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Abstract
Workshop cluster 1 (WC1) molecules are part of the scavenger receptor cysteine-rich (SRCR) superfamily and act as hybrid 
co-receptors for the γδ T cell receptor and as pattern recognition receptors for binding pathogens. These members of the 
CD163 gene family are expressed on γδ T cells in the blood of ruminants. While the presence of  WC1+ γδ T cells in the 
blood of goats has been demonstrated using monoclonal antibodies, there was no information available about the goat WC1 
gene family. The caprine WC1 multigenic array was characterized here for number, structure and expression of genes, and 
similarity to WC1 genes of cattle and among goat breeds. We found sequence for 17 complete WC1 genes and evidence for 
up to 30 SRCR a1 or d1 domains which represent distinct signature domains for individual genes. This suggests substantially 
more WC1 genes than in cattle. Moreover, goats had seven different WC1 gene structures of which 4 are unique to goats. 
Caprine WC1 genes also had multiple transcript splice variants of their intracytoplasmic domains that eliminated tyrosines 
shown previously to be important for signal transduction. The most distal WC1 SRCR a1 domains were highly conserved 
among goat breeds, but fewer were conserved between goats and cattle. Since goats have a greater number of WC1 genes 
and unique WC1 gene structures relative to cattle, goat WC1 molecules may have expanded functions. This finding may 
impact research on next-generation vaccines designed to stimulate γδ T cells.
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Abbreviations
ARS1  Agricultural research service 1
BR  Boer

ICD  Intracytoplasmic domains
ID  Interdomain
IFNγ  Interferon-γ
IL  Interleukin
MHC  Major histocompatibility complex
PBMC  Peripheral blood mononuclear cells
PCR  Polymerase chain reaction
PRR  Pattern recognition receptor
SC  San Clemente
SRCR   Scavenger receptor cysteine-rich
TCR   T cell receptor
WC1  Workshop cluster 1
YN  Yunnan

Introduction

Livestock diseases contribute to poverty, food insecurity 
(Aziz 2010; Duguma et al. 2011; Tibbo et al. 2006), phys-
ical stunting, and diminished cognitive development of 

 * Cynthia L. Baldwin 
 cbaldwin@vasci.umass.edu

1 Department of Veterinary and Animal Sciences, University 
of Massachusetts, Amherst, MA 01003, USA

2 United States Department of Agriculture, Agricultural 
Research Service, United States Meat Animal Research 
Center, Clay Center, NE 68933, USA

3 United States Department of Agriculture, Agricultural 
Research Service, United States Dairy Forage Research 
Center, Madison, WI 53706, USA

4 College of Information and Computer Sciences, University 
of Massachusetts, Amherst, MA 01003, USA

5 Program in Molecular and Cellular Biology, University 
of Massachusetts, Amherst, MA 01003, USA

6 College of Veterinary Medicine, University of Minnesota, 
1365 Gortner Ave, St Paul, MN 55108, USA

/ Published online: 9 February 2022

Immunogenetics (2022) 74:347–365

http://crossmark.crossref.org/dialog/?doi=10.1007/s00251-022-01254-9&domain=pdf


1 3

children in sub-Saharan Africa (Bwibo 2003; Gewa et al. 
2009; Neumann et al. 2003, 2007). Infectious diseases 
specifically impact goat production and productivity as 
a result of high treatment costs, morbidity, mortality, and 
abortion rates and reduced gains (Aziz 2010; Duguma 
et al. 2011; Tibbo 2006). Furthermore, some of the infec-
tious diseases are zoonotic, crossing from goats to humans, 
reducing human capital (Kawooya 2011). Development of 
vaccines is needed to combat these infectious diseases to 
increase the community’s income and reduce the public 
health impacts.

Vaccines are the only human intervention that has shown 
the potential to eradicate infectious diseases. However, 
some vaccines target only conventional B cells and antibody 
responses, thus failing to activate cell-mediated protective 
mechanisms. Next-generation vaccines targeting γδ T cells 
(Telfer and Baldwin 2015) may be useful for optimizing vac-
cination strategies due to the innate-like early responses of 
γδ T cells. Because the γδ T cell receptors (TCR) are less 
restricted, γδ T cells recognize ligands different from those 
recognized by αβ T cells (Chien 2014; Melandri et al. 2018; 
Sebestyen et al. 2019). There is no known antigen process-
ing and presentation requirement for ligand recognition by 
γδ T cells’ TCR, and the antigens need not be peptides in 
complex with major histocompatibility complex molecules 
(Davis and Chien 2003; Vantourout et al. 2018). Hence, γδ 
T cells can recognize directly damaged tissues, cells, and 
pathogens. This is believed to impart greater flexibility of γδ 
T cell responses than those by classical αβ T cell (Chien and 
Bonneville 2006). Because γδ T cells rapidly recognize such 
changes, they are a first line of immune defense, functioning 
like innate immune responses, while some populations also 
have immunological memory and therefore have character-
istics and benefits of the adaptive arm of the immune system 
as well (Chien et al. 2014; Melandri et al. 2018; Sebestyen 
et al. 2019). γδ T cell stimulation has been shown to con-
tribute to protective immunity in mammals by producing 
interferon-γ (IFN-γ) and IL-17 (Vantourout and Hayday 
2013). Furthermore, γδ T cells may be able to direct adap-
tive immune responses by CD4 and CD8 αβ T cells and B 
cells because of their early responses and cytokine produc-
tion (Baldwin et al. 2019a).

In young ruminants, γδ T cells may be the most numerous  
blood mononuclear cells and the majority of the γδ T cells 
in ruminant blood express the γδ T cell–specific marker 
workshop cluster 1 (WC1) on their surface (Davis et al. 
1996; Holderness et al. 2013; Mackay et al. 1989, 1986; 
Mackay and Hein 1989; Takamatsu et al. 2006), including 
in goats (Yirsaw et al. 2021). WC1 is important for signaling  
the cell by augmenting the response through the TCR 
(Hanby-Flarida et al. 1996; Wang et al. 2011). In cattle,  
γδ T cells expressing WC1 molecules  (WC1+ γδ T cells) 
and those not expressing WC1 molecules  (WC1− γδ T  

cells) are considered as inflammatory and regulatory cells, 
respectively (Hedges et al. 2003; Wang et al. 2009a).

WC1 molecules are transmembrane group B scavenger  
receptor cysteine rich (SRCR) superfamily members  
characterized by multiple cysteine residues (6 to 8) in their 
extracellular domains (PrabhuDas et al. 2017; Sarrias et al. 
2004). SRCR molecules expressed on immune system cells 
and acting as pathogen recognition receptors (PRR) include 
SPα, CD5, DMBT1, and CD163A. They detect pathogen 
associated molecular patterns of bacterial, viral, and fungal 
pathogens (End et al. 2009; Fabriek et al. 2009; Matthews 
et al. 2006; Sarrias et al. 2005; Vera et al. 2009). We know 
from previous studies that bovine WC1 molecules comprise 
a multigenic family of 13 genes (Chen et al. 2012; Damani-
Yokota et al. 2018a; Herzig and Baldwin 2009), each with 6 
or 11 SRCR domains, and that SRCR domains of different 
WC1 molecules bind different pathogens making them also  
PRRs (Hsu et al. 2015b). For example, cells expressing 
some of the WC1.1 SRCR subtypes respond to Leptospira  
(Damani-Yokota et al. 2018b; Rogers et al. 2005) and the 
BCG vaccine strain of Mycobacterium bovis (Price et al. 
2010) by proliferation and IFNγ production, whereas 
those expressing WC1.2 subtypes respond to Anaplasma  
marginale and virulent strains of M. bovis (Lahmers et al. 
2006, 2005; McGill et al. 2014). With regard to Leptospira, 
the WC1 domains that bind this bacteria are WC1-3 a1, b2, 
d6, c8, d9, and e10 while the a1 domains of WC1-6, WC1-
8, WC1-10, and WC1-13 also bind. Thus, the large number 
of WC1 SRCR domains has the potential to increase the 
diversity of pathogen recognition and immune responses 
independent of the TCR. However, when WC1 molecules are 
cross-linked with the TCR, it upregulates the TCR-induced 
activation indicating that SRCR-mediated recognition also 
augments the TCR-mediated response (Hanby-Flarida et al. 
1996; Hsu et al. 2015a; Wang et al. 2009b).

In goats, the presence of WC1 on lymphocytes has been 
demonstrated by immunofluorescence using a variety of 
monoclonal antibodies (Baron et al. 2014; Esteves et al. 
2004; Higgins et al. 2018; Jolly et al. 1997; Lindberg et al. 
1999; Totte et al. 2002; Valheim et al. 2004, 2002; Zafra 
et al. 2013a, b) that react with WC1. Based on their com-
mon evolutionary origin and the existence of shared and 
unique pathogens between goats and cattle (Baldwin et al. 
2019b), we hypothesized that goats would have a similar 
multigenic WC1 gene family as found for cattle (Chen et al. 
2012; Damani-Yokota et al. 2018a; Herzig and Baldwin 
2009). We also predicted that some genes would have a 
high degree of identity with bovine WC1 genes while oth-
ers would be unique. Thus, the aims of the current study 
were to define the caprine WC1 gene number, gene struc-
tures, and genomic and expressed sequences and to evaluate 
WC1 sequence similarity and differences among goat breeds 
and compare those to that of cattle. In the present study, 
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we enumerated WC1 gene sequences in the San Clemente 
breed goat reference genome, as well as targeted sequencing 
of other breed’s genomic DNA or transcripts, and found a 
greater number than observed in cattle. The majority of the 
distal WC1 SRCR domains, known as the a1 domain, serve 
as signatures for each gene product and were observed to be 
conserved among goat breeds but less conserved between 
goats and cattle.

Methods

Genomic DNA and cDNA

Female Boer goats housed at the University of Massachu-
setts’ farm in Hadley, MA under conventional housing were 
used as blood donors. Blood was obtained via jugular veni-
puncture and collected into heparin in compliance with fed-
eral guidelines and with IACUC approval. Genomic DNA 
was extracted from whole blood using QIAamp DNA Mini 
Kit (Qiagen). Peripheral blood mononuclear cells (PBMCs) 
were isolated from blood via density gradient centrifuga-
tion over Ficoll-Hypaque (LKB-Pharmacia Biotechnology) 
according to the manufacturer's protocol and viable cell 
concentrations determined by trypan blue exclusion. PBMC 
was pelleted and re-suspended in Trizol (Invitrogen-Thermo 
Fisher Scientific) at a concentration of 5 ×  106 cells/ml and 
kept at − 80 °C. RNA was isolated according to the manufac-
turer’s protocol, and cDNA (reverse transcription) was made 
using AMV reverse transcriptase (Promega, Madison, WI).

Polymerase chain reaction

To perform polymerase chain reaction (PCR), either genomic 
(gDNA) or cDNA was used as a template with primers 

shown in Table 1. For intracytoplasmic domain (ICD) tran-
scripts, primers were designed based on known bovine or 
swine ICD sequences at the 5′ and 3′ ends of the first and 
last exons, respectively. For full-length WC1 transcripts, the 
forward primers were designed in the untranslated region 
and signal sequences (primers 6–9 in Table 1) for Pacific 
Bioscience (PacBio) sequencing or in the SRCR a1 domain 
for Sanger sequencing using reverse primers 3–4 and 10–14 
(Table 1). cDNA and gDNA were used as templates in PCR 
using Taq polymerase (Thermo Scientific) for amplification 
of the ICD and WC1 SRCR a1 domain transcripts. Cycling 
parameters for either ICD or SRCR a1 domain amplifica-
tion were 30 s at 95 °C, 1 min at 55 °C, 45 s at 72 °C for 
30 cycles with expected band sizes of 220–636 bp. Two 
microliters of cDNA was used as a template for full-length 
WC1 transcript amplification using the Elongase Amplifi-
cation system (Invitrogen) with cycling parameters of 30 s 
at 94 °C, 30 s at 52 °C, and 4.5 min to 9 min for 35 cycles 
with expected band sizes of 2200–6800 bp. PCR products 
were examined on 2% and 1.2% TAE low melt agarose gel 
for ICD and SRCR a1 domains or for WC1 full-length tran-
scripts, respectively, and visualized using either SYBR safe 
(Invitrogen) or ethidium bromide (Invitrogen). Table 2 lists 
GenBank accession numbers for WC1 sequences.

Gene sequencing

For Sanger sequencing, the amplicons were excised and 
the DNA extracted using the QIAquick Gel Extraction 
Kit (Qiagen) and cloned into PCR 2.1 or Topo XL vectors 
(Invitrogen) according to the manufacture’s protocol and 
transformed into Stable 3 or DH5α bacteria. After plasmid 
miniprep (QIAquick kit, Qiagen), it was sent for commercial 
sequencing by Sanger sequencing (GeneWiz, South Plain-
field, NJ). For PacBio sequencing, PCR amplicons were 

Table 1  Primers used for 
amplifying goat WC1 cDNA 
sequences

Primer designation Primer sequence

1 Sw29e1, Forward CAG CTA CAC AGA TGG AGA GCA 
2 BovWC1group I/II, Reverse TCA YGA GAA AGT CAYTGKGGATG 
3 BovWC1group III, Reverse CTA CAT GGT GCT AAG CTC CAC ATC 
4 YNgoat a1, Forward GAA GTG AAG CAC CAA GGA GAA 
5 SCgoat a1, Forward GAA GTG AAG YAC CAR GGA RAATG 
6 Long UPM no extra-Adp3 TAC TAG AGT AGC ACT CAA GCA GTG GTA TCA ACG CAG AGT 
7 GS F UTR Com-adp3 TAC TAG AGT AGC ACT CGA TCC TGC AGC TGG GACTG 
8 GS F UTR g5-adp3 TAC TAG AGT AGC ACT CCA ATG AGA TGT CAT CTG ACA CCT GTC 
9 GT F UTR g16-adp3 TAC TAG AGT AGC ACT CCT GAG ACT GTG ACC TTG AGA AC
10 GT WC1 RR1-adp2 GCA GAG TCA TGT ATA GGA GCA GCC AGR GGC TCTC 
11 GT WC1 RR2-adp2 GCA GAG TCA TGT ATA GCA CTG AGT TCA ACA TCA TCR TACC 
12 GT WC1 RR3-adp2 GCA GAG TCA TGT ATA GGR AAA GTC ACT GTG GAT GTT CC
13 GT WC1 RR4-adp2 GCA GAG TCA TGT ATA GGA YCA ATG AGG ACT CCT TCT CC
14 GT WC1 RR5-adp2 GCA GAG TCA TGT ATA GCA ACA TCA TCG TAT CCA GTG TCC 
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pooled after extracting from the agarose gel and sent to the 
PacBio Core Enterprise (UMass Medical School, Worcester, 
MA) for sequencing.

Genome annotation

WC1 annotation was performed using the NCBI multiple 
alignment and Blast tools with bovine WC1 sequences as 
the query (see Table 2 for GenBank accession numbers). 
The subject was the ARS1 genome assembly (San Clemente 
goat; see Table 2 for GenBank assembly accession number  
(Bickhart et  al. 2017) or the CHIR2.0 (Black Yunnan 
goat; see Table 2) (Dong et al. 2013). Maker (Campbell 
et al. 2014) and Apollo (Lewis et al. 2002) were used to  
predict the WC1 gene location and gene structures, JBrowse  
(Skinner et al. 2009) to display the data, and Inkscape (Bah 
2011) to draw the gene structures. Intron/exon boundaries 
were verified by comparing bovine WC1 sequences to the 
query and the San Clemente goat genome assembly as a 
subject since SRCR domain structures and sequences are 
highly conserved (Herzig et al. 2010).

Sequence analysis and display

Sequencing alignment programs were used to compare genes 
including BioEdit (Hall 1999), CCL Genomics Workbench 
8.1.3 www. qiage nbioi nform atics. com, and alignment of two 
or more sequences using BLAST-Nucleotide BLAST (Basic 
Local Alignment Search Tool) (Altschul et al. 1990). Phylo-
grams were made using CCL Workbench 8.1.3 with default 
parameters.

WC1 gene designation

Boer goat WC1 SRCR a1 domains were named in the order 
discovered. Annotated genes of the Yunnan breed from 
CHIR2.0 assembly were named based on NCBI’s com-
puter prediction of WC1 genes. San Clemente goat WC1 
genes from the ARS1 assembly were named by the order 
of occurrence of full-length annotated genes on the chro-
mosome except for SCgoatWC1-16 and SCgoatWC1-30. 
Partial WC1 genes that lacked exons consistent with  

Table 2  GenBank accession numbers

Sequence ID Sequence accession no

Bovine  WC1a FJ031186
SC Goat Genome Assembly  ASM170441v1b GCF_001704415.1
Black Yunnan Genome Assembly CHIR2.0c GCA_000317765.2
JT-BRgoatWC1_3a1d MW698823
JT-BRgoatWC1_4a1 MW698824
JT-BRgoatWC1_6a1 MW698825
JT-BRgoatWC1_8a1 MW698826
JT-BRgoatWC1_13a1 MW698827
JT-BRgoatWC1_17a1 MW698828
JT-BRgoatWC1_21a1 MW698829
JT-BRgoatWC1_25a1 MW698830
JT-BRgoatWC1_26a1 MW698831
JT-BRgoatWC1_27a1 MW698832
JT-BRgoatWC1_30a1 MW698833
JT-BRgoatWC1_44a1 MW698834
JT-BRgoatWC1_47a1 MW698835
JT-BRgoatWC1_48a1 MW698836
JT-BRgoatWC1_54a1 MW698837
JT-BRgoatWC1_55a1 MW698838
JT-BRgoatWC1_56a1 MW698839
JT-BRgoatWC1_59a1 MW698840
JT-BRgoatWC1_62a1 MW698841
JT-BRgoatWC1_64a1 MW698842
JT-BRgoatWC1_71a1 MW698843
JT-BRgoatWC1_72a1 MW698844
JT-BRgoatWC1_77a1 MW698845
JT-BRgoatWC1_82a1 MW698846
JT-BRgoatWC1_83a1 MW698847
JT-BRgoatWC1-84a1 MW698848
JT-BRgoatWC1_86a1 MW698849
JT-BRgoatWC1_90a1 MW698850
JT-BRgoatWC1_96a1 MW698851
JT-BRgoatWC1_100a1 MW698852
JT-BRgoatWC1_107a1 MW698853
AY-BRgoat-1-TypeII_ICDe MW698854
AY-BRgoat-2-TypeII_ICD MW698855
AY-BRgoat-3-TypeII_ICD MW698856
AY-BRgoat-1-TypeIII_ICD MW698857
AY-BRgoat-2-TypeIII_ICD MW698858
AY-BRgoat-3-TypeIII_ICD MW698859
AY-BRgoat-4-TypeIII_ICD MW698860
AY-BRgoat-5-TypeIII_ICD MW698861
BRgoatWC1-1cDNAf MZ368703
BRgoatWC1-4cDNA MZ368704
BRgoatWC1-9cDNA MZ368705
BRgoatWC1-13cDNA MZ368706
BRgoatWC1-22cDNA MZ368707
BRgoatWC1-23cDNA MZ368708
BRgoatWC1-15cDNA MZ368709
BRgoatWC1-2cDNA MZ368710

a Bovine WC1 sequence used as a query for annotation of caprine 
genomes
b San Clemente goat genome assembly used for annotation
c Black Yunnan goat genome assembly used for annotation
d JT = Caprine WC1 genome sequences from Boer goats for the a1 
domain
e AY = Caprine WC1 intracellular domain (ICD) splice variant tran-
script sequences
f BR = Boer goat cDNA sequences

Table 2  (continued)
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coding for a complete WC1 molecule were named following 
naming of the complete WC1 genes based on their location on  
chromosome 5. The three goat breeds were abbreviated 
as BR, Boer; YN, Yunnan; and SC, San Clemente. The 
WC1 genes were named as BRgoatWC1-#, YNgoat-#, or 
SCgoatWC1-#.

Results

WC1 genome annotation in goat reference genomes

WC1 is a multigenic family in cattle and is expressed exclu-
sively on γδ T cells of ruminants including goats. However, 
in goats, the WC1 gene number and their intron and exon 
structures have not been previously characterized. Manual 
genome annotation is needed to characterize these regions, 
since it will be important for further understanding of the 
role of these co-receptor/PRR in γδ T cell responses to vari-
ous caprine pathogens. Our approach was to first annotate 
the ARS1 goat assembly for WC1 genes. Alignment of 
bovine WC1 cDNA sequence with the assembly identified 
33 full-length or partial WC1 genes in a region between 
99,181,668 and 102,123,135 bp on chromosome 5. Sixteen 
of these annotated genes were complete genes while 17 were 
partial (the latter consisting of 1 to 14 exons of a possible 12  
to 27 expected for a full-length WC1 gene and thus on this basis 
classified as partial). The complete genes were named in order  
of occurrence on the chromosome except for SCgoatWC1-16 
and SCgoatWC1-32. The partial genes were named subse-
quently in order of occurrence (Fig. 1).

Examination of the 2.94 Mb WC1 locus on ARS1 chro-
mosome 5 revealed a relatively high density of gaps, includ-
ing 11 of the 275 total gaps in autosomal scaffolds (specifi-
cally, 4% of all autosomal gaps concentrated in 0.1% of the 
autosomal genome sequence). This suggests either that the 
long reads available at the time the reference was created 
were not sufficient to properly assemble the tandem copies 
of WC1 genes or that the two alleles of the animal were 
different enough to prevent accurate assessment (Bickhart 
et al. 2017). Consistent with these possibilities, one partial 
copy of a WC1 gene was identified on a 28-kb unplaced scaf-
fold containing extensive low-complexity sequence (scaf-
fold 271; accession LWLT01000953.1). It is likely that this 
small scaffold (Fig. 1B) could not be placed into the assem-
bly due to lack of useful HiC signal in the contact map, 
combined with the repetitive and low-complexity nature of 

Table 3  Relationship of San Clemente (SC) and Boer (BR) goat WC1 
SRCR a1 and d1 domains

Gene count WC1 gene name

SCgoatWC1-# BRgoatWC1-#

1 1 48
2 2 25
3 3 54
4 4 82
5 5 -
6 6 -
7 7 59
8 8 -
9 9 72
10 10 6
11 11 62
12 13 -
13 14 55
14 15 -
15 16–1 83

16–2 71
16–3 17
16–4 -
16–5 30
16–6 -
16–7 13
16–8 4
16–9 90
16–10 -
16–11 84
16–12 27
16–13 107

16 17 -
17 19 -
18 20 86
19 22 -
20 23 3
21 30 44
22 - 8
23 - 21 (26)
24 - 47
25 - 56
26 - 64
27 - 77
28 - 96
29 - 99
30 - 100
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the sequence preventing it from being placed by the optical 
map. Thus, while the San Clemente assembly is a substan-
tial improvement upon the CHIR_1.0 assembly (Dong et al. 
2013), this particular region is still relatively fragmented 
and will remain unresolved until these or other animals are 
assembled by more up-to-date approaches.

We found seven different intron–exon structures for the 
complete WC1 genes (Fig. 2). They are labelled as lower 
case Roman numerals (i–vii) and examples of each are 
shown. Three of the seven types of gene structures are sim-
ilar to those in cattle (Fig. 2A, i–iii (Herzig and Baldwin 
2009)) while the other four structures found in the caprine 

Fig. 1  Schematic representation of WC1 loci organization. A 33 WC1 genes were placed on chromosome 5 and B one unplaced gene was found 
on Scaffold 271.  Gene designations are indicated (SCgoatWC1-1 to SCgoatWC1-34), and orientations (forward or inverse) are shown by arrows

Fig. 2  Schematic representation of WC1 intron–exon structures. 
Seven WC1 gene structures with variable numbers of exons were 
identified on chromosome 5. A Three structures were the same as 
found in cattle and representative structures of these San Clem-
ente goat WC1 genes annotated from the ARS1 assembly contain-
ing (i) 20 exons with type I ICD (SCgoatWC1-1), (ii) 21 exons with 
type II ICD (SCgoatWC1-11), or (iii) 15 exons with type III ICD 
(SCgoatWC1-9) are shown. B Four gene structures were unique to 
goats: (iv) 12 exons with a type I ICD (SCgoatWC1-13); (v) 21 exons 
with a type II ICD (SCgoatWC1-5) and coding for a d1 as the most 
distal domain; (vi) 26 exons, with a type II ICD (SCgoatWC1-15); 
and (vii) 27 exons with a type II ICD (SCgoatWC1-16). The signal 
sequence, SRCR domains (I-XVIII), interdomain sequences (ID), 
transmembrane (TM), and intracytoplasmic domains (ICD) are indicated

◂
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genome are novel (Fig. 2B). The purported structures of the 
proteins that these unique genes code for are represented 
(Fig. 3) using the same designations, i–vii, as their deduced 
amino acid sequences that are also shown (Fig. 4). Goat 
WC1 extracellular SRCR domains are each coded for by a 
single exon, as in cattle, but the number of SRCR domains 
varied according to the gene structure. In all but one of 
the complete genes found, the first SRCR is of the “a” pat-
tern (Herzig et al. 2010) and thus denoted a1 as in cattle. 
However, one of the novel gene structures in goats had a 
d1 domain (Fig. 3B, v). For one gene (Fig. 3B, vii), the a1 
type domain was repeated 13 times. The most distal WC1 
domain in both goats and cattle WC1 genes is generally 
followed by SRCR domains in the pattern b-c-d-e-d (or d’) 
that form a cassette that is usually occurring once or twice. 
However, in one goat gene, it was found in tandem three 

times (Fig. 3B, vi). As in cattle, we found the caprine WC1 
genes coded for three different types of ICDs known as 
type I, type II, and type III, coded for by 4, 5, or 6 exons, 
respectively (Figs. 2 and 3). Thus, type II ICDs are 15–16 
deduced amino acids longer than type I while the type III 
ICD is 60 amino acids longer (Fig. 4A). The final novel 
structure identified in goats had a type I ICD associated 
with a 6-SRCR domain extracellular structure (Fig. 3B, iv). 
Since there was a second caprine genome assembly availa-
ble, we sought to verify the ARS1 assembly that used a San 
Clemente goat especially with regard to these unique gene 
structures. We were able to find 5 complete WC1 genes in 
the Yunnan goat assembly CHIR2.0, and they corresponded 
to three structures (ii, iii, and vii) with vii one of the four 
unique structures annotated in the ARS1 assembly (data for 
CHIR2.0 not shown).

Fig. 3  Schematic presentation of the purported structures of the goat  
WC1 proteins. A The three purported goat WC1 protein structures 
that resembled those in cattle (i–iii), and B the 4 unique goat WC1 
structures (iv–vii) are shown: genes with those structures are listed. 
The SRCR domains (a-b-c-d-e-d), interdomains (ID), transmembrane 
(TM)  and intracytoplasmic domains (ICD) are indicated. Also, the 

number of repeating cassettes of SRCR domains (b-c-d-e-d) is labeled 
as are the most distal signature domains as either a1 or d1. The ICD 
type is indicated (type I-III), and the different ICD exon sequences are 
represented by various patterns. Differences in ID sequences are also 
denoted by patterns
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We conclude that goats have at least 7 intron–exon WC1 
gene structures of which 4 are unique relative to cattle. The 
complete goat WC1 gene assemblies comprised 178 SRCR 
domains compared to 138 domains in cattle. This added 
domain diversity may provide more opportunity for goat γδ 
T cells to bind to a variety of pathogens for better protective 
responses.

Relationship of WC1 gene sequences among goat 
breeds

As noted earlier, in cattle, the most distal a1 domains of 
WC1 molecules are most diverse from one another and thus 
tend to distinguish one WC1 gene or its transcript from 
another. The bovine WC1 a1 sequences are highly conserved 
among cattle breeds (Chen et al. 2012; Herzig and Baldwin 

2009). Here the WC1 sequence relationship was evaluated 
among three goat breeds. We used San Clemente and Yun-
nan goat WC1 a1 sequences obtained by genome annotation 
and Boer goat sequences of the SRCR a1 domains obtained 
by PCR of genomic DNA. We aligned the 32 a1 sequences 
annotated in the San Clemente ARS1 genome with the 17 
from the Yunnan assembly CHIR2.0 (Fig. 5A) and prepared 
a phylogenetic tree (Fig. 5B). The 17 Yunnan a1 domains all 
had San Clemente counterparts that were ≥ 99.4% similar at 
the level of deduced amino acids with many having 100% 
identity including those from genes with unique structures. 
For the gene with 13 SRCR “a” patterned domains in tan-
dem (SCgoatWC1-16; see Fig. 3B, vii), the level of identity 
between San Clemente and Yunnan goats was 7 genes at 
100%, 4 at 99%, 1 at 97% and 1 at 96% with the average 
being 99.4%.

Fig. 4  Alignment of the San Clemente goat deduced amino acid 
sequences for complete WC1 genes annotated in the ARS1 genome 
assembly. Full-length deduced amino acid sequences of the annotated 
WC1 genes were aligned using CLC Genomics Workbench 8.3.1  
multiple sequence alignment and the default parameters. Identities 
are indicated by dots, gaps resulting from the alignment are indicated 
by tildes, and gaps resulting from lack of genomic sequence are indi-
cated by dashes. Signal sequence, SRCR domains (upper case Roman  

numerals), interdomain sequences (ID1 to ID4), transmembrane (TM), 
and intracytoplasmic domains’ exons (ICD) are indicated. A Genes with 
similar structures as found in cattle (i–iii), B unique WC1 gene struc-
tures (iv) SCgoatWC1-13, (v) WC1-5, (vi) WC1-15, and (vii) WC1-
16 are shown. For WC1-16, both the ARS1 San Clemente assembly  
and the CHIR2.0 Yunnan goat assembly sequences are shown as verifi-
cation of this unusual structure
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Next, we compared the 32 Boer goat SRCR a1 domain 
sequences with the San Clemente sequences by aligning 
the deduced amino acid sequences (Fig. 5C) and prepar-
ing a phylogram (Fig. 5D). Twenty-two of the Boer goat 
sequences corresponded with San Clemente sequences 
for genes with various structures (i–iii and vii) including 
10 of the 13 “a” patterned domains in tandem in structure 
vii with ≥ 97.9% identity (Fig. 5C, D). The other 22 Boer 
goat SRCR a1 patterned domains had ≥ 98.3% identity with 
San Clemente goat a1 domains. However, nine a1 domain 
sequences were only found among the Boer goat ampli-
cons and 7 San Clemente a1 sequences were not found 
among the Boer goat sequences (Fig. S1). Two a1 domains 
(BRgoatWC1-21 and BRgoatWC1-26) are nearly identi-
cal with 98.3% identity and because of this we considered 
they coded for one gene. Comparing the domain sequences 
among the three breeds of goats enabled us to make initial 
comments on gene diversity and possibly gene number of 
the WC1 loci in goats. These are summarized in Table 3.

Relationship of WC1 SRCR a1 domain sequences 
between goats and cattle

We next evaluated conservation of the SRCR “a” patterned 
domain sequences between goats and cattle. Since WC1 
molecules are known as PRR, and since goats and cattle 
share pathogens (Baldwin et al. 2019a), we expected to 
find similarities. Some bovine WC1 genes are classified as 
WC1.2-like genes having 4 additional amino acids at posi-
tion 81–84 (ESTL/ESVL/ESAL) in the a1 domain relative 
to those classified as WC1.1-like (see Fig. 5E). The three 
cattle domains classified as WC1.2 (BtWC1-4, WC1-7, and 
WC1-9) cluster with three of the goat WC1.2-like sequences 
(SCgWC1-11, SCgWC1-17, and SCgWC1-19) in the phy-
logenetic tree (Fig. 5F). Three other domains of goats had 
deduced amino acid sequence identity of 91–98% with 
bovine sequences (BtWC1-12 and SCgoatWC1-8; BtWC1-
10 and SCgoatWC1-10; BtWC1-11 and SCgoatWC1-9) 
and are WC1.1 types (Fig. 5E). The remaining 7 bovine 

Fig. 4  (continued)
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sequences (BtWC1-1, BtWC1-2, BtWC1-3, BtWC1-5, 
BtWC1-6, BtWC1-8, and BtWC1-13) clustered together and 
distinctly from goat sequences (Fig. 5F). This is interesting 
since these are the most highly conserved  in the bovine 
genome which may represent expansion following the diver-
gence of cattle and goats or the loss of this highly related 
group of a1 domains from goats.

Validation of annotated WC1 gene sequences

The accuracy of annotation of WC1 genes in goat reference 
genomes which were derived from San Clemente and Yun-
nan goat breeds was assessed using cDNA evidence from 
Boer goat PBMC (Table 4). WC1 PCR resulted in amplicons 
of approximately 6, 4.4 and 2.7 kB for transcripts with type 
I or type II ICDs, while for transcripts with a type III ICD, 
the sizes were approximately 2.9, 2.2, and 1.5 kB (Fig. S2A). 
We obtained full-length cDNA evidence for 8 annotated 
WC1 genes using Sanger sequencing (Fig. S2B-I) and partial 
sequence for 4 more WC1 sequences using PacBio sequenc-
ing. In one instance, a gene in the ARS1 assembly that had 
only a single a1 domain was found in a cDNA that repre-
sented the entire gene. The cDNA sequences provided evi-
dence for 12 annotated genes; however, not all WC1 genes 
could be confirmed probably due to a lack of expression or 

low-level expression in the specific PBMC samples. While 
this does not occur in cattle (Chen et al. 2012), we cannot 
rule out polymorphism in gene number among goats.

Detection of WC1 ICDs and their splice variants

We have previously identified three types of WC1 ICDs in cattle; 
however, no splice variants were identified (Chen et al. 2012; 
Herzig and Baldwin 2009). The cDNA sequencing from Boer 
goats detected similar ICD types and sequences to those in cat-
tle and unexpectedly discovered that splice variants occurred 
in the ICD. Studies in cattle have identified key tyrosines in the 
ICD that get phosphorylated during γδ T cell activation and 
di-leucines that also play a role in signaling by regulating endo-
cytosis of WC1 (Chen et al. 2014; Hsu et al. 2015a; Wang et al. 
2009a). Thus, we examined the sequence of the splice variants 
to determine the effect of alternative splicing on maintenance of 
these key features of the ICDs.

Using primers specific for the ICD 5′ and 3′ ends, eight dif-
ferent primer combinations were evaluated, four of which pro-
duced the expected amplicon size (Fig. 6A). PCR resulted in 
amplicons that included those of approximately 450, 400, 320, 
and 250 bp for type I/II ICDs while for type III ICDs the band 
sizes included ones that were approximately 636, 480, 330,  
and 300 bp (Fig. 6A). Sequencing of these amplicons revealed 

Fig. 4  (continued)
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that type II ICD had at least two splice variants missing 1 or 2 
exons (Fig. 6B, C; Table 2 for GenBank numbers). Both of those 
splice variants had similar amino acid sequences, but they are 
different from the full construct and therefore might be coded for 
by a different gene. One of these splice variants was missing the 
YEEL motif, and it is this tyrosine (Y24) that is phosphorylated 
normally, and one was missing the serine and di-leucine also 

involved in maintenance of signaling (Hsu et al. 2015a). Type 
III ICDs had at least 4 splice variants missing 1, 2, or 3 exons 
(Fig. 6B, C). All of them had the motif YDDV in exon 6 that 
gets phosphorylated in this type of ICD (Y199), and one was 
missing the di-leucine needed for endocytosis. In conclusion, the 
splice variants of the ICD are novel relative to what is known in 
cattle and may affect signaling in some cases.

Fig. 5  Relationship of SRCR signature domains among goat breeds 
and with cattle using the deduced amino acid sequences. San Cle-
mente and Yunnan goat WC1 a1 domain sequences obtained by 
genome annotation of ARS1 and CHIR2.0 were compared by A an 
alignment and B a phylogenetic tree. This included the 32 San Cle-
mente and 17 Yunnan a1 domain sequences and the single San Cle-
mente d1 domain sequence. San Clemente and goat WC1 a1 domain 
sequences obtained by genome annotation of ARS1 or PCR ampli-
fication of gDNA of Boer goats, respectively, were compared by 
C an alignment and D a phylogenetic tree for the 32 San Clemente 
and 32 Boer goat a1 domain sequences and the single San Clem-
ente d1 domain sequence. All 40 individual goat WC1 a1 domain 
sequences found (San Clemente and Boer goats) were compared to 
the 13 known bovine WC1 a1 sequences by E an alignment and F a 
phylogenetic tree. Gene structures from which the a1 domains were 

derived are indicated as i–vii, and whether the a1 domains are WC1.1 
or WC1.2 types are indicated on the trees. For some genes, a com-
plete sequence was not available (SCgoatWC1-17, SCgoatWC1-19, 
SCgoatWC1-20 and SCgoatWC1-22 and BRgoatWC1-8, 
BRgoatWC1-21, BRgoatWC1-26, BRgoatWC1-47, BRgoatWC1-56, 
BRgoatWC1-64, BRgoatWC1-77, BRgoatWC1-96, BRgoatWC1-99, 
and BRgoatWC1-100) and thus their gene structures are unknown but 
are grouped according to a1 domain sequence similarity with genes 
with known gene structures. The nature of the a1 domain sequences 
is indicated as WC1.1, WC1.2, or unique along with the gene struc-
tures of genes whose full-length sequence was known. Identities are 
indicated by dots, gaps resulting from the alignment are indicated by 
tildes, and gaps resulting from lack of genomic sequence are indi-
cated by dashes. Abbreviations: San Clemente (SC), Yunnan (YN), 
and Boer (BR) goats
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Discussion

WC1 molecules are important as both co-receptors and PRR 
for host immune responses (Hsu et al. 2015b), so annotation 
of these genes in reference genome assemblies is important 
for the study of immune responses in goats. We described 
the caprine WC1 gene numbers and structures and annotated 
them on both the ARS1 and CHIR goat genome assemblies. 
We report RNA-based data to support the annotation and 
identify alternative splicing of ICD. We used the data to 
compare and contrast WC1 loci of goats and cattle, noting 
that both species possess a multigenic array of these genes, 
consistent with our initial hypothesis. The number of WC1 
genes was higher in goat, with 17 complete and 13 partial 
genes annotated and one additional complete sequence from 
cDNA only. There was also 30 a1 or d1 domains identified 
by the various methods, suggesting the gene number in goats 
could be as high as this. Thus, within the goat locus, we 
identified many more SRCR domains than the 138 domains 
identified in cattle, suggesting a higher diversity of potential 
pathogen binding. We did not expect to find such differ-
ences given the similarity of the T cell receptor gamma locus 
between the two species. However, there are three caveats 
to concluding there are 30 WC1 genes. First, because the 

Boer goat sequences were based only on PCR evidence, it is 
possible they represent allelic variations relative to the San 
Clemente goat although their placement in the phylogenetic 
tree (Fig. 5D) would suggest this is not the case. Second, the 
a1 sequences may not be associated with complete genes 
or may be pseudogenes. Third, the amplification of Boer 
goat a1 domains was not necessarily comprehensive and 
thus additional unique sequences not found in the genome 
annotations or by PCR may exist.

Although the gene number is more than that of cattle (Chen 
et al. 2012; Herzig and Baldwin 2009) and not all annotations 
represented a complete coding sequence, the 17 goat complete 
WC1 genes obtained (16 annotated and 1 cDNA) shared a 
high degree of exon–intron structure identity with bovine WC1 
genes although 4 structures were unique to goats. The Yun-
nan CHIR2.0 assembly was less complete, but it agreed with 
the San Clemente genome assembly with regard to the gene 
structures including the most unusual structure that had 13 
SRCR “a” patterned domains in tandem. Also, the Yunnan and 
San Clemente goat WC1 “a” domains’ deduced amino acid 
sequences had an average identity of 99.4% identity. The WC1 
cDNA sequences from Boer goats indicated that the ARS1 
genome assembly of San Clemente goats is generally correct 
although there are many gaps. However, the identification of 

Fig. 5  (continued)
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one transcript not fully encoded in either genome assembly 
(this gene being represented only by an orphan a1 domain in 
the San Clemente assembly) suggests that the assembly might 
be incomplete or that intra-species variation might extend to 
copy number variation at this locus. Thus, other partial genes 
including those with only a single a1 domain represented in 
the assembled genome may in fact be part of a complete gene 
that was missed in the sequencing and/or assembly. While we 
made additional efforts to produce more cDNA evidence for 
the annotated WC1 genes by designing a variety of primer 
combinations, we were unable to obtain cDNA evidence for 
all annotated genes or the orphan a1 domains. Those WC1 
genes for which we could obtain no cDNA evidence might 
suggest their lower representation in the transcriptome or their 
absence in this individual, although in cattle, transcripts for 
all WC1 genes were found in both newborn calves and their 
dams (Damani-Yokota et al. 2018a) and clear evidence of poly-
morphism regarding gene numbers was not found (Chen et al. 
2012).

Different  WC1+ γδ T cell subpopulations produce 
cytokines and proliferate in response to different patho-
gens in cattle. For instance, among the 13 annotated bovine 

WC1 genes, BtWC1-3+ (aka WC1.1+) cells proliferate to 
the γδ T cell antigens of Leptospira and produce IFN-γ 
whereas BtWC1-4+ (aka WC1.2+) cells proliferate to the 
γδ T cell antigens of Anaplasma marginale (Lahmers et al. 
2006, 2005). If specific WC1 gene expression determines 
responses to specific pathogens, then having a larger num-
ber of WC1 genes, and consequently a larger diversity of 
expressed SRCR domains, might increase the range of γδ 
T cells responding to more pathogens. We found the SRCR 
a1 domains are highly conserved among goat breeds as they 
are among cattle breeds (Chen et al. 2012). WC1 conserva-
tion may suggest that most goat infectious diseases poten-
tially threaten all breeds of goats with variations in degree of 
severity, and thus, these genes are conserved through evolu-
tion as are Toll-like receptors. Conservation was lower when 
comparing bovine and caprine WC1 a1 domains; however, 
six bovine a1 domains (BtWC1-10, BtWC1-11, BtWC1-
12, BtWC1-4, BtWC1-7, BtWC1-9) clustered more closely 
between the species than with other a1 sequences within a 
species. These similarities and differences may be due to the 
shared pathogens affecting both cattle and goats and unique 
pathogens affecting only goats. For example, the bovine 

Fig. 5  (continued)
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WC1 a1 domain that binds M. paratuberculosis (J. Telfer, 
unpublished data) differs by only 5.5% (17/310 nucleotide 
sequences) with SCgoatWC1-8. It is known that both spe-
cies may be infected with M. paratuberculosis (for review 
see Baldwin et al. 2019a). Determining which WC1 domains 
bind a particular pathogen would be necessary before devel-
oping reagents that stimulate particular γδ T cells as part of 
future vaccine constructs.

The four goat WC1 genes with structures that do not 
occur in cattle also might be important for stimulating 
responses to pathogens that only affect goats. Two of 
these unique structures are distinguished by higher num-
bers of SRCR domains. The presence of 13 “a” patterned 
SRCR domains in one WC1 molecule might suggest their 
contribution to binding a particular repeating ligand on a 
pathogen. Alternatively, it might suggest that this WC1 
molecule uses some of these domains to interact with dif-
ferent types of ligands of the pathogen since there was 
lower sequence identity among some of the repeated “a” 
domains. Similarly, the presence of 3 cassettes of the 
SRCR b-d domains in another unique caprine WC1 mol-
ecule might suggest that certain pathogens require binding 
by a greater number of homologous SRCR domains, such 
as the three “b” domains present or all six “d” domains 

present. The other two unique goat WC1 gene structures 
have features found in swine WC1 genes. The presence of 
an SRCR d1 domain on its distal part as occurs for some 
pig WC1 genes (unpublished data, L. LePage and J.C. 
Telfer) suggested that this gene might be used to protect 
against pathogens that affect both swine and goats since 
feral swine can carry and transmit nearly 80% of the dis-
eases of concern for sheep and goats (https:// www. aphis. 
usda. gov/ publi catio ns/ wildl ife_ damage/ fs- disea se- risk- 
sheep- goat. pdf). The presence of 6 SRCR domains with 
a type I ICD is also a unique gene structure in ruminants 
even though swine WC1 genes only code for molecules 
with 6 SRCR domains (Kanan et al. 1997). However, we 
found that the ICD in goats was shorter than that in pigs. 
Type I ICD’s have less phosphorylation and result in less 
cytokine production by cells expressing them than, for 
example, a bovine type III ICD (Chen et al. 2014).

Tyrosine and serine phosphorylation of bovine ICDs has 
been shown to be essential for activation and endocytosis 
of WC1 molecules, with the latter perhaps serving as one 
mechanism to limit activation (Hsu et al. 2015a). The tyros-
ine kinase phosphorylation motifs in bovine ICDs that can 
induce signaling differ in their locations in type I and II 
ICDs compared to type III ICDs. The functional tyrosines 

Table 4  cDNA evidence for the annotated San Clemente assembly WC1 gene sequences

-, no cDNA sequence available for this gene

Annotated gene name: 
SCgoatWC1-#

Goat cDNA sequences obtained by

Sanger sequencing PacBio sequencing

No sequences obtained 
for:

% of sequence identity Sequences obtained for: % of sequence identity

1 c8, d6 96.6 SS-c3, d’-ICD 98
2 b7, c8 97.9 SS-c3, d’-ICD 98
3 - - - -
4 c8, ID3, ICD4 92 - -
6 - - - -
7 - - - -
8 - - SS-c3, d’-ICD 99
9 C3 98.83 SS-c3, d’-ICD 99
10 - - SS-c3, d’-ICD 98
11 - - SS-c3, d’-ICD 99
13 ID1 90.4 SS-c3, d’-ICD 99
14 - - SS-c3, d’-ICD 98
15 B2-e10 88 SS-c3, d’-ICD 98
16 - - - -
17 - - - -
19 - - - -
20 - - - -
22 d4-tail 100 for a1domain SS-c3 100 for a1domain
23 Complete 100 for a1domain SS-c3 100 for a1domain
30 - - - -
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that get phosphorylated in goats have not been identified, but 
the tyrosines for type II ICDs are Y15, Y24, Y29, Y68, and 
Y131 and for type III ICDs are Y23, Y56, Y84, Y116, Y133, 
Y168, and Y199. The tyrosine phosphorylation site for type 
II ICDs in cattle is Y24, coded for in exon 2, and for type III 
ICDs are Y56 and Y199, coded for in exon 3 and 6, respec-
tively (Chen et al. 2014). It would be tempting to speculate, 
based on the conservation of the residues between species, 
that these same tyrosines are phosphorylated in goats. How-
ever, we found goats have ICD splice variants unlike in cat-
tle. One of the type II ICD splice variant transcripts had a 
missing second exon in which the functional tyrosine for 
phosphorylation is located and suggests no phosphorylation 
would occur although the splice variant might phosphoryl-
ate alternative tyrosines. Similarly, one of the type III ICD 
splice variants was missing its third exon in which one of 
the tyrosines for phosphorylation is located. In this case, the 
gene might use Y199 but the response might be lower or 
unlike that in cattle. In general, goat ICDs might use other 
tyrosines at different locations but this is unlikely unless the 
principal one is spliced out. Evaluation of the presence or 

the absence of the last ICD exon spliced out would require 
an approach not limited by the use of amplification by prim-
ers located in the last exon of the ICD as done here. Moreo-
ver, an ICD signaling assay needs to be done to evaluate the 
signaling responses of ICD splice variants relative to the 
ICD full construct.

To conclude, we identified 22 potential WC1 genes in 
goats from genome annotation of a1 and d1 domains and 
found evidence for an additional 8 a1 sequences obtained 
by PCR of goat genomic DNA. These latter a1 sequences 
may represent additional genes based on their lack of simi-
larity to the annotated sequences or represent allelic varia-
tion. If each a1 or d1 connotes a WC1 gene, then this gene 
number is more than twice that of cattle, but even consider-
ing only those genes with full-length sequence, there were 
17 identified which is more than in cattle. Goats have 4 
unique exon–intron structures in addition to the three clas-
sical structures of WC1 genes in cattle. We provided cDNA 
evidence for 12 of the WC1 genes annotated on the ARS1 
assembly, although the identification of a complete transcript 
in the Boer goat did not correspond to a complete gene in 

Fig. 6  WC1 ICD splice variants. A Agarose gel of amplicons of the 
cDNA for ICD are shown. ICD cDNA are < 700  bp, and thus, only 
the part of the gel showing that range of amplicons is shown. Primer 
pairs used to amplify ICDs and their splice variants are indicated, and 
the samples of products that were excised and sequenced are indi-
cated as those that are type I or II ICDs (single asterisk; lanes 3 and 
7) or type III (double asterisks, lanes 4 and 8). B ICD deduced amino 
acid sequences of the Boer goat from cDNA sequences were aligned 

and identities are indicated by dots, gaps resulting from the align-
ment are indicated by tildes, and gaps resulting from lack of genomic 
sequence are indicated by dashes. Endodomain exons are indicated as 
“ICD Ex 1 to Ex 6.” C The eight ICD cDNA structures predicted by 
the sequencing of products are shown; variable numbers of exons are 
illustrated with tyrosines, serine, and di-leucines (lined up under the 
appropriate exon in which they are found) which have been evaluated 
for function in bovine WC1 ICDs
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the assembly. While our data indicates that the WC1 locus 
in the San Clemente assembly is incomplete, there may also 
be gene number variation in the locus among goat breeds. 
Finally, we found that goats, unlike cattle, have splice vari-
ants of ICDs, perhaps suggesting a difference in signaling 
initiation or sustainability following responses to some path-
ogens. In summary, this work showed goat WC1 genes have 
unique features relative to cattle and this finding may impact 
research on next-generation vaccines designed to stimulate 
subpopulations of γδ T cells through WC1 ligand binding 
that augments the TCR signal.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00251- 022- 01254-9.
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