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Abstract  27 

Leptospira serovar Hardjo are bacterial pathogens of cattle that also cause zoonotic disease in 28 

humans. Vaccine-mediated protection against Leptopspira serovar Hardjo in cattle is associated 29 

with a WC1+ γδ T cell response that can be recalled in vitro from PBMC by antigenic 30 

stimulation. This provides a model system in which to examine protective vaccine-induced γδ T 31 

cell responses in a ‘γδ T cell high’ species. Only a small proportion (5-10%) of WC1+ γδ T cells 32 

from immunized cattle are Leptospira-responders, implying that antigen-specificity is 33 

determined by clonally-distributed receptors. Both WC1 and TCR are known to be required for 34 

Leptospira-specific responses by bovine WC1+ γδ T cells. Through variegated expression 35 

patterns and V(D)J recombination, respectively, they have the capacity to confer antigen-36 

specificity. In this study we develop and use a high-throughput TCR sequencing approach to 37 

study the TRG and TRD repertoires of naïve ex vivo PBMC, Leptospira-responding and 38 

Leptospira non-responding WC1+ γδ T cells to examine the potential role of γδ TCR in 39 

determining antigen specificity. Our results provide novel insights into the PBMC γδ TCR 40 

repertoires in cattle, demonstrating the TRG repertoire to be clonally stratified and essentially 41 

‘public’ whilst the TRD repertoire shows much higher levels of clonal diversity and is essentially 42 

‘private’. TCR repertoire analysis of Leptospira-responding WC1+ γδ T cells identifies no 43 

signature of TCR-mediated selection, suggesting that TCR functions largely as an ‘innate-like’ 44 

receptor and does not act as a primary determinant of antigen specificity in the response to this 45 

pathogen.  46 
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Key-points: 47 

 First description of bovine γδ TCR repertoires using NGS approach 48 

 In γδ T cell response against Leptospira TCR functional as ‘innate-like’ receptors  49 
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Introduction 50 

Leptospirosis is a re-emerging zoonotic disease of global importance resulting from infection 51 

with spirochete bacteria of the genus Leptospira (1). Estimates of global disease burdens in 52 

humans are of ~1 million cases and ~58,900 deaths per year, although these figures are likely to 53 

represent a significant under-estimate due to the high prevalence of leptospirosis in resource-54 

poor tropical low-and-middle income countries (2). Leptospirosis can also affect a range of 55 

livestock species including cattle where infection can be present at high frequency and cause 56 

substantial losses due to reduced fertility and productivity (3-6). Although a number of 57 

Leptospira serovars can cause disease in cattle, those of most concern in many geographical 58 

regions are Leptospira borgpetersenii serovar Hardjo and L. interrogans serovar Hardjo (7), 59 

which can be transmitted to humans and, thus, bovine leptospirosis is important as both an 60 

economically significant veterinary disease and a public health disease. 61 

 62 

Vaccines that are safe and provide effective protection against Leptospira are not currently 63 

available for use in humans (8). In contrast, a number of commercially-available vaccines for 64 

cattle have been developed and are widely used in high-income countries as a method of 65 

controlling the disease (9), although most vaccines do not provide protection against the 66 

Leptospira Hardjo serovars (10). Although antibodies have long been considered as the primary 67 

mediators of anti-Leptospira immunity and antibody titre remains a parameter used to assess 68 

potential vaccine efficacy (8), analysis of the immune responses induced by the bovine vaccines 69 

have demonstrated that protection against Leptospira Hardjo serovars is dependent on the 70 

induction of a cell-mediated immunity associated with potent interferon-γ producing γδ T cell 71 

responses (11, 12). This has provided a model system in which to study a pathogen-relevant 72 
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protective γδ T cell response in a ‘γδ T cell high species’ (11-17). Human studies have also 73 

shown that γδ T cells constitute a significant proportion of the response to Leptospira infection, 74 

with the responding cells expressing Vγ9/Vδ2 TCR (18), implying the response to be ‘innate-75 

like’ (as this is a characteristic feature of this subset of human γδ T cells (19)). This suggests that 76 

studies to achieve a better understanding of the γδ T cell responses using the bovine model may 77 

assist in the generation of improved vaccines not only for cattle but also humans.  78 

 79 

Our previous studies analyzing the role of different γδ T cell receptors in conferring Leptospira-80 

specificity, including WC1 and γδ TCR, have shown that bovine Leptospira-specific γδ T cells 81 

are almost exclusively in the subset that express WC1. WC1 is a pattern recognition receptor that 82 

is a member of the scavenger receptor cysteine rich (SRCR) superfamily (11, 12). WC1 83 

expression has been confirmed to be essential for the capacity of γδ T cells to mount Leptospira-84 

specific responses, acting as a co-receptor that potentiates TCR mediated signaling (20); 85 

however only a small proportion (5-10%) of WC1+ γδ T cells are Leptospira-responsive (11, 12). 86 

WC1 is a multi-genic family, with 13 different WC1 genes identified in the bovine genome (21), 87 

and exhibits variegated expression with individual γδ T cells expressing different numbers and 88 

permutations of WC1 genes (16). This has been proposed to provide a mechanism by which 89 

WC1 expression can diversify the antigen-specificity of γδ T cell populations and direct the 90 

specificity of individual cells. Although there is clear evidence that WC1 expression can 91 

influence the pathogen-specificity of γδ T cells (13) and that only a subset of WC1 molecules 92 

have the capacity to bind directly to Leptospira (14), recent work at single-cell resolution failed 93 

to identify a pattern of WC1 expression that could fully account for the Leptospira-specificity of 94 

a subset of WC1+ γδ T cells (16).  95 
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The role of TCR in determining antigen-specificity of γδ T cells is complex with some γδ TCR 96 

appearing to function as ‘innate-like’ receptors (19), others as genuine adaptive receptors (22), 97 

whilst others appear to combine both ‘innate-like’ and adaptive characteristics depending on the 98 

ligand (termed ‘adaptate’(23)). High-throughput sequencing (HTS) approaches used in a number 99 

of recent studies have provided novel insights into how γδ TCRs influence antigen-specificity 100 

and function of human γδ T cells (24-28). The high resolution of the TCR repertoire analyses 101 

conducted using HTS approaches has also provided greater detail on the spectrum of ‘public’ vs. 102 

‘private’ repertoires (i.e. TCR clonotypes shared by multiple individuals and those that are 103 

restricted to individuals only) of the γ and δ TR chains (27). Antibody-blocking experiments 104 

have confirmed that TCR engagement is essential for Leptospira-specific responses by bovine γδ 105 

T cells (17), however very little is known about the γδ TCR repertoire of the responding cells 106 

and how significant a role TCR plays in determining specificity. Previous studies using low-107 

resolution approaches (V subgroup-specific semi-quantitative PCR, low throughput TCR chain 108 

sequencing and CDR3δ spectratyping) have not identified any features that discriminate the TCR 109 

repertoires of Leptospira-responding and non-responding WC1+ γδ T cells (15, 17).  110 

 111 

In this study we developed and applied an Illumina-based HTS approach to study the γδ TCR 112 

repertoires of unstimulated naïve ex vivo PBMC, Leptospira-responding and non-Leptospira-113 

responding γδ T cells derived from Leptospira-vaccinated cattle to provide high-resolution TCR 114 

data that could be used to examine the role of TCR in determining the antigen-specificity of 115 

bovine γδ T cells in the response to this pathogen. This study is the first to generate high-volume 116 

γδ TCR data for cattle and provides novel information about the TCRγ (TRG) and TCRδ (TRD) 117 

repertoires expressed in ex vivo bovine PBMC. Comparative analysis of the TRD and TRG 118 
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repertoires of Leptospira-responsive and non-responsive populations showed no signatures of 119 

TCR mediated selection for antigen-specificity. The data suggests that in the response to 120 

Leptospira, the bovine γδ TCR functions as an ‘innate-like’ receptor, with antigen-specificity 121 

deriving partially from the WC1 co-receptor and perhaps in coordination with other factors that 122 

are yet to be elucidated.   123 
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Material and Methods 124 

Blood and isolation of PBMC.  125 

Four Holstein cattle, kept in conventional housing at the South Deerfield Farm (University of 126 

Massachusetts, US) were vaccinated with Spirovac (Zoetis, Parsipanny, NJ, US) at 6 and 7 127 

months of age (two doses given 4 weeks apart according to manufacturer’s instructions). Blood 128 

samples were collected from the jugular vein of cattle and mixed with heparin as approved by the 129 

University of Massachusetts IACUC prior to the first vaccination (used for assessment of ex vivo 130 

PBMC γδ TCR repertoire) and 2 weeks after the second dose of vaccine had been administered 131 

(used for in vitro stimulation with Leptospira - see below). PBMC were isolated by density 132 

gradient centrifugation (Ficoll-Paque Plus, Cytvia, Marlborough, MA, US) according to the 133 

manufacturer’s instructions. 134 

 135 

In vitro stimulation with Leptospira. 136 

PBMC extracted from animals 2 weeks after immunization were dye-loaded with efluor670 at a 137 

concentration of 5mM/2x107 cells for 10 min at 37°C and then washed with serum-containing 138 

medium at 4°C. Cells were then cultured at a density of 2.5x105/ml in complete-RPMI medium 139 

(RPMI-1640 (Gibco, Thermo-fisher, Waltham, MA, US) supplemented with 10% heat-140 

inactivated fetal bovine serum (Hyclone, Logan, UT, US), 200 mM l-glutamine (Sigma, Saint 141 

Louis, MO, US), 5 × 10−5 M 2-mercaptoethanol (Sigma) and 10 mg/ml gentamycin (Invitrogen, 142 

Carlsbad, CA, US) with or without 10μg/ml Leptospira antigen (sonicated whole cells of L. 143 

borgpetersenii serovar hardjo-bovis clone RZ33).  After culture for 7 days, cells were harvested 144 

and stained for WC1 using FITC-conjugated CC15 (anti-panWC1 - Biorad, Hercules, CA, US). 145 

Cells were then subjected to flow cytometry for analysis and cell sorting based on a combination 146 
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of cell phenotype and cell division (as determined by the dilution of the efluor670 dye) using a 147 

FACS DIVA (Becton Dickinson, Franklin Lakes, NJ, US).  Populations of WC1+ γδ T cells that 148 

responded to Leptospira by cell division (defined as WC1+/efluor670lo) and those that did not 149 

(defined as WC1+/efluor670hi) were isolated by sorting and confirmed to have purity of >95%. 150 

 151 

Preparation of γ and δ TCR chain libraries.   152 

Flow cytometrically sorted cells were put into Trizol (Invitrogen) and RNA was extracted 153 

according to the manufacturer's instructions. RNA purity and concentration were determined by 154 

Nanodrop spectrophotometry (Thermo-Fisher). Reverse transcription was performed with 155 

Superscript IV (Invitrogen), using a combination of a template switch oligo (AAG CAG TGG 156 

TAT CAA CGC AGA GTA CTC TT (ggggg); g bases in parentheses are RNA) incorporating a 157 

primer annealing site and a Poly T oligo (TTT TTT TTT TTT TTT TTT TTT TTT TVN), based 158 

on the protocol described in Mamedov et. al. 2013 (29). The oligos, dNTPs and RNA were 159 

incubated at 65°C for 5 min, immediately placed on ice, followed by addition of RT enzyme, 160 

SSIV buffer, DTT, and RNAse OUT (Invitrogen) and incubation of the complete reaction 161 

mixture at 50°C for 1 hr and then, 80°C for 10 min.  162 

 163 

Aliquots of cDNA from each sample was amplified by RACE PCR using a universal 5’ primer 164 

for the sequence incorporated in the switch oligo during cDNA synthesis (AltUPM: GCA GTG 165 

GTA TCA ACG CAG AGT) in combination with either a TRD-specific (CTG GCA GCA GGT 166 

TGA CTT T) or TRGC5-specific (AAT AAG TCT CCA TCA AGC CTT CTA TC) 3’ primer. 167 

For each primer a series of primers incorporating different i5 and i7 indices and Nextera 168 

ligators/adaptors to facilitate direct loading of PCR amplicons onto an Ilumina platform were 169 
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used to allow pooling and subsequent de-multiplexing of data. All primers were ordered from 170 

IDT, Redwood City, CA, US. PCR amplification was completed using the Phusion HF system 171 

(NEB, Ipswich, MA, US) with reaction mixtures composed of: Phusion HF 5x buffer, 172 

3%DMSO, 10mM dNTPs, 10mM of both 5’ and 3’ primers, cDNA (1.25μl/50μl reaction), 173 

Phusion Hot Start DNA Polymerase (1U/50μl reaction) and dH2O to final volume. Reaction 174 

conditions for both TRG and TRD amplification included an initial denaturation period of 30s at 175 

98 °C, 30 cycles at 98°C for 10s, 65°C for 30s, and 72°C for 30s, and a final extension period of 176 

5 min at 72 °C. After PCR successful amplification was confirmed using gel electrophoresis, 177 

products were quantified using D5000 TapeStation analysis (Agilent, Stockport, UK) and 178 

normalized quantities of DNA for the TCR amplicon pooled. Pooled amplicons were 179 

electrophoresed and the TCR band excised and purified using a Qiagen gel extraction kit 180 

(Qiagen, Manchester, UK) and further purified using Ampure beads (Beckman Coulter, High 181 

Wycombe, UK) - both according to the manufacturer’s instructions. Following an evaluation for 182 

quantity and purity by TapeStation analysis the pooled samples were submitted to Edinburgh 183 

Genomics (University of Edinburgh, UK) for sequencing using the Illumina MiSeq v3. Platform, 184 

with PhiX added at 10% to introduce complexity into the DNA.  185 

 186 

Analysis of NGS data.  187 

Following de-multiplexing and initial quality control and trimming (Cutadapt(30)), processing of 188 

TCR repertoire data was completed using the MiTCR algorithm (31) with bespoke bovine TRG 189 

and TRA/D sequence databases. The TRD database was constructed from the TRA/D gene 190 

sequence data described by Connelley et al. 2014 (32) and the TRG database from the data in the 191 

IMGT homepage (www.IMGT.org) (33) supplemented with additional sequence data for 192 

http://www.imgt.org/
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TRGV11_1 and TRGJ5_2 (34, 35). Subsequent analysis of the TCR repertoire data used a 193 

combination of functions available through the Immunarch (36) and VDJtools packages (37)  194 
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Results 195 

TCR transcript repertoires of  and  chains from PBMC. 196 

To date characterization of the bovine TRG and TRD repertoires has been conducted using low-197 

resolution, low-throughput approaches (15, 17). To enable a more comprehensive assessment, a 198 

MiSeq-based 5’-RACE approach, similar to those that have been employed to analyze TCR 199 

repertoires in other species including humans (24-28)  was designed and implemented.  200 

 201 

Since our primary interest was in the TCR repertoires expressed by WC1+ cells, the TRG chain 202 

protocol was designed to specifically analyze the expression of TRG genes found in the TRGC5 203 

cassette because these are the only genes expressed by WC1+  T cells in cattle (17). The 204 

approach was applied to provide data on the TRG/TRD repertoires expressed within the PBMC 205 

of 4 animals (a summary of the read data is provided in Supplementary Table I). Analysis of the 206 

TRG transcriptome showed that in all 4 individuals bTRGV3_2 and bTRGV7_1 were dominant, 207 

with bTRGV3_1 constituting a smaller proportion of the TRGC5-cassette represented genes, and 208 

TRGV4, TRGV10, and the nonfunctional gene TRGV11 at low frequencies (Figure 1a and 209 

Supplementary Figure 1a). Of the two TRGJ genes expressed TRGJ5_1 was expressed at a 210 

higher level, although in some animals this was only marginally greater than the levels observed 211 

for TRGJ5_2. 212 

 213 

The TRD repertoire utilized a much larger range of genes with a different repertoire of TRDV 214 

expressed in the 4 individuals examined. TRDV gene usage exhibited a hierarchical structure, 215 

with a limited number of dominant genes and a large number of genes expressed at only low 216 

levels in the repertoire of each individual (Figure 1b and Supplementary Figure 1a). Although 217 
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there was variation among individuals with regard to which TRDV genes were most dominantly 218 

transcribed, it was evident that there was a subset of TRDV genes that were consistently over-219 

represented in all or most of the individuals examined (Figure 1c and Supplementary Figure 1b). 220 

The proportion of the TRD repertoire that each TRDV subgroup comprised was consistent 221 

between the 4 individuals studied - TRDV1 was dominant (82.7-87.4%), TRDVb3 also made a 222 

substantial contribution (6-10.9%), but all of the other TRDV subgroups were present at very 223 

low frequencies: TRDV2 (~0.2%), TRDV3 (0.1-0.2%) and TRDVY (0.03-0.07%). Notably, the 224 

TRD repertoire expressed a number of TRAV genes. This included TRAV33, which has been 225 

previously described as a gene expressed in TRD chains (32), and was found to represent 2-3% 226 

of the repertoire. Other TRAV genes included members of a large number of TRAV subgroups 227 

(TRAV3, 8, 9, 14, 19, 22, 23, 24, 25, 26, 28, 29, 33, 36, 38, 41, X and Y) - however these were 228 

all represented at very low levels (total representation of other TRAV genes ranged from 0.1%-229 

0.2%). In all 4 animals, TRDJ1 and TRDJ3 were the dominant TRDJ genes used, with TRDJ2 230 

under-represented.   231 

 232 

Analysis of the CDR3 lengths coded for by the TRG and TRD transcripts showed that both 233 

adhered to a Gaussian/near-Gaussian distribution (Figure 2). The TRG CDR3 regions were 234 

predominantly between 8 and 18 deduced amino acids long whilst, as anticipated from previous 235 

data (15), the CDR3 lengths of TRD chains were longer and of a greater size range, 236 

predominantly being between 11 and 32 deduced amino acids long (Figure 2). Analysis of the 237 

clonality of the TRG and TRD repertoires revealed that they had fundamentally different 238 

clonotypic structures (Figure 3a). The TRG repertoire in all 4 animals showed relatively equal 239 

proportions of clonotypes that were considered to be small, medium, large or hyper-expanded, 240 
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whereas the TRD repertoire was predominantly composed of small clonotypes, with medium, 241 

large and hyper-expanded clonotypes constituting a much smaller fraction of the repertoire 242 

(Figure 3a). This difference in composition of the TRG and TRD repertoires was reflected in the 243 

values obtained from a suite of diversity indices (Figure 3b); Chao1 values for the TRD and TRG 244 

repertoires ranged from 60377 to 118686 and 7452 to 13826, respectively, the Hill diversity 245 

profile for the TRD and TRG repertoires showed divergence for q values <4, with the TRD and 246 

TRG ranging from 21810 to 83830 and 682 to 1029 at q=1 (corresponding to the exponential 247 

Shannon-Weiner index), and the D50 diversity index for the TRD repertoires ranged from 10970 248 

to 28334, in contrast to the equivalent values for the TRG repertoires which had a range of 68-249 

156. This contrast in diversity was also seen in other measures such as the Gini-Simpson index 250 

(for the TRD this was >0.999 for all 4 repertoires characterized, whilst for the TRG repertoires 251 

the value was between 0.979 and 0.987) and the Inverse-Simpson index (ranging from 1177 to 252 

38401 for TRD and 47 to 80 for TRG repertoires). As such, by all measures utilized, the TRG 253 

repertoires were found to be substantially less diverse than the TRD repertoires characterized 254 

from the same individuals.  255 

 256 

Another parameter by which the expressed TRD and TRG repertoires markedly differed was the 257 

degree by which they were classified as ‘private’ (i.e., TCR clonotypes unique to an individual). 258 

The TRG repertoires were characterized by high levels of overlap between individuals, with 259 

pairwise comparisons showing that ~20% of clonotypes were shared in pairwise comparisons 260 

(Table I), representing between 1565 and 2636 shared or ‘public’ clonotypes (Table II) As a 261 

consequence, classical measures of overlap such as the Jaccard index (overlap of clonotypes 262 

without any weighting for size of clonotypes) and Morisita-Horn index (overlap of clonotypes 263 
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with weighting for clonotype size) were both high; with values of ~0.08 and ~0.94 respectively 264 

(Table III and IV - for both indices a value of 0 represents no overlap and a value of 1 represents 265 

total overlap). In particular, the Morisita-Horn values indicate a near complete overlap of the 266 

TRG repertoires between the individuals. In contrast the values for the overlap observed between 267 

the TRD repertoires were considerably lower - the pairwise overlap between individuals was 268 

~0.03% (range = 0.02-0.05% - Table I), the number of shared clonotypes was limited (range = 269 

12-31 - Table II) and the Jaccard and Morisita-Horn indices were ~0.0001 and ~0.0005, 270 

respectively (Table III and IV); together indicating that the TRD repertoires were largely 271 

‘private’. Further examination of the clonotypic sharing between the individuals showed that 272 

1262 TRG clonotypes (based on deduced amino acid sequences of the CDR3) were identified in 273 

all 4 individuals (data not shown). This included many of the largest clonotypes, including 274 

TRGV3_2-CAGWDSSTWIKVF-TRGJ5_1, which was the largest in all 4 samples, representing 275 

8.9-13.0% of the repertoire. In contrast, only 4 of the TRD clonotypes were identified in all 4 276 

repertoires and these clonotypes were not the numerically dominant clonotype in any sample 277 

(data not shown). 278 

 279 

In summary, analysis of the TRG and TRD repertoires expressed by γδ T cells in ex vivo PBMC 280 

showed that the TRG repertoire, which is formed from a limited number of V and J genes, to 281 

have a high level of clonotypic stratification (and, as a consequence, reduced diversity) and to be 282 

largely ‘public’. In contrast the TRD repertoire utilizes a large number of V genes, has a much 283 

less stratified clonotypic structure (and consequently higher diversity) and is largely ‘private’. 284 

These observations on the contrasting features of the TRG and TRD repertoires were confirmed 285 

on analysis of duplicated samples from the same 4 individuals (data not shown). 286 
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Analysis of the TCR repertoires of Leptospira responding and Leptospira non-responding 287 

WC1+   T cells. 288 

In previous studies, we have demonstrated that immunization against Leptospira generates a 289 

population of ‘memory’ WC1+   T cells that proliferate following in vitro stimulation with 290 

Leptospira antigen (11, 12). Only ~5-10% of WC1+   T cells from immunized animals respond 291 

to Leptospira, suggesting that TCR may be determining the capacity of individual WC1+   T 292 

cells to respond to Leptospira. To investigate this the 4 animals in the study were immunized 293 

with Leptospira and 2 weeks after completion of the immunization course PBMC were isolated, 294 

loaded with a cell proliferation dye (eFluor670) and stimulated in vitro with Leptospira antigen. 295 

Following 7 days of culture, subpopulations of dividing and non-dividing WC1+  T cells (as 296 

determined by dilution of the proliferation dye - Supplementary Figure 2) were isolated by flow 297 

cytometry sorting and their TCR repertoires examined.  298 

 299 

Analysis of the relative expression frequencies of different V-J gene permutations in the TRD 300 

repertoires of the proliferating  T cells (i.e. Leptospira-responding) demonstrated apparent 301 

differences relative to the repertoires found in the ex vivo PBMC (Figure 4a - over- or under-302 

representation identified as divergence from a diagonal line that marks equal frequency of V-J 303 

combinations in the responding populations and PBMC). However, the V-J combinations that 304 

deviated from the line were generally observed to behave the same way in the equivalent plot 305 

comparing representation between the non-dividing  T cells and PBMC (Figure 4b). As a 306 

consequence, when comparing the representation of different V-J combinations in Leptospira-307 

responding and non-responding  T cells (Figure 4c) there was a very high-level of correlation 308 

(0.955, p <2.2x10-16), suggesting that these changes in V-J usage were not associated with the 309 
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antigen-specificity of   T cells. Furthermore, when comparing across the 4 individuals there 310 

was no V-J combination that was consistently over-/under-represented (e.g., in Figure 4c 311 

TRDV1au-TRDJ3 was over-represented in the non-responding  T cells in Animal_2, under-312 

represented in Animal_1 and Animal_3 but equally represented in the responding and non-313 

responding populations in Animal_4). The equivalent analysis comparing the TRG repertoires in 314 

PBMC, responding and non-responding  T cells resulted in similar observations 315 

(Supplementary Figure 3). Based on these data there is no clear indication that the specificity of 316 

Leptospira responses was dependent on TCR utilizing specific combinations of either TRD or 317 

TRG V-J genes.    318 

 319 

CDR3 spectratyping analysis of the responding and non-responding populations demonstrated 320 

that they still largely adhered to a Gaussian distribution in each individual. Although, this 321 

‘normal’ distribution was retained, it was notable that for the TRD repertoires in the dividing T 322 

cells of Animal_3 and Animal_4 there were ‘shifts’ in CDR3 length to the left and right to give 323 

modal CDR3 lengths of 15 and 22 deduced amino acids, respectively (Figure 5a). The absence of 324 

major distortion of the CDR3 length distribution indicated that the responding and non-325 

responding populations were broadly representative of the initial WC1+  T cell population and 326 

that specificity for Leptospira was not driven by TCRs bearing CDR3s of specific lengths.  327 

Similarly, analysis showed that the clonotypic structure of TRG and TRD repertoires of both the 328 

Leptospira-responding and Leptospira non-responding populations were comparable to those 329 

observed in the PBMC (Figure 5b). The TRG repertoires were composed of roughly equal 330 

proportions of small, medium, large and hyper-expanded clonotypes, whilst the TRD repertoires 331 

were predominantly composed of small clonotypes with larger clonotypes still only constituting 332 
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small fractions of the population (Figure 5b). The fact that a greater fraction of the repertoires in 333 

the Leptospira-responding WC1+  T cells were not occupied by larger clonotypes indicates an 334 

absence of selective proliferation of a small subset of T cells bearing a specific repertoire of 335 

TCRs conferring specificity for Leptopsira.  336 

 337 

This apparent lack of any TCR-mediated selection for Leptospira-responsiveness during in vitro 338 

re-stimulation with antigen was reflected in the absence of any convergence of the repertoires in 339 

the Leptospira-responding populations (as may have been anticipated in TCR-dependent antigen 340 

recognition). Analysis of the overlap, Jaccard and Morisita-Horn indices showed that the degree 341 

of similarity between the Leptospira-responding TRG repertoires was not different from the 342 

degrees of similarity seen between Leptospira-non-responding populations or ex vivo PBMC or 343 

in comparisons across these conditions (Figure 6a). For example, the Morisita-Horn indices for 344 

similarity between the Leptospira-responding repertoires (n=6) between the Leptospira 345 

responding and non-responding populations from the same individuals (n=4) and pairwise 346 

between all of the Leptospira responsive and non-responsive populations (n=16) were 0.9825, 347 

0.9815 and 0.9720, respectively. The values from the other indices supported the observation 348 

that the Leptospira-responding populations exhibited no evidence of antigen-driven TRG 349 

convergence (Figure 6a). This pattern was more marked in the analysis of the TRD repertoires 350 

where, for example, the Morisita-Horn value for similarity between the Leptospira responding 351 

repertoires (0.0018, n=6) was lower than those observed when comparing the similarity between 352 

the Leptospira-responding WC1+  T cells and the PBMC or Leptospira non-responding  T 353 

cells (0.0059 and 0.0218 for pairwise comparison between all individuals, n=16). Lack of 354 

enhanced similarity between the TCR repertoires expressed by Leptospira responding WC1+ γδ 355 
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T cell populations is evident in the lack of clustering of these repertoires in multi-dimensional 356 

scale plotting of similarity index scores (e.g. Figure 6b). 357 

 358 

In summary, comparative analysis of the TRG and TRD repertoires demonstrated that antigen-359 

specificity of Leptospira-responding WC1+  T cells was independent of TCR with specific 360 

characteristics and that TCR, although required for Leptospira-specific responses, did not have a 361 

definitive role in conferring antigen specificity.  362 
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Discussion 363 

The objective of this study was to develop a NGS approach to sequencing the bovine TRG and 364 

TRD repertoire and then apply it to the analysis of the γδ TCR repertoires of Leptospira-specific 365 

WC1+ γδ T cells to determine what role γδ TCR had in conferring antigenic-specificity.  T cell 366 

receptors are considered to be pivotal in determining the antigen-specificity of T cells, with 367 

somatic V(D)J recombination key to generating a highly diverse TCR repertoire that enables 368 

individuals to respond to the potentially limitless range of antigens to which they may be 369 

exposed. However, this concept of TCR repertoire diversity is largely derived from analysis of 370 

αβ TCR repertoires and as yet there has been limited work using high-throughput approaches to 371 

study γδ TCR repertoires in ‘γδ T cell high’ species such as cattle (38). 372 

 373 

In the initial part of this study the ‘baseline’ repertoires of TRG and TRD in bovine WC1+ γδ T 374 

cells from PBMC were characterized. We found that the TRG repertoire had a highly stratified 375 

clonotypic structure with roughly equal representation of hyper-expanded, large, medium and 376 

small clonotypes. As a consequence of the large proportion of the repertoire being occupied by 377 

expanded clonotypes, the TRG repertoire had limited diversity. In addition, similarity indices 378 

demonstrated that the TRG repertoires expressed in the 4 individuals were virtually identical, 379 

with Morisita-Horn values ranging between 0.91-0.95 (where a value of 1 represents complete 380 

overlap and 0 no overlap), thus the TRG repertoire in bovine PBMC appears to be essentially 381 

‘public’. It was notable that many of the hyper-expanded clonotypes were shared by all 4 382 

animals, including the TRGV3_2-CAGWDSSTWIKVF-TRGJ5_1 clonotype, which was the 383 

most dominant in all 4 animals, accounting for 8.9 - 13.0% of TRG sequences. As yet the 384 

antigen-specificity of this, or other dominant ‘public’ clonotypes, and if they have specific 385 
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biological functions equivalent to that observed for other TCR-defined γδ T cell subsets (such as 386 

the human Vγ9+/Vδ2+ population) is unknown, but will be an area of future investigation. The 387 

limited diversity and the associated high level of ‘publicity’, is perhaps to be anticipated as 388 

within the TRGC5 cassette (the only TRGC cassette utilized by WC1+ γδ T cells and studied 389 

herein) there are only 5 putatively functional TRGV and 2 functional TRGJ genes. Furthermore, 390 

although designated as functional, both TRGV4_1 and TRGV10_1 constituted less than 0.5% of 391 

the TRG sequence reads in all 4 animals (average of 0.17% and 0.07%) - consistently lower than 392 

that recorded for the non-functional TRGV11_1 gene (average 0.77%). This suggests that 393 

TRGV4_1 and TRGV10_1 make insubstantial contributions to the TRG repertoire and may 394 

actually only be present as co-expressed non-functional TRG chains (in cells that have 395 

rearranged and expressed a second, functional TRG chain, as must be assumed for cells 396 

expressing TRGV11_1+ TRG chains). Consequently, it is conceivable that the diversity of the 397 

functional TRG repertoire of bovine WC1+ γδ T cells is actually restricted to the products of only 398 

3 TRGV genes - TRGV3_1, TRGV3_2 and TRGV7_1, which notably, are phylogenetically 399 

closely related (35).  400 

 401 

In contrast, the TRD repertoire was composed predominantly of small, non-expanded clonotypes 402 

and had high levels of diversity. For example, the D50 index (the number of the largest 403 

clonotypes required to account for 50% of the repertoire) for TRD ranged from 10970 to 28334 404 

(in contrast to the equivalent values for the TRG repertoires which were only 68-156). This high 405 

level of diversity was accompanied by the TRD repertoires being essentially ‘private’, exhibiting 406 

limited sharing of clonotypes between individuals, with Morisita-Horn values ranging from 407 

0.00014 to 0.0011. The capacity to generate highly diverse TRD repertoires is a product of both 408 
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the large number of TRDV genes in the TRDA/D locus and the capacity to utilize multiple TRD 409 

genes in the formation of the ‘junctional’ region that constitutes the CDR3δ (32, 39, 40). In 410 

cattle, most of the expansion of the TRDV genomic repertoire has occurred within the TRDV1 411 

subgroup which includes a minimum of 60 TRDV1 genes (32, 41). Previous work has shown 412 

TRDV1 to dominate the expressed TRD repertoire in PBMC (32) but the data presented herein 413 

provides the first high resolution quantification of the relative expression of the different TRDV 414 

subgroups, and of the different members of the TRDV1 subgroup. The representation of the 415 

different TRDV subgroups was very consistent between individuals, with TRDV1 dominant 416 

(~87-90%) and TRDVb3 and TRAV33 the only other 2 subgroups represented to any substantial 417 

degree (~5-10% and 2-4% of TRD sequence reads, respectively). In addition to TRAV33, genes 418 

from a large number of other TRAV subgroups were identified in the TRD repertoire. However, 419 

these TRAV subgroups combined only represented ~0.1-0.2% of the TRD repertoire, suggesting 420 

that, with the exception of TRAV33, no ‘dual’ TRA/DV genes make a substantial contribution to 421 

the bovine TRD repertoire. TRDV2, which in humans is expressed by the dominant γδ T cell 422 

subset in the PBMC, is present at only a low frequency (~0.2%) as are TRDV3 and TRDVY 423 

(average frequency of 0.16% and 0.05% respectively). Notably, >50% of the TRD repertoire in 424 

all 4 individuals was accounted for by the same 9 TRDV1 genes (TRDV1af, ai, am, as, au, bb, e 425 

and w); indicating that not only is there strong bias in the utilization of the TRDV1 subgroup by 426 

TRD chains, but within TRDV1 there is a strong preferential expression of a limited number of 427 

TRDV1 genes. 428 

 429 

The combination of ‘public’ TRG and ‘private’ TRD repertoires observed in cattle is similar to 430 

the characteristics of the γδ TCR repertoires described in human PBMC (27). Similarly, the 431 
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clonotypic structure of the bovine and human TRG repertoires are comparable. One marked 432 

difference between the human and bovine γδ TCR repertoires is the clonal structure of the TRD. 433 

Recent high-throughput sequencing of the adult human TRD repertoires has demonstrated that in 434 

the majority of adults the TRD repertoire of Vδ1+ (i.e. TRDV1+) T cells is highly ‘focused’, 435 

exhibiting very low D75 values (i.e. the percentage of the most abundant clonotypes that occupy 436 

75% of the TCR repertoire) of <6 (28). In contrast the Vδ1+ TRD repertoires observed in the 437 

umbilical cord-blood of neonates show less clonotypic dominance (described as ‘unfocused’) 438 

and consequently higher D75 values (mean of ~14). Evidence that a number of pathogens, such a 439 

HCMV (27) and Plasmodium (24) can drive clonotypic expansions of Vδ1+ T cells leading to 440 

substantial changes in the TCR repertoire, has been used to infer that the increasing clonal 441 

dominance observed in human Vδ1+ TRD repertoires is a consequence of post-natal antigenic 442 

stimulation driving the clonotypic expansion of γδ T cells bearing cognate TCR (22). Clonally 443 

expanded γδ T cells generally transition to an activated CD27lo/neg/CD45RA+ phenotype (28), 444 

and there is a correlation between the proportion of γδ T cells with this phenotype and the 445 

clonotypic narrowing of the TRD repertoire. The CD27lo/neg/CD45RA+ subset within PBMC γδ T 446 

cells is generally expanded by 2 years of age, implying that the ‘focusing’ of the Vδ1+ TCR 447 

repertoire occurs very early in life (42). Strikingly, the equivalent D75 values for the bovine TRD 448 

repertoires ranged from 42 to 50 (data not shown); consistent with the very small representation 449 

of expanded clonotypes observed. Although relatively young (~6 months old at the point of 450 

sampling), the calves included in this study would be considered as juveniles and were housed 451 

and managed in conventional systems (including routine vaccinations), consequently it would be 452 

anticipated that they would have been exposed to a wide range of antigenic stimuli. Thus, 453 

although there are similarities between the TCR repertoires of humans and cattle, there are also 454 
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noticeable differences such as the disparity in the clonotypic structures of the TRD repertoire in 455 

humans and cattle and, the absence of a large Vδ2+ γδ T cell population in cattle, implying that 456 

there may be significant differences in the biology, ligand specificity and function of the TCR 457 

repertoires in human and cattle γδ T cell subsets present within the PBMC. 458 

 459 

To study the role of TCRs in determining the specificity of Leptospira-specific γδ T cell 460 

responses we employed a well-established in vitro stimulation model that has been used 461 

previously to study various aspects of the γδ T cell response to this pathogen induced by 462 

vaccination. This has included studies that have confirmed that bovine γδ T cells proliferating in 463 

vitro after stimulation with Leptospira express IFNG, upregulate various chemokine receptors 464 

(CCR5 and CXCR3) and effector molecules (e.g. fas, fasL, perforin and GZMB) and have a 465 

phenotype reflecting activation and transition to an effector phenotype (CD44hi, CD25hi, 466 

CD62Llo) (12, 43-45). Consequently, TCR repertoire analyses on proliferating vs. non-467 

proliferating γδ T cells populations provide a robust model to compare the TCR repertoires of 468 

Leptospira-specific and non-specific γδ T cells.  469 

 470 

Our results demonstrated that the TCR repertoire of Leptospira-specific γδ T cells exhibited no 471 

signatures associated with TCR-mediated antigenic selection. There was no preferential usage of 472 

specific V-J permutations in responding populations compared to non-specific populations, no 473 

large expansion of clonotypes leading to alteration in the clonotypic structure and no 474 

convergence of the TRG or TRD repertoires between individuals that could be used to infer 475 

antigenic-selection of TCR with specific features.  476 

 477 
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Previous studies using spectratpying analysis and semi-quantitative TRDV- and TRGV-subgroup 478 

specific PCRs and low through-put sequencing had previously failed to identify any significant 479 

changes in TCR repertoire associated with Leptospira-specific populations (15, 17); our data 480 

provide high resolution TCR analysis to support and confirm these findings. However, antibody 481 

blocking experiments have clearly demonstrated that Leptospira-specificity is γδ-TCR dependent 482 

(17). A prominent features of γδ TCRs is the wide variety in modalities in which they can bind 483 

ligands - with structural analysis showing the relative significance of germline and non-germline 484 

CDRs varying depending on the γδ TCR/ligand under consideration and if the recognition 485 

conforms to an ‘innate-’ or ‘adaptive-’ like pattern (reviewed in (46, 47). Recent work has shown 486 

that individual γδ TCRs have the capacity to exhibit both ‘innate-like’ and ‘adaptive’-like 487 

binding to different ligands, using different components of the TCR (HV4 in the Vγ FR3 region 488 

and the Vδ CDR1/CDR3 respectively) to achieve this (26). Notably, γδ T cell responses elicited 489 

by ‘innate’-like TCR ligation, such as those seen in human Vγ9Vδ2+ T cell responses to 490 

butyrophilin (BTN) molecules in response to phospho-antigens, drive highly polyclonal 491 

responses which, similar to the results presented herein, do not cause any modification of the 492 

TCR repertoire (25). Previous data has suggested the WC1+ γδ T cell response in Leptospira-493 

immunized animals is highly polyclonal - with 5-15% of the ex vivo population proliferating 494 

following in vitro stimulation (11, 12). Intriguingly, the germline encoded HV4 regions of 495 

TRGV3-1, 3-2 and 7-1 (i.e. the only TRGV genes that contribute substantially to the WC1+ TRG 496 

repertoire) show high levels of similarity, with a conserved KIEARKDxxxxTSTLxx motif; 497 

conservation of the HV4 region, which has been shown to enable ‘innate’-like responses by 498 

human Vγ4+ T cells (26), suggests a possible mechanism by which a similar ‘innate’-like 499 

response against Leptospira by WC1+ γδ T cells may be facilitated. Recent re-consideration of 500 
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TCR repertoire data has suggested that such ‘innate’-like responses may lead to the formation of 501 

‘memory’ populations that can provide protection against secondary exposure to a number of 502 

pathogens including Plasmodium, Listeria monocytogenes and Bacillus subtilis, however 503 

confirmation of this requires higher resolution TCR profiling data being generated for these 504 

models (19). 505 

 506 

Although previous data has shown that WC1+ expression is required for Leptospira-responses by 507 

bovine γδ T cells, the fact that only a fraction of WC1+ γδ T cells respond indicates that other 508 

factors must contribute to the determination of antigen-specificity. Previous single-cell analyses 509 

have indicated that this is not due to the number or permutations of WC1 molecules expressed by 510 

individual γδ T cells (16) and our data suggests that it is not the γδ TCR. Consequently, the 511 

factors that justify why only a small fraction of bovine WC1+ γδ T cells respond to Leptospira 512 

are yet to be fully elucidated. γδ T cells are known to be able to express a wide variety of other 513 

activating receptors including NKG2D, 2B4, NKp46 and other NK-like receptors (48-50) - the 514 

capacity of γδ T cells to respond to Leptospira may depend on the cumulative effect of different 515 

permutations of such receptors, the TCR and WC1 to achieve the threshold required for 516 

activation. Further investigation of this may require the use of high-resolution analyses that are 517 

now possible through technologies such as single-cell transcriptomics and CyTOF mass 518 

cytometry.  519 

 520 

The other outstanding question regarding γδ TCR recognition of Leptospira is the identity of the 521 

cognate ligand(s). Identification of γδ TCR ligands is notoriously difficult due to the highly 522 

diverse nature of the potential candidates and also the different modalities by which the γδ TCR 523 
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can bind to them (46, 47). In previous studies we have demonstrated that extra-cellular domains 524 

of the WC1+ can bind directly to Leptospira (14) and recent work using imaging flow cytometry 525 

and STORM approaches has demonstrated that following activation, the γδ TCR and WC1+ 526 

molecules on Leptospira-specific γδ T cells co-localise on the cell surface (51). The spatial 527 

restrictions indicated by co-localisation of the γδ TCR and WC1+ imply that the two receptors 528 

have ligands that are also spatially linked and so we speculate that the γδ TCR ligand is also the 529 

Leptospira, rather than any MHC-like restriction or self-molecule indicating cellular-stress. A 530 

number of microbial molecules have been demonstrated to serve as ligands for γδ TCR, 531 

including proteins from Mycobacteria and the SEA (Staphylococcal enterotoxin A) super-532 

antigen, the latter of which activated γδ T cells via germline-encoded components of the Vγ 533 

chain (19, 47, 52). Identification of the Leptospira molecule(s) that act as γδ TCR ligands would 534 

be a critical next step in furthering our understanding of γδ T cell recognition of the bacteria; 535 

although non-trivial, application of tools such as TCR-transduced reporter cell lines and protein 536 

arrays offer feasible routes to address this challenge.  Integrating high resolution analysis of the 537 

γδ TCR repertoires employed in the response to defined Leptospira antigens will complement 538 

other analyses and provide further opportunities to examine the role in γδ TCR in mediating 539 

antigen-specificity in the response to this pathogen.   540 

 541 

In summary, in this study we have developed a HTS approach to studying the γδ TCR repertoire 542 

in cattle and applied this to analyze the response of γδ T cells to Leptospira. Our results indicate 543 

that the response is genuinely polyclonal and conforms to an ‘innate’-like γδ TCR response with 544 

no evidence of TCR-mediated selection. We speculate this response may be mediated through 545 

the HV4 domain of the Vγ chain which is relatively conserved in the WC1+ subset in which 546 
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Leptospira-specific γδ T cells are found. Further work will be needed to identify what other 547 

receptors are contributing to the specificity of γδ T cells for Leptospira and to also identify the 548 

epitope(s) recognized by the γδ TCR (and WC1+). Although the bovine γδ TCR repertoire 549 

showed similarities with human γδ TCR, there are a number of fundamental differences which 550 

potentially have major functional implications (e.g. the near-absence of any Vδ2+ subset in the 551 

PBMC). This is similar to other facets of ‘innate-like’ lymphocytic components of the bovine 552 

immune system (e.g. the apparent absence of iNKT cells in cattle), highlighting that although 553 

there is often the capacity to translate scientific findings between species, this may not always 554 

possible, and there is a need to maintain species-specific research in this ever-increasing 555 

important area of immunology. 556 
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Acknowledgements: The authors would like to acknowledge the bioinformatics support and 558 

assistance provided by Siddharth Jayaraman, The Roslin Institute.  559 



30 
 

References 560 

1. Pappas, G., P. Papadimitriou, V. Siozopoulou, L. Christou, and N. Akritidis. 2008. The 561 
globalization of leptospirosis: worldwide incidence trends. Int J Infect Dis 12: 351-357. 562 

2. Costa, F., J. E. Hagan, J. Calcagno, M. Kane, P. Torgerson, M. S. Martinez-Silveira, C. Stein, B. 563 
Abela-Ridder, and A. I. Ko. 2015. Global Morbidity and Mortality of Leptospirosis: A Systematic 564 
Review. PLoS Negl Trop Dis 9: e0003898. 565 

3. Alinaitwe, L., C. Kankya, D. Namanya, P. Pithua, and A. Dreyfus. 2020. Leptospira Seroprevalence 566 
Among Ugandan Slaughter Cattle: Comparison of Sero-Status With Renal Leptospira Infection. 567 
Front Vet Sci 7: 106. 568 

4. Montes, V., and G. Monti. 2021. Pathogenic Leptospira spp. Seroprevalence and Herd-Level Risk 569 
Factors Associated with Chilean Dairy Cattle. Animals (Basel) 11. 570 

5. Williams, D., and S. V. Winden. 2014. Risk factors associated with high bulk milk antibody levels 571 
to common pathogens in UK dairies. Vet Rec 174: 580. 572 

6. Yupiana, Y., E. Vallee, P. Wilson, J. F. Weston, J. Benschop, J. Collins-Emerson, and C. Heuer. 573 
2020. On-farm risk factors associated with Leptospira shedding in New Zealand dairy cattle. 574 
Epidemiol Infect 148: e219. 575 

7. Ellis, W. A. 2015. Animal leptospirosis. Curr Top Microbiol Immunol 387: 99-137. 576 
8. Wunder, E. A., H. Adhikarla, C. Hamond, K. A. Owers Bonner, L. Liang, C. B. Rodrigues, V. Bisht, J. 577 

E. Nally, D. P. Alt, M. G. Reis, P. J. Diggle, P. L. Felgner, and A. Ko. 2021. A live attenuated-vaccine 578 
model confers cross-protective immunity against different species of the Leptospira genus. Elife 579 
10. 580 

9. Yupiana, Y., P. R. Wilson, J. M. Collins-Emerson, J. F. Weston, J. Benschop, E. Vallee, and C. 581 
Heuer. 2021. Vaccination practices for Leptospira spp. on New Zealand dairy farms. N Z Vet J 69: 582 
299-307. 583 

10. Bolin, C. A., R. L. Zuerner, and G. Trueba. 1989. Effect of vaccination with a pentavalent 584 
leptospiral vaccine containing Leptospira interrogans serovar hardjo type hardjo-bovis on type 585 
hardjo-bovis infection of cattle. Am J Vet Res 50: 2004-2008. 586 

11. Naiman, B. M., D. Alt, C. A. Bolin, R. Zuerner, and C. L. Baldwin. 2001. Protective killed Leptospira 587 
borgpetersenii vaccine induces potent Th1 immunity comprising responses by CD4 and 588 
gammadelta T lymphocytes. Infect Immun 69: 7550-7558. 589 

12. Naiman, B. M., S. Blumerman, D. Alt, C. A. Bolin, R. Brown, R. Zuerner, and C. L. Baldwin. 2002. 590 
Evaluation of type 1 immune response in naive and vaccinated animals following challenge with 591 
Leptospira borgpetersenii serovar Hardjo: involvement of WC1(+) gammadelta and CD4 T cells. 592 
Infect Immun 70: 6147-6157. 593 

13. Rogers, A. N., D. G. Vanburen, E. E. Hedblom, M. E. Tilahun, J. C. Telfer, and C. L. Baldwin. 2005. 594 
Gammadelta T cell function varies with the expressed WC1 coreceptor. J Immunol 174: 3386-595 
3393. 596 

14. Hsu, H., C. Chen, A. Nenninger, L. Holz, C. L. Baldwin, and J. C. Telfer. 2015. WC1 is a hybrid 597 
gammadelta TCR coreceptor and pattern recognition receptor for pathogenic bacteria. J 598 
Immunol 194: 2280-2288. 599 

15. Herzig, C. T., V. L. Mailloux, and C. L. Baldwin. 2015. Spectratype analysis of the T cell receptor 600 
delta CDR3 region of bovine gammadelta T cells responding to leptospira. Immunogenetics 67: 601 
95-109. 602 

16. Damani-Yokota, P., J. C. Telfer, and C. L. Baldwin. 2018. Variegated Transcription of the WC1 603 
Hybrid PRR/Co-Receptor Genes by Individual gammadelta T Cells and Correlation With Pathogen 604 
Responsiveness. Front Immunol 9: 717. 605 



31 
 

17. Blumerman, S. L., C. T. Herzig, A. N. Rogers, J. C. Telfer, and C. L. Baldwin. 2006. Differential TCR 606 
gene usage between WC1- and WC1+ ruminant gammadelta T cell subpopulations including 607 
those responding to bacterial antigen. Immunogenetics 58: 680-692. 608 

18. Klimpel, G. R., M. A. Matthias, and J. M. Vinetz. 2003. Leptospira interrogans activation of 609 
human peripheral blood mononuclear cells: preferential expansion of TCR gamma delta+ T cells 610 
vs TCR alpha beta+ T cells. J Immunol 171: 1447-1455. 611 

19. Hayday, A. C., and P. Vantourout. 2020. The Innate Biologies of Adaptive Antigen Receptors. 612 
Annu Rev Immunol 38: 487-510. 613 

20. Wang, F., C. Herzig, D. Ozer, C. L. Baldwin, and J. C. Telfer. 2009. Tyrosine phosphorylation of 614 
scavenger receptor cysteine-rich WC1 is required for the WC1-mediated potentiation of TCR-615 
induced T-cell proliferation. Eur J Immunol 39: 254-266. 616 

21. Herzig, C. T., and C. L. Baldwin. 2009. Genomic organization and classification of the bovine WC1 617 
genes and expression by peripheral blood gamma delta T cells. BMC Genomics 10: 191. 618 

22. Davey, M. S., C. R. Willcox, A. T. Baker, S. Hunter, and B. E. Willcox. 2018. Recasting Human 619 
Vdelta1 Lymphocytes in an Adaptive Role. Trends Immunol 39: 446-459. 620 

23. Hayday, A. C. 2019. gammadelta T Cell Update: Adaptate Orchestrators of Immune Surveillance. 621 
J Immunol 203: 311-320. 622 

24. von Borstel, A., P. Chevour, D. Arsovski, J. M. M. Krol, L. J. Howson, A. A. Berry, C. L. Day, P. 623 
Ogongo, J. D. Ernst, E. Y. H. Nomicos, J. A. Boddey, E. M. Giles, J. Rossjohn, B. Traore, K. E. Lyke, 624 
K. C. Williamson, P. D. Crompton, and M. S. Davey. 2021. Repeated Plasmodium falciparum 625 
infection in humans drives the clonal expansion of an adaptive gammadelta T cell repertoire. Sci 626 
Transl Med 13: eabe7430. 627 

25. Ravens, S., A. S. Fichtner, M. Willers, D. Torkornoo, S. Pirr, J. Schoning, M. Deseke, I. Sandrock, A. 628 
Bubke, A. Wilharm, D. Dodoo, B. Egyir, K. L. Flanagan, L. Steinbruck, P. Dickinson, P. Ghazal, B. 629 
Adu, D. Viemann, and I. Prinz. 2020. Microbial exposure drives polyclonal expansion of innate 630 
gammadelta T cells immediately after birth. Proc Natl Acad Sci U S A 117: 18649-18660. 631 

26. Melandri, D., I. Zlatareva, R. A. G. Chaleil, R. J. Dart, A. Chancellor, O. Nussbaumer, O. Polyakova, 632 
N. A. Roberts, D. Wesch, D. Kabelitz, P. M. Irving, S. John, S. Mansour, P. A. Bates, P. Vantourout, 633 
and A. C. Hayday. 2018. The gammadeltaTCR combines innate immunity with adaptive immunity 634 
by utilizing spatially distinct regions for agonist selection and antigen responsiveness. Nat 635 
Immunol 19: 1352-1365. 636 

27. Ravens, S., C. Schultze-Florey, S. Raha, I. Sandrock, M. Drenker, L. Oberdorfer, A. Reinhardt, I. 637 
Ravens, M. Beck, R. Geffers, C. von Kaisenberg, M. Heuser, F. Thol, A. Ganser, R. Forster, C. 638 
Koenecke, and I. Prinz. 2017. Human gammadelta T cells are quickly reconstituted after stem-639 
cell transplantation and show adaptive clonal expansion in response to viral infection. Nat 640 
Immunol 18: 393-401. 641 

28. Davey, M. S., C. R. Willcox, S. P. Joyce, K. Ladell, S. A. Kasatskaya, J. E. McLaren, S. Hunter, M. 642 
Salim, F. Mohammed, D. A. Price, D. M. Chudakov, and B. E. Willcox. 2017. Clonal selection in 643 
the human Vdelta1 T cell repertoire indicates gammadelta TCR-dependent adaptive immune 644 
surveillance. Nat Commun 8: 14760. 645 

29. Mamedov, I. Z., O. V. Britanova, I. V. Zvyagin, M. A. Turchaninova, D. A. Bolotin, E. V. Putintseva, 646 
Y. B. Lebedev, and D. M. Chudakov. 2013. Preparing unbiased T-cell receptor and antibody cDNA 647 
libraries for the deep next generation sequencing profiling. Front Immunol 4: 456. 648 

30. Martin, M. 2011. Cutadapt removes adapter sequences from high-throughput sequencing reads. 649 
EMBnet.journal 17: 10-12. 650 

31. Bolotin, D. A., M. Shugay, I. Z. Mamedov, E. V. Putintseva, M. A. Turchaninova, I. V. Zvyagin, O. V. 651 
Britanova, and D. M. Chudakov. 2013. MiTCR: software for T-cell receptor sequencing data 652 
analysis. Nat Methods 10: 813-814. 653 



32 
 

32. Connelley, T. K., K. Degnan, C. W. Longhi, and W. I. Morrison. 2014. Genomic analysis offers 654 
insights into the evolution of the bovine TRA/TRD locus. BMC Genomics 15: 994. 655 

33. Lefranc, M. P., V. Giudicelli, P. Duroux, J. Jabado-Michaloud, G. Folch, S. Aouinti, E. Carillon, H. 656 
Duvergey, A. Houles, T. Paysan-Lafosse, S. Hadi-Saljoqi, S. Sasorith, G. Lefranc, and S. Kossida. 657 
2015. IMGT(R), the international ImMunoGeneTics information system(R) 25 years on. Nucleic 658 
Acids Res 43: D413-422. 659 

34. Damani-Yokota, P., A. Gillespie, Y. Pasman, D. Merico, T. K. Connelley, A. Kaushik, and C. L. 660 
Baldwin. 2018. Bovine T cell receptors and gammadelta WC1 co-receptor transcriptome analysis 661 
during the first month of life. Dev Comp Immunol 88: 190-199. 662 

35. Herzig, C., S. Blumerman, M. P. Lefranc, and C. Baldwin. 2006. Bovine T cell receptor gamma 663 
variable and constant genes: combinatorial usage by circulating gammadelta T cells. 664 
Immunogenetics 58: 138-151. 665 

36. ImmunoMind, T. 2019. immunarch: An R Package for Painless Bioinformatics Analysis of T-Cell 666 
and B-Cell Immune Repertoires. Zenodo. 667 

37. Shugay, M., D. V. Bagaev, M. A. Turchaninova, D. A. Bolotin, O. V. Britanova, E. V. Putintseva, M. 668 
V. Pogorelyy, V. I. Nazarov, I. V. Zvyagin, V. I. Kirgizova, K. I. Kirgizov, E. V. Skorobogatova, and D. 669 
M. Chudakov. 2015. VDJtools: Unifying Post-analysis of T Cell Receptor Repertoires. PLoS 670 
Comput Biol 11: e1004503. 671 

38. Hammer, S. E., M. Leopold, L. M. Prawits, K. H. Mair, J. C. Schwartz, J. A. Hammond, S. Ravens, 672 
W. Gerner, and A. Saalmuller. 2020. Development of a RACE-based RNA-Seq approach to 673 
characterize the T-cell receptor repertoire of porcine gammadelta T cells. Dev Comp Immunol 674 
105: 103575. 675 

39. Herzig, C. T., M. P. Lefranc, and C. L. Baldwin. 2010. Annotation and classification of the bovine T 676 
cell receptor delta genes. BMC Genomics 11: 100. 677 

40. Van Rhijn, I., R. Spiering, M. Smits, M. T. van Blokland, R. de Weger, W. van Eden, V. P. Rutten, 678 
and A. P. Koets. 2007. Highly diverse TCR delta chain repertoire in bovine tissues due to the use 679 
of up to four D segments per delta chain. Mol Immunol 44: 3155-3161. 680 

41. Reinink, P., and I. Van Rhijn. 2009. The bovine T cell receptor alpha/delta locus contains over 681 
400 V genes and encodes V genes without CDR2. Immunogenetics 61: 541-549. 682 

42. van der Heiden, M., S. Bjorkander, K. Rahman Qazi, J. Bittmann, L. Hell, M. C. Jenmalm, G. 683 
Marchini, D. Vermijlen, T. Abrahamsson, C. Nilsson, and E. Sverremark-Ekstrom. 2020. 684 
Characterization of the gammadelta T-cell compartment during infancy reveals clear differences 685 
between the early neonatal period and 2 years of age. Immunol Cell Biol 98: 79-87. 686 

43. Blumerman, S. L., F. Wang, C. T. Herzig, and C. L. Baldwin. 2007. Molecular cloning of bovine 687 
chemokine receptors and expression by WC1+ gammadelta T cells. Dev Comp Immunol 31: 87-688 
102. 689 

44. Blumerman, S. L., C. T. Herzig, F. Wang, P. M. Coussens, and C. L. Baldwin. 2007. Comparison of 690 
gene expression by co-cultured WC1+ gammadelta and CD4+ alphabeta T cells exhibiting a recall 691 
response to bacterial antigen. Mol Immunol 44: 2023-2035. 692 

45. Blumerman, S. L., C. T. Herzig, and C. L. Baldwin. 2007. WC1+ gammadelta T cell memory 693 
population is induced by killed bacterial vaccine. Eur J Immunol 37: 1204-1216. 694 

46. Deseke, M., and I. Prinz. 2020. Ligand recognition by the gammadelta TCR and discrimination 695 
between homeostasis and stress conditions. Cell Mol Immunol 17: 914-924. 696 

47. Willcox, B. E., and C. R. Willcox. 2019. gammadelta TCR ligands: the quest to solve a 500-million-697 
year-old mystery. Nat Immunol 20: 121-128. 698 

48. Schuhmachers, G., K. Ariizumi, P. A. Mathew, M. Bennett, V. Kumar, and A. Takashima. 1995. 699 
Activation of murine epidermal gamma delta T cells through surface 2B4. Eur J Immunol 25: 700 
1117-1120. 701 



33 
 

49. Wrobel, P., H. Shojaei, B. Schittek, F. Gieseler, B. Wollenberg, H. Kalthoff, D. Kabelitz, and D. 702 
Wesch. 2007. Lysis of a broad range of epithelial tumour cells by human gamma delta T cells: 703 
involvement of NKG2D ligands and T-cell receptor- versus NKG2D-dependent recognition. Scand 704 
J Immunol 66: 320-328. 705 

50. Mikulak, J., F. Oriolo, E. Bruni, A. Roberto, F. S. Colombo, A. Villa, M. Bosticardo, I. Bortolomai, E. 706 
Lo Presti, S. Meraviglia, F. Dieli, S. Vetrano, S. Danese, S. Della Bella, M. M. Carvello, M. Sacchi, 707 
G. Cugini, G. Colombo, M. Klinger, P. Spaggiari, M. Roncalli, I. Prinz, S. Ravens, B. di Lorenzo, E. 708 
Marcenaro, B. Silva-Santos, A. Spinelli, and D. Mavilio. 2019. NKp46-expressing human gut-709 
resident intraepithelial Vdelta1 T cell subpopulation exhibits high antitumor activity against 710 
colorectal cancer. JCI Insight 4. 711 

51. Gillespie, A., M. G. Gervasi, T. Sathiyaseelan, T. Connelley, J. C. Telfer, and C. L. Baldwin. 2021. 712 
Gamma Delta TCR and the WC1 Co-Receptor Interactions in Response to Leptospira Using 713 
Imaging Flow Cytometry and STORM. Front Immunol 12: 712123. 714 

52. Rust, C. J., F. Verreck, H. Vietor, and F. Koning. 1990. Specific recognition of staphylococcal 715 
enterotoxin A by human T cells bearing receptors with the V gamma 9 region. Nature 346: 572-716 
574. 717 

 718 

  719 



34 
 

Figure Legends 720 

Figure 1. V and J gene usage in TRD and TRG repertoires expressed in naïve ex vivo 721 

PBMC. Circos plot representation of (A) TRGV and TRGJ gene utilization in the expressed 722 

TRG repertoire and (B) TRDV and TRDJ utilization in the expressed TRD repertoire. To enable 723 

visualization of the data presented in these plots data from only 2 individuals for the TRG and 724 

TRD repertoires is shown (Animal_1 and Animal_2). Data from all 4 animals is shown in 725 

Supplementary Figure 1a. For the TRD images the circumferential line indicates the TRDV 726 

repertoire; due to the large number of TRDV genes annotation of individual genes requires 727 

observation of the figures in Supplementary Figure 1a. (C) Heat map representation of TRDV 728 

gene utilization in the expressed TRD repertoire. Although there is variation between individuals 729 

in the hierarchy of different TRDV gene usage, a subset of TRDV genes appears to be 730 

consistently over-represented in the repertoire including TRDV1w, TRDV1au, TRDV1af and 731 

TRDV1ai, as shown. For clarity, only specific genes have been labeled in this figure; a version 732 

of the same image with all of the TRDV/AV genes labeled is provided in Supplementary Figure 733 

1b. Circos plots and the heatmap were generated using the PlotFancyVJUsage and 734 

CalcSegmentUsage functions in the VDJtools package.  735 

 736 

Figure 2. CDR3 virtual spectratype profiles of TRD and TRG repertoires identified in 737 

PBMC from 4 individuals. The CDR3 length is shown (in deduced amino acids - x-axis) with 738 

the number of clonotypes with CDR3 of each length represented on the y-axis. Each panel shows 739 

the data from 4 individuals as detailed in the legend. Spectratypes were generated using the 740 

Immunarch package 741 

 742 
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Figure 3. Clonotypic structure and diversity of TRG and TRD repertoires in PBMC. A) 743 

The clonotypic structure of the expressed TRG and TRD repertoires as described by the 744 

proportion composed of small, medium, large and hyper-expanded clonotypes in the 4 745 

individuals included in this study is shown. B) Diversity of the expressed TRG and TRD 746 

repertoires as described by (B.1) Chao1 values, (B.2) Hill’s Numbers - for q = 1 the values for 747 

the TRD repertoires are all >20,000, whereas the equivalent values for the TRG repertoires are 748 

<200 and (B.3) D50 values. For each of the diversity parameters reported higher values represent 749 

a more diverse TCR repertoire. All images generated using the Immunarch package. 750 

 751 

Figure 4. Relative frequency of different V-J combinations in the TRD repertoires 752 

expressed in PBMC, Leptospira-responding and Leptospira-non-responding populations 753 

from 4 different animals. The relative abundance of reads for TRD chains using different V-J 754 

combinations is shown on the x- and y- axes. The diagonal lines represent equal representation in 755 

the two conditions being compared (i.e., they have an x, y intercept at 0, 0 and a slope of 1); 756 

deviation from these lines reflect discrepancy in the representation of V-J combinations between 757 

the compared conditions. Comparison of TRD repertoires expressed in A) PBMC and Leptospira 758 

responding γδ T cells, B) PBMC and Leptospira non-responding γδ T cells and C) Leptospira 759 

responding and non-responding γδ T cells. In panel C the positions of the TRDV1au_DJ3 760 

combinations on the graph have been highlighted. The correlation co-efficient and p-value of the 761 

correlation value are shown for each comparison. Each point on the graph is color-coded to 762 

individual animals according to the legend shown. 763 

 764 
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Figure 5. Clonotypic structure and diversity of TRG and TRD repertoires in PBMC, 765 

Leptospira-responding and Leptospira non-responding WC1+ γδ T cells. A) Spectratyping - 766 

the CDR3 length is shown (in deduced amino acids on the x-axis) and the y-axis represent the 767 

number of clonotypes with CDR3 of each length. Each panel shows the data from 4 individuals 768 

as detailed in the legend. B) The clonotypic structure of the expressed TRG (upper panel) and 769 

TRD repertoires (lower panel) as described by the proportion composed of small, medium, large 770 

and hyper-expanded clonotypes in the 4 individuals included in this study is shown (each animal 771 

is shown by a dot, the average by the height of the bar and the SD by the error bars). All figure 772 

components generated using the Immunarch package.  773 

 774 

Figure 6. Similarity of TRG and TRD repertoires expressed in PBMC, and in Leptospira 775 

responding and non-responding populations. A) The values of overlap, Jaccard and Morisita-776 

Horn indices calculated for the similarity between the TCR repertoires expressed by these 777 

populations are shown for TRG (upper panel) and TRD (lower panel). Comparisons between 778 

conditions that are suffixed with ‘auto’ refer to comparison between the repertoires from the 779 

same individual (n=4), those suffixed with ‘all’ refer to all pairwise comparisons among the 4 780 

animals in the study (n=16) and those without suffixes refer to comparisons between the same 781 

conditions across all 4 individuals (n=6). B) Multi-dimensional scaling of the Jaccard index 782 

values for comparison of the TRD repertoires. Lack of clustering of the TRD repertoires for 783 

Leptospira responding γδ T cell populations indicates an absence of selection for TRD sequences 784 

in the Leptospira-specific responses. Similar MDS profiles were obtained using the other indices 785 

for both the TRD and TRG repertoires (data not shown). MDS scaling component of the figure 786 

generated using the Immunarch package.  787 


