activate indirectly the Vγ9Vδ2 T cells 89 

(8, 9). The recognition of phosphoantigens allows Vγ9Vδ2 T cells to develop potent antimicrobial 90 

immune responses or to promote the killing of transformed host cells that up-regulate IPP production, 91 

which has led to the development of clinical trials targeting Vγ9Vδ2 T cells as a cancer immunotherapy 92 

approach (4, 10–12).  93 

 94 

In the mouse model, it is long established that innate γδ T cells develop in waves during fetal 95 

development (13, 14). These early innate γδ T cells express (semi-)invariant γδ TCRs, whereas later on 96 

in development the TCRs possess polyclonal CDR3 sequences(14). Representing the prime example of 97 

such an invariant TCR, the first γδ T cells to emerge in the murine fetal thymus express a fixed TCR 98 

composed of invariant TRGV5-TRGJ1 and invariant TRDV1-TRDD2-TRDJ2 CDR3 chains (Vγ5Vδ1 in short; 99 

nomenclature according to Heilig and Tonegawa(15)) and migrate to the skin epidermis where they 100 

become dendritic epidermal T cells (DETCs). Here they are maintained until adulthood by clonal self-101 
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renewal (13, 14, 16–18). Among human γδ T cells, Vγ9Vδ2 T cells appear to be the prototypic innate 102 

γδ T cell subset since, in contrast to other subsets (such as Vδ1+ and Vγ9-Vδ2+), they express a semi-103 

invariant TCR(19–23). We have shown that the human mid-gestational fetal peripheral blood is highly 104 

enriched for Vγ9Vδ2 T cells expressing such a semi-invariant TCR (20). Combined with the relative 105 

absence of the Vδ2 chain in the postnatal thymus (24–26) and the described similarities between the 106 

cord and adult blood Vγ9Vδ2 TCR repertoire (23), this suggests a fetal wave of Vγ9Vδ2 T cells that, as 107 

is the case for mouse innate γδ T cells, persist in adulthood by clonal expansion. However, other 108 

scenarios involving a post-natal thymic output as a source of the adult blood Vγ9Vδ2 T cells cannot be 109 

ruled out (27). 110 

 111 

To track the lineage relationship of fetal and adult phosphoantigen-reactive Vγ9Vδ2 T cells, we 112 

analyzed in detail the CDR3 repertoire by high-throughput sequencing (HTS) of ex vivo sorted blood 113 

and thymus Vγ9+Vδ2+ γδ T cells from postnatal (birth until adult) and fetal subjects. This was 114 

complemented with the CDR3 repertoire analysis of HMBPP-expanded Vγ9Vδ2 thymocytes and of 115 

Vγ9Vδ2 T cells generated by hematopoietic-stem-and-precursor-cells (HSPC) in vitro.  We found that 116 

adult blood Vγ9Vδ2 T cells are derived from the small number of Vγ9Vδ2 T cells generated in the 117 

postnatal thymus and, surprisingly, not from the abundant fetal population.  118 

 119 

 120 

  121 
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Materials and Methods 122 

 123 

Human cell material 124 

Human peripheral blood, thymus and liver samples were collected from the following sources where 125 

all participants (when apply mothers/parents) gave written informed consent in accordance with the 126 

Declaration of Helsinki. Fetal blood because of interruption of pregnancy (22-30 weeks of gestation), 127 

approved by the Hôpital Erasme ethics committee; umbilical cord blood after delivery (vaginal) (39-41 128 

weeks term delivery) with the approval of the University Hospital Center Saint-Pierre; adult peripheral 129 

blood (>18years, 26-64 years), approved by the Ethics committee of the CHU Tivoli, La Louvière; fetal 130 

thymus and fetal liver (15-21 weeks of estimated gestational age), approved by the Centralised 131 

Institutional Research Board of the Singapore Health Services in Singapore; post-natal thymus obtained 132 

from children (4 months to 8 years old) who underwent cardiac surgery and mobilized peripheral blood 133 

samples of adult donors (for the OP9DL1 co-culture), approved by Medical Ethical Committee of Ghent 134 

University Hospital. 135 

Blood was layered over lymphoprep (Axis-Shield) with resulting PBMC cryopreserved for subsequent 136 

experiments. Cell suspensions from fetal thymus and liver and post-natal thymus samples were 137 

obtained as previously described(28, 29).  138 

 139 

Flow cytometry, sorting and cell cultures 140 

For flow cytometry and associated cell sorting, cells were thawed in complete medium, washed twice 141 

and labelled with Zombie NIR™ dye (Biolegend), and the cells were then subsequently stained for cell 142 

surface antigens with antibodies directed against CD3 (clone UCHT1, BD), TCR-γδ (11F2, BD), TCR-Vγ9 143 

(IMMU360; Beckman Coulter), TCR-Vδ2 (IMMU389; Beckman Coulter). CD3+γδTCR+Vγ9+Vδ2+ were 144 

sorted for “Vγ9Vδ2” (mean purity 98.0% of CD3+γδ+) and the rest CD3+ γδTCR+ non(Vγ9Vδ2) were 145 

sorted for “nonVγ9Vδ2” γδ T cells (mean purity 98.6 % of CD3+γδ+) on a FACS Aria III (BD). Gating 146 

strategy: FS singlets  alive cells (zombie negative)  SSC-FSC lymphocyte/thymocyte gate  147 

CD3+γδTCR+  Vγ9 – Vδ2, Vγ9+Vδ2+ or non(Vγ9Vδ2). Data were analyzed using FlowJo software (Tree 148 

Star). 149 

For Vγ9Vδ2 T cell expansion experiments, post-natal thymocytes enriched for untouched γδ T cells 150 

with the TCRγ/δ+ T Cell Isolation Kit (130-092-892, Miltenyi Biotec) were cultured for 10 days at 37 °C, 151 

5% CO2 in 14-mL polypropylene, round-bottom tubes (Falcon; BD) at a final concentration of 1 ×106 152 

cells/mL, in presence of HMBPP 10nM (Echelon Bioscience) and IL-2 100U/ml ((Proleukin, 153 

Chiron/Novartis) which was added every 3 days. Culture medium consisted of RPMI 1640 (Gibco, 154 
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Invitrogen), supplemented with L-glutamine (2 mM), penicillin (50 U/mL), streptomycin (50 U/mL), and 155 

1% nonessential amino acids (Lonza) and 10% (vol/vol) heat-inactivated FCS (PPA Laboratories). 156 

Irradiated PBMC (30 min at 2400cGy) were used as feeders at the ratio of 1/1 in the cultures of 157 

thymocytes. After expansion, Vγ9Vδ2 T cells were sorted as described above. 158 

OP9DL1 cells were obtained from Dr. J. C. Zúñiga-Pflücker (University of Toronto, Canada)(30). Isolated 159 

CD34+ cells were seeded in a 6-well culture plate (5x105 cells/well) containing a monolayer of OP9DL1 160 

cells in MEMα (Minimum Essential Medium α) (Gibco, Life Technologies) supplemented with 20% fetal 161 

bovine serum (Sigma), 1% NEAA, 1% Glutamine, 1% Pen/Strep (Lonza) in the presence of 10 ng/ml IL-162 

7 (R&D Systems), 10 ng/ml Flt3L (PeproTech) and 5 ng/ml SCF (PeproTech). Every 4-5 days cells were 163 

harvested by vigorous pipetting and transferred in a new 6-well plate (between 5x105-1x106 164 

cells/well)(29). After ca. 30 days in co-culture with OP9-DL1 cells, HPSC-derived cells were snap frozen 165 

in liquid nitrogen and stored at -80 C for later RNA extraction.  166 

 167 

TCRγ and TCRδ NGS 168 

RNA was isolated from sorted cells (usually 5000-15000 Vγ9Vδ2 T cells) with the RNeasy Micro Kit 169 

(Qiagen) or from OP9DL1 co-cultures with the RNeasy Mini Kit (Qiagen). cDNA was generated 170 

performing a template switch anchored RT-PCR. RNA was reverse transcribed via a template-switch 171 

cDNA reaction using TRCG (5’- CAAGAAGACAAAGGTATGTTCCAG) and TRDC (5’-172 

GTAGAATTCCTTCACCAGACAAG) specific primers in the same reaction tube, a template-switch adaptor 173 

(5’-AAGCAGTGGTATCAACGCAGAGTACATrGrGrG) and the Superscript II RT enzyme (Invitrogen). The 174 

TRCG primer binds both TRCG1 and TRCG2.  The cDNA was then purified using AMPure XP Beads 175 

(Agencourt). Amplification of the TRG and TRD region was achieved using a specific TRGC primer 176 

(binding also both TRCG1 and TRCG2 5’- 177 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAATAGTGGGCTTGGGGGAAACATCTGCAT, adapter in 178 

italic) and a specific TRDC primer (5’-179 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACGGATGGTTTGGTATGAGGCTGACTTCT, adapter in 180 

italic) and a primer complementary to the template-switch adapter (5’- 181 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAAGCAGTGGTATCAACGCAG, adapter in italic) with the 182 

KAPA Real-Time Library Amplification Kit (Kapa Biosystems). Adapters were required for subsequent 183 

sequencing reactions. After purification with AMPure XP beads, an index PCR with Illumina sequencing 184 

adapters was performed using the Nextera XT Index Kit. This second PCR product was again purified 185 

with AMPure XP beads. High-throughput sequencing of the generated amplicon products containing 186 

the TRG and TRD sequences was performed on an Illumina MiSeq platform using the V2 300 kit, with 187 
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150 base pairs (bp) at the 3′ end (read 2) and 150 bp at the 5′ end (read 1) [at the GIGA center, 188 

University of Liège, Belgium]. 189 

Raw sequencing reads from fastq files (read 1 and read 2) were aligned to reference V, D and J genes 190 

from GenBank database specifically for ‘TRG’ or ‘TRD’ to build CDR3 sequences using the MiXCR 191 

software version 2.1.12.(31). Default parameters were used except to assemble TRDD gene segment 192 

where 3 instead of 5 consecutive nucleotides were applied as assemble parameter. CDR3 sequences 193 

were then exported and analyzed using VDJtools software version 1.2.1 using default settings(32). 194 

Sequences out of frame and containing stop codons were excluded from the analysis. The CDR3 195 

repertoire data shown are filtered for TRGV9 and TRDV2 sequences. Note that the nucleotype lengths 196 

generated by VDJtools include the C and V ends of the CDR3 clonotypes. For OP9DL1 cultures, the 197 

CDR3 repertoire was examined on total culture cells (and not on sorted Vγ9Vδ2 T cells), but we focused 198 

on the TRGV9-TRGJP repertoire, as this TRGV-TRGJ combination is associated with phosphoantigen-199 

reactivity(33, 34). Tree maps were created using the Treemap Package (https://CRAN.R-200 

project.org/package=treemap). Conservation of TRGV9 and TRGJP sequences among primates was 201 

investigated by using the genome browser at https://genome-euro.ucsc.edu/ (human assembly Dec. 202 

2013 GRCh38/hg38) and its comparative genomics tool; the figure illustrating the conservation of 203 

sequences was generated with the GeneRunner software. 204 

 205 

Statistical analysis 206 

All statistical analyses were performed using GraphPad Prism 6. Parametric tests were used after 207 

verifying the normality of the data using the Kolmogorov-Smirnov normality test. Differences between 208 

groups were analyzed using Kruskal–Wallis ANOVA and Dunn’s post-tests for non-parametric data.  209 

*P<0.05, **P<0.01, ***P<0.001. 210 

  211 
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Results 212 

 213 

Adult and fetal blood Vγ9Vδ2 T cells show a different CDR3 repertoire 214 

To verify whether adult blood Vγ9Vδ2 T cells can be derived from their counterparts in the fetal blood 215 

circulation, we compared in detail the CDR3 repertoire of sorted adult, cord and fetal blood Vγ9Vδ2 T 216 

cells by HTS. We used fetal blood derived from gestation ages 22-30 weeks when the Vγ9Vδ2 T cells 217 

are highly enriched, cord blood from term delivery (39-41 weeks), by which time the Vδ1+ T cells 218 

become the major γδ T cell population (20) and adult blood from healthy volunteers (18-65 years old).  219 

First, we quantified the level of N additions in the CDR3 repertoire. Adult blood Vγ9Vδ2 T cells used 220 

clearly many more N additions than fetal blood Vγ9Vδ2 T cells, both in their CDR3γ and CDR3δ 221 

repertoire; cord blood Vγ9Vδ2 T cells used an intermediate number of N additions (Fig. 1a, 222 

supplemental Fig. 1a). The mean CDR3 lengths were longer in adult compared to fetal Vγ9Vδ2 T cells 223 

(Fig. 1b). The distribution of the CDR3γ was highly restricted towards the length corresponding to 14 224 

aa +/-1 (or 48 nt +/-3, including C and F ends), matching phosphoantigen-reactive CDR3γ lengths(34), 225 

both in fetal and adult blood Vγ9Vδ2 T cells (supplemental Fig. 1b, top panel). Since the differences in 226 

CDR3 length were not as high as the differences in N additions would suggest (compare Fig. 1b with 227 

Fig. 1a), we wondered whether differential J segment usage could contribute to the minimization of 228 

the CDR3 length differences. For CDR3δ, we could indeed identify an enriched usage of TRDJ3 and 229 

TRDJ2 in fetal blood Vγ9Vδ2 T cells which are 8 and 3 nucleotides longer than the adult prevalent TRDJ1 230 

(Fig. 1c, bottom panel). The differences in N additions were maintained when only sequences using 231 

‘adult-type’ TRDJ1 or ‘fetal-type’ TRDJ3 were analyzed (supplementary Fig. 1c). There was also a slight 232 

increase in the usage of shorter TRDD1 (8 nucleotides) and TRDD2 (9 nucleotides) in adult compared 233 

to fetal Vγ9Vδ2 T cells at the expense of the longer (13 nucleotides) TRDD3 (supplementary Fig. 2a). In 234 

the CDR3γ repertoire however, the vast majority of the TRGV9 sequences in both fetal and adult blood 235 

Vδ2+ (Fig. 1c top panel) but not of Vδ2- (supplementary Fig. 2b) γδ T cells used TRGJP, consistent with 236 

the importance of this J gene segment for phosphoantigen-reactivity(33, 34). It seems that an increase 237 

of nucleotide deletion (trimming) in the adult at the end of the TRGV9 gene segment (supplemental 238 

Fig. 2c) is more likely to contribute to the conservation of the CDR3γ length (Fig. 1b, supplemental Fig. 239 

1b).  240 

 241 

The TRGV9 CDR3 repertoire was more focused than the TRDV2 CDR3 repertoire for all groups (Fig. 1 242 

d,e). While there was some variability, the diversity of the fetal/cord and adult CDR3 TRDV2 repertoire 243 

was broadly similar (Fig. 1d-e) as described previously (23). However, there was a significantly higher 244 

CDR3 overlap within pairs of fetal compared to pairs of postnatal subjects (Fig. 1f). The higher sharing 245 

within the fetal TRGV9 repertoire was in great part due to the high prevalence of the germline-encoded 246 
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nucleotype 5’-TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’  (Fig. 1g), 247 

encoding the clonotype CALWEVQELGKKIKVF at amino acid level, giving rise to a phosphoantigen-248 

reactive receptor(20). Furthermore, the CALWEVQELGKKIKF clonotype in the adult blood Vγ9Vδ2 T 249 

cells was also encoded by alternative nucleotypes that included N additions, which could not be 250 

detected in fetal blood Vγ9Vδ2 T cells (Fig. 1f, green bar). While CDR3δ sequence and length can be 251 

variable in Vγ9Vδ2 T cells, it has been shown that the presence of a hydrophobic amino acid at position 252 

5 of the CDR3δ is important for phosphoantigen reactivity, both in cord and adult blood-derived 253 

Vγ9Vδ2 T cells(33–35). The percentage of Vγ9Vδ2 T cells expressing a hydrophobic residue (VILWFMC, 254 

mainly V and L) at this position 5 was high in both fetal and adult blood Vγ9Vδ2 T cells (Fig. 1h), 255 

independent of their TRDJ usage (supplemental Fig. 2d). However, analysis of the CDR3δ at the 256 

nucleotype level revealed that in fetal blood Vγ9Vδ2 T cells the vast majority of nucleotypes use a 257 

germline codon to encode this hydrophobic residue (Fig. 1h, black bars), while in more than half of 258 

adult blood Vγ9Vδ2 T cells that particular codon contains N insertions (Fig. 1h, green bars).  259 

In summary, both the CDR3γ and CDR3δ repertoire of fetal and blood Vγ9Vδ2 T cells show major 260 

differences, including in how the features important for phosphoantigen reactivity are encoded. 261 

 262 

Expansion of phosphoantigen-reactive fetal blood Vγ9Vδ2 T cells does not lead to an adult-type 263 

CDR3 repertoire  264 

To verify a possible selection upon microbial phosphoantigen exposure after birth, we expanded in 265 

vitro fetal blood Vγ9Vδ2 T cells with the microbial-derived phosphoantigen HMBPP(20) and studied 266 

the changes in the CDR3 repertoire. Despite a strong Vγ9Vδ2 T cell expansion(20), ‘fetal-type’ TRDJ3 267 

was still the major TRDJ gene segment and no preferential expansion of the ‘adult-type’ TRDJ1 usage 268 

could be observed (Fig. 2a). Note that a shift towards a TRDJ1 usage could already be seen before birth 269 

(compare fetal (<30w gestation) and cord (>37w gestation) in Fig. 1c, bottom panel) which is in line 270 

with a shift of TRDJ usage that is independent of microbial exposure after birth. Furthermore, the 271 

percentage of the ‘fetal’ nucleotype 5’-272 

TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’  (encoding the clonotype 273 

CALWEVQELGKKIKVF) remained stable upon in vitro expansion with HMBPP (Fig. 2b) and there was no 274 

shift towards a more adult-type CDR3 repertoire at the level of N insertions or sharing (Fig. 2c, 2d).  275 

Based on these data, we conclude that it is unlikely that the adult blood Vγ9Vδ2 T cells are derived 276 

from fetal blood Vγ9Vδ2 T cells expanded upon microbial exposure after birth. 277 

 278 

 279 

 280 

Fetal and post-natal Vγ9Vδ2 thymocytes express a different CDR3 repertoire 281 
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In an effort to determine the origin of the adult blood Vγ9Vδ2 T cells, we carefully investigated the 282 

presence of Vγ9+Vδ2+ cells within post-natal pediatric thymuses. It has been described previously that 283 

Vδ2+ thymocytes are either absent or only present at a very low frequency, which contributed to the 284 

notion that (adult) blood Vγ9Vδ2 T cells are derived from the fetal thymus (14, 24–26, 36–38). Indeed, 285 

we found that the frequency of γδ thymocytes expressing the Vδ2 chain in the post-natal thymus is 286 

significantly lower compared to the fetal thymus, but they are clearly present (supplementary Fig. 3a, 287 

Fig. 3a, bottom panel). Importantly, a large fraction of the post-natal Vδ2+ thymocytes co-expressed 288 

the Vγ9 chain (supplementary Fig. 3a) resulting in about 6% of the post-natal γδ thymocytes being 289 

Vγ9+Vδ2+ (Fig. 3a). Taking into account the more than 20-fold increase in size of the organ between 290 

fetal week 20 and the age of 5 and the 5-fold reduction in percentage, it can be assumed that both the 291 

fetal and post-natal thymus produce and export Vγ9+Vδ2+ T cells. Thus, we sorted fetal and post-natal 292 

Vγ9+Vδ2+ thymocytes and compared their CDR3 repertoire.  293 

Like in the fetal versus adult blood Vγ9Vδ2 comparison, the post-natal thymic Vγ9Vδ2 repertoire, 294 

compared to the fetal counterpart, contained significantly more N additions (Fig. 3b, supplementary 295 

Fig. 3b), had longer CDR3δ (Fig. 3b bottom panel, supplementary Fig. 3c), showed more trimming at 296 

the TRGV9 end (supplementary Fig. 3d top panel) and preferentially used TRDJ1 and TRDD1/TRDD2 297 

(Fig.3d bottom panel; supplementary Fig. 3e). Like in the blood Vγ9Vδ2 repertoire, the CDR3γ length 298 

distribution was more focused than the CDR3δ repertoire, both in the fetal and post-natal Vγ9Vδ2 299 

thymocytes (supplementary Fig. 3c). Of note, TRGJP was the main TRGJ gene segment used both by 300 

fetal and post-natal thymic Vγ9Vδ2 T cells (Fig. 3d top panel) but the percentage was lower than in 301 

their peripheral blood counterparts (compare Fig. 3d with Fig. 1c), as observed previously in thymic 302 

versus blood Vγ9Vδ2 T cell clones (35). In contrast, the TRGV9 chain of Vγ9+Vδ2- thymocytes was 303 

mainly combined with the TRGJ1/2 gene segment (supplementary Fig. 3f, top panel), like in the 304 

periphery (supplementary Fig. 2b, left panel). The higher diversity of the post-natal Vγ9Vδ2 thymocytes 305 

(Fig. 3e, f) contributed to a much lower repertoire overlap within post-natal subjects compared to the 306 

overlap within fetal subjects (Fig. 3g). The high sharing within the fetal thymic TRGV9 repertoire was 307 

in great part due to the high prevalence of the public canonical germline-encoded nucleotype (Fig. 3g 308 

right top panel). In the post-natal Vγ9Vδ2 thymocytes, this public nucleotype was also present but it 309 

was less abundant in subjects older than 4 months (Fig 3h). Moreover, the hydrophobic amino acid at 310 

position 5 was more encoded by N-containing codons in the post-natal compared to the fetal Vγ9Vδ2 311 

thymocytes (Fig. 3i). Of note, both the fetal and post-natal Vγ9Vδ2 thymocytes contained a lower 312 

percentage of TRDV2-containing CDR3δ possessing a hydrophobic amino acid at position 5 (Fig. 3i) 313 

compared to their blood counterparts (Fig. 1h).  314 
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In summary, the post-natal thymic Vγ9Vδ2 TCR repertoire differs from its fetal counterpart in all 315 

parameters that differed in blood derived Vγ9Vδ2 T cells and resembles the adult blood Vγ9Vδ2 316 

repertoire.  317 

 318 

Recombination of the germline-encoded public TRGV9-TRJP CDR3 sequence 319 

The high abundance of the public germline-encoded invariant CDR3γ sequence 5’-5’-320 

TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’ -3’ in both the fetal blood and 321 

fetal thymus Vγ9Vδ2 T cells triggered us to investigate the mechanism of its rearrangement. The lack 322 

of N additions in the fetal repertoire may provide a favorable setting for the usage of short-homology 323 

repeats to generate invariant CDR3 as described for mouse innate γδ T cells (39, 40). Furthermore, P 324 

nucleotides can be involved in such a mechanism of invariant CDR3 generation (39). We found that the 325 

addition of two P nucleotides at the end of the TRGV9 region generates a GCA sequence which is also 326 

found in the TRGJP region, and only in this TRGJ region (Fig 4a-b). This model explains the preferential 327 

recombination of the 5’-TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’ to 328 

encode CALWEVQELGKKIKVF in the absence of N additions in the fetus. In later life, when N additions 329 

are involved, the public TRGV9-TRGJP amino acid sequence CALWEVQELGKKIKVF can still be produced 330 

by other nucleotypes (Fig. 4c)(27) but its prevalence is much lower, as previously discussed (Fig. 1g). 331 

Strikingly, the nucleotides involved in this short-homology recombination are highly conserved among 332 

a series of non-human primate species (Fig. 4d), except for the TRGJP gene of orangutan, which is a 333 

pseudogene(41). 334 

 335 

HMBPP-expanded post-natal Vγ9Vδ2 thymocytes express an adult blood-type CDR3 repertoire  336 

The post-natal thymic Vγ9Vδ2 TCR repertoire (Fig. 3) resembled the adult blood Vγ9Vδ2 repertoire 337 

(Fig. 1), suggesting that the adult blood Vγ9Vδ2 T cells are post-natal thymus-derived and expand in 338 

the periphery upon microbial phosphoantigen exposure after birth. In order to test this hypothesis, we 339 

expanded post-natal Vγ9Vδ2 thymocytes with the microbial-derived phosphoantigen HMBPP and 340 

analyzed their CDR3 repertoire comparing it to the adult blood repertoire. We observed high specific 341 

expansion of the Vγ9Vδ2 thymocytes upon stimulation with HMBPP (Fig. 5a), as previously observed 342 

with exposure towards heat-killed Mycobacterium tuberculosis (42). The level of mean N additions did 343 

not change upon expansion (Fig 5b). In contrast, there was an increase in the TRGJP usage till adult 344 

blood-type levels accounting at the same time for an increase of the TRGV9 CDR3 length compared to 345 

ex vivo thymocytes (Fig 5c, d). Notably, the CDR3γ and CDR3δ diversity of the expanded Vγ9Vδ2 346 

thymocytes became very similar to the adult blood repertoire (Fig 5e, f) consistent with the focusing 347 

of the repertoire in the periphery. 348 
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No major differences were observed upon HMBPP-induced expansion regarding the overlap frequency 349 

of the repertoire and the abundance of the public TRGV9 clonotype (CALWEVQELGKKIKVF) which was 350 

already similar between ex vivo Vγ9Vδ2 thymocytes and adult blood Vγ9Vδ2 T cells (Fig. 5g, h). In sharp 351 

contrast, HMBPP-mediated expansion increased the percentage of the TRDV2 repertoire using at 352 

position 5 a hydrophobic residue, a feature important for phosphoantigen-reactivity (33–35), 353 

approaching adult blood-type levels (Fig. 5i). 354 

In summary, post-natal Vγ9Vδ2 thymocytes are able to expand upon phosphoantigen exposure and 355 

acquire a CDR3 repertoire that closely resembles that of adult blood Vγ9Vδ2 T cells unlike the 356 

expanded fetal blood Vγ9Vδ2 T cells. 357 

 358 

The generation of fetal-like or adult-like Vγ9Vδ2 T cells is HSPC-dependent 359 

To investigate whether the differences between the fetal versus post-natal Vγ9Vδ2 thymocyte 360 

repertoire were caused by different properties of the fetal and postnatal hematopoietic precursor cells 361 

or rather by extrinsic factors such as intrathymic exposure to phosphoantigens, we cultured 362 

hematopoietic precursor cells from a spectrum of sources (fetal liver, fetal blood, cord blood, and adult 363 

blood) in the OP9DL1 in vitro T cell development system to generate γδ T cells(29). Although at a low 364 

level, Vγ9+Vδ2+ γδ T cells could be generated using this system and their prevalence was inversely 365 

proportional to the age of the HSPC source (Fig. 6a). Strikingly, the mean number of N additions within 366 

the TRGV9-TRGJP repertoire increased from almost zero, when using fetal liver as the HSPC source, to 367 

2-4 N insertions, when cord or adult blood HPSC were used (Fig. 6b). These numbers are very similar 368 

to what is observed in ex vivo sorted Vγ9Vδ2 thymocytes (Fig. 3b; supplementary Fig. 3b). Furthermore, 369 

the public canonical TRGV9-TRGJP nucleotype was generated very efficiently by fetal-derived HSPC 370 

(fetal liver and fetal blood) but only poorly by adult-derived HSPC; cord blood-derived HSPC generated 371 

intermediate percentages (Fig. 6c). Likewise, in the adult/cord HSPC-derived CDR3δ repertoire, there 372 

were more TRDV2-containing CDR3δ sequences that used N-additions to encode the hydrophobic 373 

amino acid at position 5 (Fig 6d). Taken together, these data indicate that the HSPC source, fetal or 374 

later life, drives the generation of the Vγ9Vδ2 T cells towards a fetal- or adult-type repertoire. 375 

 376 

  377 
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Discussion 378 

 379 

In the last few years, fate-mapping in mouse models has revealed the developmental origins of various 380 

immune cell types, including the DETC innate γδ T cell subset (18, 43, 44). However, such fate-mapping 381 

approach is not possible for the innate phosphoantigen-reactive Vγ9Vδ2 T cells since these cells do not 382 

exist in rodents (45). In this study, we used CDR3 HTS to track human Vγ9Vδ2 T cells and discovered 383 

that, unlike adult mouse innate γδ T cells which are generated in a single fetal wave, the development 384 

of Vγ9Vδ2 T cells continues after birth resulting in the adult Vγ9Vδ2 TCR repertoire. 385 

 386 

Our data contrast with the hypothesis that the adult blood Vγ9Vδ2 repertoire is derived by selection 387 

after birth from the fetal-generated Vγ9Vδ2 T cells (20, 23). As we studied fetal and postnatal thymus, 388 

we could show that the adult-type blood Vγ9Vδ2 TCR repertoire (e.g. a private repertoire with a higher 389 

number of N insertions) was present in the post-natal but not in the fetal thymus. In addition, 390 

phosphoantigen selection in vitro by microbial-derived HMBPP further sculptured the postnatal thymic 391 

repertoire to a very similar repertoire as found in the adult blood (e.g. further enrichment of TRGJP 392 

usage). Therefore we believe that the adult blood Vγ9Vδ2 repertoire is generated in the postnatal 393 

rather than the fetal thymus and is further selected in the periphery by microbial phosphoantigen 394 

exposure. The HMBPP-induced selection of the adult Vγ9Vδ2 TCR repertoire is consistent with the 395 

higher response of adult Vγ9Vδ2 T cells compared to their fetal counterparts upon stimulation in vitro 396 

with HMBPP (20, 46). The distinct development in the fetal versus post-natal thymus could be 397 

mimicked in the in vitro T cell development system OP9DL1: the fetal canonical CDR3γ nucleotype 398 

(TRGV9-TRGJP 5’-TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’ , encoding the 399 

clonotype CALWEVQELGKKIKF) was generated much more efficiently by fetal-derived HSPC compared 400 

to post-natal-derived HSPC, thus indicating that stem/precursor cell autonomous properties underpin 401 

this distinct development. While we found that the canonical CDR3γ nucleotype and associated 402 

clonotype is highly prevalent in early life and less in the adult, it appears that the situation for the 403 

canonical CDR3α (defined by selected usage of TRAV, TRAJ and restricted CDR3 length) of human 404 

mucosal-associated invariant T (MAIT) cells, another main innate T cell subset, is the opposite: the 405 

canonical MAIT TCR is more frequent in adult than in cord blood MAIT cells (47). This difference 406 

between cord and adult MAIT cells appears to be due to antigen-driven expansion (47), rather than by 407 

a distinct development as found here for fetal/cord versus adult Vγ9Vδ2 T cells.  408 

 409 

In both fetal and adult blood Vγ9Vδ2 T cells the TRGV9-TRGJP pairing and CDR3γ length restriction was 410 

conserved, consistent with the demonstration that these features are essential for phosphoantigen-411 

reactivity(33, 34). This is also compatible with the notion that the Vγ9Vδ2 TCR can be regarded as a 412 
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pattern recognition receptor and that Vγ9Vδ2 T cells are the main innate γδ T cell subset in human (21, 413 

23, 48). However, our data highlighted a series of differences in the CDR3γ repertoire of fetal and adult 414 

Vγ9Vδ2 T cells. While the germline-encoded and phosphoantigen-reactive canonical TRGV9-TRGJP 415 

nucleotype was present both in early and later life, it was much more prevalent in the fetal blood 416 

Vγ9Vδ2 repertoire. This nucleotype has been described to occupy more than 45% of all CDR3γ 417 

sequences in the adult blood circulation, but a more recent study (21) reported a much lower 418 

percentage (4% of all CDR3γ) consistent with our findings in the adult blood. We propose that the 419 

absence of N insertions in the fetal Vγ9Vδ2 thymocyte repertoire allows the usage of a short-homology 420 

repeat (GCA, germline-encoded in the TRGJP and generated via the addition of P nucleotides in TRGV9) 421 

driving the recombination of the TRGV9-TRGJP nucleotype 5’-422 

TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’ , resulting in its high prevalence 423 

in the fetus. In the adult, N additions prevent this short-homology repeat-mediated recombination(40) 424 

and rather generate public N-containing phosphoantigen-reactive CDR3γ sequences via convergent 425 

recombination(27), consistent with a different origin of the fetal and adult Vγ9Vδ2 T cells. We found 426 

that the TRGV9-TRGJP GCA short-homology repeat is highly conserved among primates, similar to the 427 

conservation of amino acid residues important for phosphoantigen reactivity(41, 49, 50). Based on the 428 

high evolutionary conservation of the short-homology-generated germline-encoded TRGV9-TRGJP 429 

nucleotype and its high prevalence in the fetus, we propose that protection against congenital 430 

infections with HMBPP-producing pathogens such as Plasmodium falciparum, Toxoplasma gondii, 431 

Treponema pallidum or Brucella abortus(7, 51–53)), has provided a selective pressure for a germline-432 

encoded phosphoantigen-reactive TCR early during fetal development(54) and that the short-433 

homology repeat identified here contributes to the efficient generation of such a TCR.  434 

 435 

The TRDV2-associated CDR3 length was much more variable compared to the CDR3γ. Despite this 436 

variation, the amino acid at position 5 was highly enriched for a hydrophobic residue, both in fetal and 437 

adult blood Vγ9Vδ2 T cells, consistent with its importance for phosphoantigen-reactivity (33, 34). But 438 

the coding of this particular hydrophobic acid was germ-line based in the fetus, while in the adult a 439 

large fraction was formed by N-containing codons, thus again consistent with a distinct development 440 

of fetal and adult Vγ9Vδ2 T cells. In addition, the CDR3δ of fetal blood Vγ9Vδ2 T cells were strikingly 441 

enriched for TRDJ3 usage while adult blood Vγ9Vδ2 T cells mainly used TRDJ1. A recent HTS study 442 

based on sorted Vδ2+ T cells (thus containing both Vγ9+Vδ2+ and Vγ9-Vδ2+ cells) found that the 443 

enriched cord blood TRDV2-TRDJ3 CDR3 sequences contained only a low percentage of a hydrophobic 444 

residue at position 5 (23). It has been suggested that this contributes to the low phosphoantigen-445 

reactivity of cord blood Vγ9Vδ2 T cells and thus to the high enrichment of TRDJ1 in adult Vγ9Vδ2 T 446 

cells after birth upon phosphoantigen exposure (23). However, we found that both the TRDV2-TRDJ1 447 
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and TRDV3-TRDJ3 CDR3 sequences of sorted Vγ9Vδ2 T cells were enriched for a hydrophobic amino 448 

acid at this position. Furthermore, in vitro expansion with the microbe-derived phosphoantigen 449 

HMBPP did not result in a bias towards TRDJ1 usage, which is consistent with the enrichment of the 450 

hydrophobic amino acid in both TRDJ3- and TRDJ1-containing CDR3δ sequences.  451 

 452 

Our data highlight the importance of several Vγ9Vδ2 TCR features for phosphoantigen-reactivity as 453 

they are conserved in fetal and adult life regardless of the distinct way these features are encoded. 454 

Despite the major advancement of the discovery of BTN3A1 as a crucial protein in the activation of 455 

Vγ9Vδ2 T cells with phosphoantigens, the exact mechanism of interaction with the Vγ9Vδ2 TCR is yet 456 

to be revealed (8). Thus it is also unclear what the exact role of the TRGJP sequence is, in particular the 457 

conserved amino acids important for phosphoantigen reactivity (33, 34, 45, 50), why a restricted 458 

CDR3γ length of 14 +/- 1 aa is needed and what the role is of the hydrophobic amino acid at position 5 459 

of the CDR3δ. Indeed, it remains to be established what the direct ligand is of the Vγ9Vδ2 TCR and thus 460 

the potential interacting domains with these CDR3γ and CDR3δ features (8). 461 

 462 

Our data may have implications for immunotherapeutic approaches that target Vγ9Vδ2 T cells. 463 

Although the in vivo expansion of Vγ9Vδ2 T cells by phosphoantigens or nitrogen-containing 464 

bisphosphonates such as zoledronate has been translated to early-phase clinical trials, problems such 465 

as activation-induced Vγ9Vδ2 T cell anergy and a decrease in the number of peripheral blood Vγ9Vδ2 466 

T cells after infusion of these stimulants have not yet been solved (10–12). In addition, it is difficult to 467 

expand ex vivo Vγ9Vδ2 T cells from advanced cancer patients with decreased initial numbers of 468 

peripheral blood Vγ9Vδ2 T cells (11). This is important as favorable clinical outcomes are related to 469 

higher frequency of peripheral blood Vγ9Vδ2 T cells (10, 11). Thus novel approaches are needed to 470 

stably expand and maintain the responsiveness and functions of Vγ9Vδ2 T cells. Since our data strongly 471 

indicate that Vγ9Vδ2 T cells within the blood circulation of adults are derived post-natally, strategies 472 

could be developed to enhance de novo generation of Vγ9Vδ2 T cells in cancer patients (55, 56). 473 

  474 
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Figure legends 645 

 646 

Fig. 1 Adult and fetal blood Vγ9Vδ2 T cells show major differences in their CDR3γ and CDR3δ 647 

repertoire. a-c Comparison of the CDR3 TRGV9 (top row) and TRDV2 (bottom row) repertoire of 648 

sorted Vγ9Vδ2 T cells derived from fetal, cord and adult peripheral blood: a Number of N additions, 649 

each dot represents the weighted mean of an individual sample, b CDR3 length in nucleotides 650 

(including the codons for C-start and F-end residues), each dot represents the weighted mean of an 651 

individual sample, c J gene segment usage distribution. d Treemaps show CDR3 clonotype usage in 652 

relation to TRGV9 (left) and TRDV2 (right) repertoire size in sorted Vγ9Vδ2 T cells from one 653 

representative fetal, cord and adult blood subject (rectangle colors are chosen randomly and do not 654 

match between plots). e-h Comparison of the CDR3 TRGV9 (top row) and TRDV2 (bottom row) 655 

repertoire of sorted Vγ9Vδ2 T cells from fetal, cord and adult peripheral blood: e Accumulated 656 

frequency curves generated from the 10 most prevalent clonotypes, f Comparison of geometric 657 

mean of relative overlap frequencies (F metrics by VDJ tools) within pairs of fetal, of cord and of 658 

adult blood subjects, each dot represents the F value of a pair of samples; g Comparison of 659 

prevalence of the TRGV9-TRGJP clonotype CALWEVQELGKKIKVF encoded without N additions in 660 

black (5’-TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’ ) or encoded with N 661 

additions in green, and h Percentage of the TRDV2 repertoire containing at position 5 of the CDR3δ a 662 

highly hydrophobic residue (V, I, L, W, F, M or C): residue encoded without N additions in black or by 663 

N addition(s) in green. Data shown from independent subjects, sorted Vγ9Vδ2 T cells from fetal 664 

(n=5), cord (n=6) and adult peripheral blood (n=8). Error bars indicate means ± SEM.  665 

Fig. 2 Expansion of phosphoantigen-reactive fetal blood Vγ9Vδ2 T cells does not lead to an adult-type 666 

CDR3 repertoire. a-d Comparison of the CDR3 repertoire of Vγ9Vδ2 T cells from ex-vivo fetal blood 667 

(n=5) or from expanded with HMBPP (10 days) fetal blood (FB expanded, n=4): a TRDJ usage 668 

distribution in the TRDV2 repertoire, b Prevalence of the public TRGV9-TRGJP clonotype 669 

CALWEVQELGKKIKVF encoded without N additions (5’-670 

TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’ ) in the TRGV9 repertoire, c 671 

Number of N additions, each dot represents the weighted mean of an individual sample and d 672 

Overlap frequencies of pairs of ex-vivo or expanded fetal blood in the TRGV9 (top) and TRDV2 673 

(bottom) repertoire. Data shown from independent subjects (ex-vivo fetal blood shown also in Fig.1). 674 

Error bars indicate means ± SEM.  675 

Fig. 3 Fetal and post-natal Vγ9Vδ2 thymocytes express a different CDR3 repertoire. a Percentage of 676 

Vγ9+Vδ2+ cells in γδ+ thymocytes in fetal (n=4) and post-natal thymus (PN Thymus, n=10) (top); 677 

representative flow cytometry plot of post-natal γδ thymocytes (bottom). b-d: Comparison of the 678 
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CDR3 TRGV9 (top row) and TRDV2 (bottom row) repertoire of sorted Vγ9Vδ2 T cells in Fetal Thymus 679 

(n=3) and PN Thymus (n=3): b Number of N additions, each dot represents the weighted mean of an 680 

individual sample, c CDR3 length in nucleotides (including the C-start and F-end residues), each dot 681 

represents the weighted mean of an individual sample, and d J gene segment usage distribution. e 682 

Tree-maps of CDR3 TRGV9 (left) and TRDV2 (right) repertoire of fetal (top) and post-natal (bottom) 683 

Vγ9+Vδ2+ thymocytes (rectangle colors are chosen randomly and do not match between plots). f-i 684 

Comparison of the CDR3 TRGV9 (top row) and TRDV2 (bottom row) repertoire of sorted Vγ9Vδ2 T 685 

cells in Fetal Thymus (n=3) and PN Thymus (n=3): f Accumulated frequency curves generated from 686 

the 10 most prevalent clonotypes, g Geometric mean of relative overlap frequencies (F metrics of 687 

VDJ tools) within pairs of fetal thymus and of post-natal thymus (left), each dot represents the F 688 

value of a pair of samples, and shared clonotype abundance plots (right) for two fetal thymus 689 

samples (top 20 clonotypes shared in distinct colors, collapsed in dark grey and non-overlapping in 690 

light grey), h Percentage of the TRGV9-TRGJP clonotype CALWEVQELGKKIKVF encoded without N 691 

additions (5’-TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’ ) in the TRGV9 692 

repertoire. i Percentage of the TRDV2 repertoire containing at position 5 of the CDR3δ chain a highly 693 

hydrophobic residue (V, I, L, W, F, M or C): residue encoded without N additions in black or encoded 694 

by N addition(s) in green. Data shown from independent subjects. Error bars indicate means ± SEM. 695 

Fig. 4 Recombination of the germline-encoded public TRGV9-TRGJP CDR3 sequence via the short-696 

homology repeat GCA. a Sequence of the 3’ end of TRGV9 and all possible TRGJ 5’ regions. b Short-697 

homology repeats (gca) direct the site of recombination when TRGV9 joins TRGJP, to form the highly 698 

prevalent 5’-TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’  clonotype in 699 

absence of N additions (scissors: endonuclease activity; AA: amino acid). c Nucleotypes containing 700 

nucleotide insertions (N underlined, P in italics) encoding the TRGV9-TRGJP clonotype 701 

CALWEVQELGKKIKVF. d Conservation of the nucleotide sequence gca in primates: the great apes Pan 702 

troglodytes (chimp) and Pongo pygmaeus (orangutan, here TRGJP is a pseudogene), the new-world 703 

monkeys Macaca mulatta (rhesus) and Macaca fascicularis (crab-eating macaque) and the old-world 704 

monkeys Aotus nancymaae (ma’s night monkey) and Callithrix jacchus (marmoset). 705 

Fig. 5 HMBPP-expanded post-natal Vγ9Vδ2 thymocytes express an adult blood-type CDR3 repertoire. 706 

a Expansion of post-natal Vγ9Vδ2 thymocytes after exposure to HMBPP (10nM) in presence of IL-2 707 

(100U/ml) for 10 days. Graph shows the percentage of Vγ9+Vδ2+ cells of total thymocytes in culture, 708 

in medium control (+IL-2) and HMBPP (+IL-2) at day 10. Flow cytometry plots representative of 3 709 

subjects. b-d CDR3 TRGV9 (top row) and TRDV2 (bottom row) repertoire analysis in expanded 710 

Vγ9Vδ2 thymocytes compared to ex-vivo post-natal thymic and adult blood Vγ9Vδ2: b Number of N 711 

additions, each dot represents the weighted mean of an individual sample, c CDR3 length (nucleotide 712 



24 
 

count including the C-start and F-end residues), each dot represents the weighted mean of an 713 

individual sample, and d J usage distribution. e Treemaps show CDR3 clonotype usage in relation to 714 

TRGV9 (left) and TRDV2 (right) repertoire size in sorted expanded post-natal Vγ9Vδ2 thymocytes (PT 715 

expanded) (rectangle colors are chosen randomly and do not match between plots). f-i CDR3 TRGV9 716 

(top row) and TRDV2 (bottom row) repertoire analysis in expanded Vγ9Vδ2 thymocytes compared to 717 

ex-vivo post-natal thymic and adult blood Vγ9Vδ2: f Accumulated frequency curves generated from 718 

the 10 most prevalent clonotypes, g Geometric mean of relative overlap frequencies (F metrics of 719 

VDJ tools) within pairs of PN thymus, PT expanded and adult blood, each dot represents the F value 720 

of a pair of samples, h Percentage of the public TRGV9-TRGJP clonotype CALWEVQELGKKIKVF 721 

encoded without N additions in black (5’-722 

TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’ ) or encoded with N additions 723 

in green and i, Percentage of the TRDV2 repertoire containing at the position 5 of the CDR3δ a highly 724 

hydrophobic residue (V, I, L, W, F, M, C): residue encoded without N additions in black or encoded by 725 

N addition(s) in green. Data shown from independent subjects, sorted Vγ9Vδ2 from post-natal 726 

thymus after HMBPP expansion “PT expanded” n=3 , ex-vivo post-natal thymus “PN Thymus” n=3 727 

(results also shown in Fig.4), ex-vivo adult blood “Adult Bloοd” n=8 (results also shown in Fig.1). Error 728 

bars indicate means ± SEM. 729 

Fig. 6 The generation of fetal- versus adult-like Vγ9Vδ2 T cells is HSPC- dependent.  730 

a. Percentage of Vγ9+Vδ2+ of γδ T cells produced in OP9DL1 cultures by fetal liver (FL, n=3),  fetal 731 

blood (FB, n=8), cord blood (CB, n=10) and adult blood (MB, n=3) HSPC at day 30 of culture. b-d 732 

Comparison of the CDR3 TRGV9 and TRDV2 repertoire from the OP9DL1 cultures: b Number of N 733 

additions, each dot represents the weighted mean of an individual sample and, c Prevalence of the 734 

public TRGV9-TRGJP clonotype CALWEVQELGKKIKVF encoded without N additions (5’-735 

TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT-3’ ) within the TRGV9-TRGJP 736 

repertoire; d Percentage of repertoire where the residue at position 5 was N-encoded out of the 737 

TRDV2 repertoire containing at position a highly hydrophobic residue (V, I, L, W, F, M or C). Error bars 738 

indicate means ± SEM. 739 
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TRGJ2 GAATTATTATAAGAAACTCTTT
TRGJP TGGGCAAGAGTTGGGCAAAAAAATCAAGGTATTT
TRGJP1 ATACCACTGGTTGGTTCAAGATATTT
TRGJP2 ATAGTAGTGATTGGATCAAGACGTTT

…– T – T –G– T –G–G–G– A –G–G– T –G
I I I I I I I I I I I I

…– A – A – C– A – C – C– C – T – C– C– A – C

T–G–G–G–C–A–A–G–A–G–T –T–G–G–G–C–A–A–A–A–A–A–A–…
I I I I I I I I I I I I I I I I I I I I I I I
A–C–C–C–G–T–T–C–T–C–A–A–C–C–C–G–T–T –T –T–T –T –T–…

3’

5’3’

5’

…– T– T –G– T–G–G–G–A–G–G– T–G–C–A
I I I I I I I I I I I

…–A–A–C–A–C–C–C– T –C–C–A

TGTGCCTTGTGGGAGGTGCA

TGGGCAAGAGTTGGGCAAAAAAATCAAGGTATTT

Nucleotype TGT GCC TTG TGG GAG GTG CAA GAG TTG GGC AAA AAA ATC AAG GTA TTT

AA sequence C A L W E V Q E L G K K I K V F

3’

5’ 3’

5’

c

Amino-acid sequence C A L W E V Q E L G K K I K V F
Nucleotype 1 TGT GCC TTG TGG GAG GTT CAA GAG TTG GGC AAA AAA ATC AAG GTA TTT
Nucleotype 2 TGT GCC TTG TGG GAG GTA CAA GAG TTG GGC AAA AAA ATC AAG GTA TTT
Nucleotype 3 TGT GCC TTG TGG GAG GTC CAA GAG TTG GGC AAA AAA ATC AAG GTA TTT
Nucleotype 4 TGT GCC TTG TGG GAG GTG CAG GAG TTG GGC AAA AAA ATC AAG GTA TTT

T–G–G–G–C–A–A–G–A–G–T –T–G–G–G–C–A–A–A–A–A–A–A–…
I I I I I I I I I I I I I I I I I I I I I I I
A–C–C–C–G–T–T–C–T–C–A–A–C–C–C–G–T–T –T –T–T –T –T–…

a

b

3’ TRGV9 5’ TRGJP
d

Human

Chimp

Orangutan

Rhesus

Crab-eating macaque

Ma's night monkey 

Marmoset

Figure 4



a b c d

CALWEVQELGKKIKVF

PN T
hym

us

PT e
xp

an
ded

Adult 
Blo

od
0

10

20

30

- N

+ N

%
 o

f 
T

R
D

V
2

 r
e

p
e

rt
o

ir
e

PN T
hy

m
us

PT e
xp

an
ded

Adult 
Blo

od

HMBPPMedium

e

g

TRGV9 TRDV2

P
T

 e
x

p
an

d
e

d

f

3y 0mo 3y 2mo 3y 10mo

TRDJ usage

%
 o

f 
T

R
D

V
2

 r
e

p
e

rt
o

ir
e

PN T
hym

us

PT e
xp

an
de

d

Adult 
Blo

od
0

50

100

TRDJ1

TRDJ2
TRDJ3
TRDJ4

h

i

3y 0mo 3y 2mo 3y 10mo

TRGV9

PN T
hym

us

PT e
xp

an
ded

Adult 
Blo

od
0

2

4

6

8

TRDV2

PN T
hym

us

PT e
xp

an
ded

Adult 
Blo

od
0

5

10

15

TRGV9

PN T
hym

us

PT e
xp

an
ded

Adult 
Blo

od
40

45

50

55

60
*

TRDV2

PN T
hym

us

PT e
xp

an
ded

Adult 
Blo

od
40

45

50

55

60

F metrics TRDV2

PN T
hym

us

PT e
xp

an
ded

Adult 
Blo

od
0.0

0.2

0.4

0.6

F metrics TRGV9

PN T
hym

us

PT e
xp

an
ded

Adult 
Blo

od
0.0

0.2

0.4

0.6

%
 o

f 
ac

cu
m

u
la

te
d

fr
e

q
u

en
cy

 o
f 

re
p

er
to

ir
e

1 2 3 4 5 6 7 8 9 10

%
 o

f 
ac

cu
m

u
la

te
d

fr
eq

u
en

cy
 o

f 
re

p
er

to
ir

e

1 2 3 4 5 6 7 8 9 10

V 9V 2

M
ed

iu
m

HM
BPP

0

5

10

15

11.0 0.98

3.7084.3

7.94 8.52

3.2080.3

Vδ2

V
γ9

Figure 5

%
 o

f 
T

R
G

V
9

 r
e

p
er

to
ir

e

PN T
hym

us

PT e
xp

an
ded

Adult 
Blo

od



TRGV9-JGP

N
 a

d
d

it
io

n
s

FL FB CB MB
0

1

2

3

4

5

CALWEVQELGKKIKVF (-N)

%
 o

f 
T

R
G

V
9

-J
P

 r
e

p
e

rt
o

ir
e

FL FB CB MB
0

20

40

60

N-encoded VILWFMC at pos5
%

 o
f 

T
R

D
V

2
co

n
ta

in
in

g
 a

t 
p

o
s5

a
 h

yd
ro

p
h

o
b

ic
 r

es
id

u
e

FL FB CB MB
0

10

20

30

40

V 9V 2 (D30)
%

 o
f

+
 c

el
ls

FL FB CB MB
0

5

10

15

a b

c d

Figure 6



a b

c

Supplementary Figure 1. CDR3 repertoire of fetal, cord and adult blood Vγ9Vδ2 T cells. a Frequency of TRGV9 (top) and TRDV2 
(bottom) CDR3 repertoire per number of N additions. b Frequency of TRGV9 (top) and TRDV2 (bottom) CDR3 repertoire per CDR3 length 
(nucleotide count including the C-start and F-end of the clonotypes). c Frequency of the TRDV2-TRDJ1 (left) and TRDV2-TRDJ3 (right) 
CDR3 repertoire per number of N additions. Data shown from independent subjects, sorted Vγ9Vδ2 T cells from fetal (n=5), cord (n=6) and 
adult (n=8) blood. Error bars indicate means ± SEM. 
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b

Supplementary Figure 2. CDR3 repertoire of fetal, cord and adult blood γδ T cells. a TRDD usage distribution of the TRDV2 repertoire 
of sorted Vγ9Vδ2 T cells. b J usage distribution of the TRGV9 (left) and TRDV2 (right) of sorted γδ T cells nonVγ9Vδ2 (fetal blood n=4, cord 
blood n=5, adult blood n=6). c Number of nucleotides trimmed at the Vend of the CDR3 of the TRGV9 (left) and TRDV2 (right) repertoire; 
each dot represents the weighted mean of an individual sample. d Percentage of the TRDV2-TRDJ1 (left) and TRDV2-TRDJ3 (right) 
repertoire containing at position 5 of the CDR3δ a highly hydrophobic residue (V, I, L, W, F, M or C): residue encoded without N additions in 
black or encoded by N addition(s) in green, of sorted Vγ9Vδ2 T cells. (Sorted Vγ9Vδ2 T cells in a, c and d: Fetal Blood n=5, Cord Blood n=6, 
Adult Blood n=8.) Error bars indicate means ± SEM. *p < 0.05; ns: non significant.
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Supplementary Figure 3. Fetal versus post-natal thymus. a Flow cytometry results on the prevalence of Vδ2 of γδ+ (left) and Vγ9 of 
Vδ2+ (right) thymocytes in fetal (n=4) and post-natal (n=10) thymus. b-e Comparison of the CDR3 TRGV9 (top) and TRDV2 (bottom) 
repertoire of sorted fetal (n=3) and post-natal (n=3) Vγ9Vδ2 thymocytes: b Frequency of CDR3 repertoire per number of N additions, c 
Frequency of repertoire per CDR3 length, d Number of nucleotides trimmed at the Vend of the CDR3; each dot represents the weighted 
mean of an individual sample, e TRDD usage distribution. f TRGJ usage distribution in TRGV9 (top) and TRDV2 (bottom) CDR3 repertoire of 
sorted nonVγ9Vδ2 γδ+ thymocytes in fetal (n=3) and post-natal (PN) (n=3) thymus. Error bars indicate means ± SEM. **p < 0.01
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