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Introduction 

γδ T lymphocytes along with αβ T lymphocytes act co-operatively in all vertebrate 

species to induce the protective immune reactions against various antigens from the inside and 

outside the body1. γδ T cells constitute a small proportion in blood, but they are spreading more 

widely within the epithelial tissue such as skin, intestine and reproductive organs. γδ T cells 

develop in the thymus ahead of αβ T cells in most species, suggesting their unique contribution in 

the immune system. Their development and selection mechanisms are not yet well defined as αβ 

T cells, although they originate from a common thymic progenitor2. γδ T cells are characterized 

by the expression of heterodimeric γδ T cell receptor (TCR) in a tissue restricted pattern1,2, that is 

formed by recombination of the sequence elements; variable (V), diversity (D; for δ chains) and 

junctional (J) forming γ and δ loci responsible for the TCR diversity. This expression pattern is 

extensively defined in mice and humans, but in contrary cows lack this highly restricted TCR 

expression pattern as a result of the presence of more V(D)J cassettes for the γδ TCR 

rearrangement1. The nomenclature of the γδ TCR is designed according to the number of the Vγ 

and the Vδ segment usage in the TCR rearrangement3. The restricted expression of γδ TCR 

reflects the specificity of the antigen recognition repertoires in different tissues4,5. γδ T cells 

express both monoclonal and oligoclonal γδ TCR, which is characterized by greater potential 

diversity because of their capacity to use multiple copies of D elements and the junctional 

diversity generated by the V(D)J recombination1,2. 

γδ T cells antigen recognition manner differs from αβ T cells, where αβ T cells are limited 

to recognize the peptide antigens via the major histocompitability complexes (MHC), γδ T cells 

depend on the conformational shape of the intact protein and non-protein antigens for their 

recognition. γδ T cells carry out various functions including the secretion of IFN-γ6, induction of 

cytotoxicity against tumor cells7,8, production of multiple growth factors contributing to the 

process of wound healing9 and antigen presentation10. Moreover, the localization of γδ T cells in 

the epithelial tissue presented as interepithelial lymphocytes (IELs) supports the barrier function. 

The γδ IELs maintain homeostasis of epithelial tissues through direct association with self 

antigens expressed by epithelial cells in an “activated-yet-resting” phenotype11. γδT cells are 



4!
!

"innate like lymphocytes" representing a cross-talk between the adaptive and innate immunity. 

With the usage of monoclonal and oligoclonal receptors which act as antigen recognition pattern 

receptors, they recognize several antigens such as phosphoantigens, nonclassical MHC- 

molecules and unprocessed proteins. They also perform their immunological functions in reaction 

with the other adaptive immune cells12,13. γδ T cells respond to tissue stress like injuries, 

cancerous transformation or inflammation within hours, not only through the binding of γδ TCRs 

and their yet unknown ligands, but also through other co-stimulators such as the engagement 

between the activating receptor; natural killer group 2 member D (NKG2D) and its ligand 

NKG2DL14,15. γδ T IEL function locally by binding to the self-antigens expressed in the residing 

epithelial tissue and systemically by their strong interaction with the lymphocyte network 

surrounding them16. These reactions are induced by chemokine production to attract B cells, 

direct interaction with the dendritic cells (DC) and antigen presentation to the αβ T cells13 (Figure 

1). 

Many properties of γδ T cells were elucidated by investigating the γδ IELs residing in 

mouse skin known as dendritic epidermal T cells (DETCs)17. These cells were found to play a 

key role in epidermal homeostasis, skin tumor surveillance and wound repair mainly in the 

regulation by the epidermal stress ligands binding to their invariant γδ TCR18,19. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 1: Mouse γδT cells! lymphoid stress-surveillance:! AHR, aryl hydrocarbon receptor; 

CAR, coxsackievirus and adenovirus receptor; IFNγ, interferon-γ; IL, interleukin; JAML, 
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junctional adhesion molecule-like; TCR, T cell receptor. This figure is taken from Vantourout et 

al., 2013. Nature.  

 

Denderetic epidermal T cells (DETC): 

DETCs are the specialized epidermal murine γδ IEL expressing monomorphic Vγ5Vδ1 

TCR and forming about 95% of epidermal T cell repertoire. The monomorphic DETC TCR binds 

to an unknown steady state ligand expressed by keratinocytes20, in addition it recognizes a 

limited set of “stress antigens” induced on the surface  of dysregulated skin epithelial cells. After 

DETCs respond to the epithelial cell changes, they come in a direct contact with Langerhans cells 

to contribute to the systemic immune response21-23. 

γδ TCR–deficient (Tcrd–/–) mice are susceptible to carcinogenesis, impaired wound 

healing and skin diseases24,25, despite the presence of intraepithelial T lymphocytes expressing αβ 

TCRs. Likewise, the human epidermal resident γδ T cells contribute in the process of acute 

wound healing, although human epidermis is not identified to have equivalent skin γδ IEL 

population of limited diversity26. DETC is the first wave of γδ T cells to be positively selected in 

the fetal thymus from embryonic day 14.5 to day 18.5 of gestation, then migrate to the suprabasal 

epidermis27,28. It is believed that DETCs proliferate in situ and selectively expand after homing to 

the skin in response to the keratinocytes, which propose existing of a keratinocyte ligand 

recognizes the invariant DETC TCR and enhance their expansion29. 

 

Selection and development of DETC: 

The development and the acquisition of the invariant TCR repertoire of DETC are mainly 

supported by thymic selection. Many studies addressed normal DETC development in mice 

expressing transgenic γδ TCR suggesting the independence of DETC development on expression 

of Vγ5 or Vδ128. On the other hand, DETC maturation was found to be retained by specific 

antibody mediating Vγ5Vδ1 TCR ligation using fetal thymocyte cell suspension of the FVB mice 

strains (FVB/N-Tac) which is known to be deficient in the canonical mature DETC, this 

phenomenon is attributed to the lack of the thymic maturation as a result of the inactivation of 

selection and upkeep of intraepithelial T-cells protein 1 (Skint1). This strongly suggests the 

essential role of Vγ5Vδ1TCR-Skint1 interaction for selection and development of the invariant 
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DETC in mouse skin. Up to date there is no evidence available whether Skint1 directly or 

indirectly engages with DETC TCR. 

 

Skint1 gene 

Skint1 gene is the first identified natural component of the selection machinery for a 

specific IEL compartment. Skint1 is expressed exclusively in the thymic epithelium and 

keratinocytes at embryonic day 15 and continue to adulthood30,31. Skint1 is a membrane 

immunoglobulin protein made up of eight modular exons coding for seven domains; a signal 

peptide (SP), immunoglobulin variable (IgV) domain, an Ig constant (IgC) domain, three 

transmembrane domains (TMD) and short cytoplasmic domain, each exon expresses one domain 

(Figure 2)31. Skint1 gene duplicated in mice and gave multiple paralogs forming Skint gene 

family which is composed of 3 subfamilies (Skint1-6), (Skint7,8) and (Skint9-11)32,33. 

It is found that in FVB/N-Tac mice, epidermis harbors T cells expressing diverse γδ TCR 

in a comparable number to the authentic DETC in the other mouse strains. Moreover, the γδ and 

αβ T cell repertoires maturation in the other organs appear to be normal, which indicates the 

exclusive effect of Skint1 gene to DETC without any impact on the rest of lymphocytic 

repertoires34. Skint1 gene is necessary for the functional programming of DETC to be either IFN-

γ or IL-17 secreting cells, this is determined in the DETC ontogeny depending on the strength of 

the Skint1 signal which enhances the downstream pathway to produce those cytokines35. 
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Figure 2: Mouse Skint1 
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Skint1 gene evolution: 

Skint1 gene has been known to be highly evolved from rodents to humans. Rat and cow 

Skint1 have identical organization and protein topology to mice Skint1. Previous work revealed 

that humans and chimpanzee have inactive Skint1 gene with multiple in-frame premature 

termination codons31. Consistent with this, human epidermis lacks the comparable number of the 

conservative population of γδ T cells found in mice36-38. Previous studies reported that Skint1 

gene duplicated in mice, but this duplication was lost within the primate lineage31,32. All these 

previous observations we mentioned above suggested that Skint1 underwent multiple 

evolutionary events, though the information available about the evolution of Skint1 in mammals 

remained limited. This led us to determine at which stage in the mammalian phylogeny Skint1 

lost its function and concomitantly the invariant DETCs were lost. 

In the present study, for the sake of consistency in nomenclature of the Skint family genes, 

we called Skint1 gene of all mammalian species other than mice SKINT1L, we took an 

evolutionary approach to analyze SKINT1L sequences in the representative mammalian species. 

The bioinformatics analysis of primate SKINT1L sequences revealed that the inactivation of 

SKINT1L took place in the hominoid lineage and that Old World monkeys (OWM) such as olive 

baboons, green monkeys, cynomolgus macaques and rhesus macaques retain intact SKINT1L 

genes. As a representative of OWM, the cynomolgus macaques were chosen and we found that 

their epidermis contained skin-resident γδ T cells expressing an invariant TCR. Comprehensive 

analysis of available mammalian genome sequences indicated that SKINTL family members 

emerged in an ancestor of placental mammals, but SKINT1L was inactivated or lost multiple 

times in mammalian evolution, suggesting that DETCs expressing an invariant TCR were lost in 

many mammalian orders. 
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Abbreviations List 

Ab 

Cγ 

Der 

Epi 

IgC 

IL 

IgV 

Jγ 

mg, ml 

MHC 

NKG2D(L) 

NWM 

OMW 

PCR 

RACE 

RT 

RPMI 

SKINT 

Antibody 

TCR γ chain constant segment 

Dermis 

Epidermis 

Immunoglobulin constant domain 

Interleukin 

Immunoglobulin variable domain 

TCR γ chain joining segment 

milligram, milliliter 

Major histocompatibility complex 

Natural killer group 2 member D (ligand) 

New World Monkey 

Old World Monkeys 

Polymerase chain reaction 

Rapid amplification of cDNA ends 

Reverse transcriptase 

Endothelial cell Basal Medium 

Selection and upkeep of intraepithelial T-cells protein 

Tac!

TCR 

Taconic!

T cell receptor 
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Th22 

TMD 

T helper 22 

Transmemberane domain 

Vγ 

Vδ 

γδ T cells 

TCR γ chain variable segment 

TCR δ chain variable segment 

Gamma delta T cells 
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Materials and Methods 

 

Animal samples 

Tissue samples were obtained from cynomolgus macaques also known as crab-eating 

macaques (Macaca fascicularis) maintained at Shiga University of Medical Science. Skin tissues 

were excised from the back or palm of adult macaques after euthanasia. All organ samples were 

obtained from adult female macaques except for the thymus that was biopsied from a 100-day-

old male embryo. All animal experiments were conducted according to the Guidelines for the 

Care and Use of Laboratory Animals at Shiga University of Medical Science and Hokkaido 

University Graduate School of Medicine. 

 

Database analyses 

Ensembl and NCBI databases were searched using human SKINT1L nucleotide 

(NR_026749.2) and mouse SKINT1 protein (NP_001096132.1) sequences as queries. Non-

human primate species subjected to analysis were bushbaby (Otolemur garnettii), chimpanzee 

(Pan troglodytes), common baboon (Papio hamadryas), cynomolgus macaque, gibbon 

(Nomascus leucogenys), gorilla (Gorilla gorilla gorilla), green monkey (Chlorocebus sabaeus), 

marmoset (Callithrix jacchus), mouse lemur (Microcebus murinus), olive baboon (Papio anubis), 

orangutan (Pongo abelii), rhesus macaque (Macaca mulatta), squirrel monkey (Saimiri 

boliviensis), tarsier (Tarsius syrichta). Protein domains were predicted using the SMART server 

(http://smart.embl-heidelberg.de/smart/set_mode.cgi). Signal peptides were predicted using the 

SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/). 

 

 

Phylogenetic analysis 

Amino acid sequences were aligned using the Clustal Omega program39 with default 

parameters. The tree was constructed using the neighbor-joining algorithm implemented in the 

MEGA version 6.0 software40. The distance matrix was obtained by calculating p-distances for 
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all pairs of sequences. Gaps were excluded using the pairwise-deletion option. The reliability of 

branching patterns was assessed by bootstrap analysis (1,000 replications). 

 

Isolation of cDNAs coding for cynomolgus macaque SKINT1L and expression analysis of 

cynomolgus macaque SKINT1L and TCR Vγ/Vδ gene segments 

After RNA extraction from cynomolgus macaque organs including thymus, kidney, heart, 

liver, lung, bladder, uterus, skin and epidermal lymphocytes using the RNeasy mini Kit (Qiagen 

GmbH, Hilden, Germany), following the instructions of the manufacturer, the purified RNA was 

then treated with RNase free-DNase (Invitrogen, Camarillo, CA) and converted to cDNA using 

SuperScript III RT polymerase (Invitrogen), For isolation of SKINT1L, cDNA was amplified 

from skin by 3'-rapid amplification of cDNA ends (RACE) using high fidelity polymerase chain 

reaction (PCR) polymerase KOD -Plus- (Toyobo, Osaka, Japan). The sequences of gene-specific 

primers, which were designed based on the genomic sequences retrieved from the NCBI database, 

were 5'-TTTGGTGTCACCTGGCTCAA-3' for the first round of PCR and 5'-

TGGGACCATCTAGTTGCAGGAA-3' for nested PCR. PCR products were cloned into the 

pGEM-T easy vector (Promega, Madison, WI), and multiple clones were sequenced using an 

automated sequencer. The cDNA from epidermal lymphocytes was used as a template to amplify 

cynomolgus macaque TCR Vγ/Vδ gene segments. Specific primers for each segment were used 

for amplification. Primers are listed in Table 1. 
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Table 1:  Primers used for analyzing Vγ/Vδ gene usage* 

 

Primer Sequence 

Cγ reverse 5'-TGACTTTTCTGGCACCGTTA-3' 

Vγ1 forward 5'-AGCACAAGGAAGAGCTGGAAT-3' 

Vγ2 forward 5'- ATACACGCAAGGTGGAGT -3'  

Vγ3 forward 5'-TTGTTGGGTGGCACCTGAGT-3' 

Vγ2/4 forward 5'-GATAGTTATGGAAGCACAAGGAACA-3' 

Vγ9 forward 5'-CCTGCAGACATGCTGTCACT-3' 

Vγ10 forward 5'-ATTCGCCTTCTCGTCCTTCT-3' 

Vδ1 forward 5'-GTGGCCCAGAAGGTTACTCA-3' 

Vδ1 reverse 5'-GGAGCTAGCTGCTTTCTGGA-3' 

Vδ2 forward 5'-CTGTTGAGTTGGTGCCTGAA-3' 

Vδ2 reverse 5'-CACCTTGGAAATTGTCCTTGA-3' 

Vδ3 forward 5'-TTTCTACAGGGCAATGCTGT-3' 

Vδ3 reverse 5'-GCTTCACAGAAAACCGTCCT-3' 

Forward primer around the intronic 

sequence 

5'-CAGATACTTTGTTGTTATGAATCTCCT-3' 

Reverse primer around the intronic 

sequence 

5'ACCCAGTGCAGCCAAGACT-3' 

    !
* Vγ gene usage was evaluated using Vγ/Cγ primer pairs whereas Vδ gene usage was evaluated 

using pairs of primers designed within the Vδ gene segments. 
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Immunohistochemistry 

To detect crab eating macaque skin gamma delta T cell population, skin tissues were 

harvested and either embedded in paraffin after formalin fixation. 4 µm-thick paraffin sections 

were reacted with mouse anti-human TCR CγM1 monoclonal antibody (Ab) (γ3.20; Thermo 

Scientific, Waltham, MA) or (5A6.E91; Thermo Scientific, Waltham, MA) using an automatic 

stainer and visualized with 3,3'-diaminobenzidine. The sections were then counterstained with 

hematoxylin. For detecting CD3+ cells, rabbit anti-human CD3 polyclonal Ab (A0452; Dako, 

Glostrup, Denmark) was added for 1 h followed by incubation with Alexa Fluor 594-conjugated 

goat secondary Ab for 30 min at room temperature. The tissue sections were washed in PBS/T20 

(0.05 %) and then mounted with VECTASHIELD mounting medium (Vector Laboratories, 

Burlingame, CA). For double staining, the sections were stained first with mouse anti-human 

TCR CγM1 monoclonal Ab. After counterstaining and blocking with 10-2 goat serum for 1 h, 

they were stained with rabbit anti-human CD3 polyclonal Ab, and then mounted with 

VECTASHIELD mounting medium. Cynomolgus macaque skin serial sections were analyzed 

and Epidermal CD3+ γδ+ T cells were counted and their number was calculated per mm basement 

membrane using the ImageJ software (version 1.46r)41. The percentage of γδ TCR+ cells in 

CD3+ cells was scored in triplicate for each animal, and the data obtained from three animals 

were combined for statistical analysis. 

 

Isolation of epidermal lymphocytes from cynomolgus macaque skin 

To examine the gamma delta TCR expression in crab eating monkey epidermis, the 

epidermal lymphocytes were isolated as described42 with some modifications. Briefly, 

subcutaneous fat was removed from macaque skin tissues with a razor blade. They were then cut 

into strips, and the epidermis was separated and digested using 10 ml of RPMI 1640 containing 1 

mg/ml of collagenase and 1mg/ml of dispase II overnight at 37oC. Epidermal cell suspensions 

were filtered through a 70-µm pore nylon mesh (BD Biosciences) and centrifuged (300 g) for 20 

min at 4°C and then enriched for lymphocytes using Ficoll-Paque gradient medium. After 
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washing several times with PBS, cells were immediately frozen using liquid nitrogen for 

subsequent RNA extraction. 

 

Results 

SKINT1L is inactivated in hominoids but is apparently functional in OWMs 

Although it's been detected and highly duplicated within rodents, it has been reported that 

SKINT1L ortholog is pseudogenized by multiple stop codons within the human lineage31,32. To 

verify the existence and the status of SKINT1L within the primate lineages, we undertook an 

extensive search using the human SKINT1L protein as a query to recognize its orthologs in 

primate species ranging from prosimians to hominoids. This analysis, which involved human and 

15 non-human primate species for which genome information is available, showed that despite 

the inactivation of SKINT1L within the human linage, great apes (chimpanzees, gorillas and 

orangutans) and lesser apes (gibbons), it is structurally active in Old World Monkeys (OWM) 

such as olive baboons, green monkeys, cynomolgus macaques and rhesus macaques which have 

apparently intact SKINT1L sequences lacking the common stop codon located at the ninth 

residue of the IgV domain of apes. This stop codon was shared by all the hominoid sequences, 

suggesting that this mutation was responsible for the initial inactivation of the hominoid 

SKINT1L gene. Two mutations, one located between TMD1 and TMD2, and another located 

downstream of TMD2 leading to the elimination of TMD3, were shared by humans and great 

apes, but not by gibbons, suggesting that these mutations occurred in a common ancestor of 

humans and great apes. Prosimians such as bushbabies also have apparently intact SKINT1L 

sequences. 

Furthermore, in contrast to humans and great apes, the SKINT1L molecules of OWMs 

and prosimians have three TMDs similar to rodent SKINT1 molecules (Figure 3). Therefore, we 

conclude that the stop codon at the ninth residue of the IgV domain shared by all the hominoid 

species took place in a common hominoid ancestor after its separation from OWMs. Interestingly, 

we could not identify SKINT1L sequences in the genome sequences of common baboons, 

marmosets, squirrel monkeys or mouse lemurs. It is possible that we failed to identify SKINT1L 
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sequences in squirrel monkeys or mouse lemurs because their genomes have been sequenced only 

to low coverage. 

 

 

 

 

 

 

 

 

Figure 3: The exon-intron organization of hominoid SKINT1L was compared to that of 

mouse Skint1 and OWM SKINT1L. Exon-intron boundaries were predicted based on the 

consensus splice junction sequences and similarity of the deduced amino acid sequences to the 

mouse SKINT1 protein sequence. 

 

 

Cynomolgus macaques SKINT1L expression and it's splicing variants: 

To confirm the structure of OWM SKINT1L, we chose cynomolgus macaques as a 

representative of OWMs and two specific oligonucleotides complementary to 5' UTR of the 

predicted sequence of crab eating macaque (Macaca fascicularis) SKINT1L were used for its 

isolation from the skin tissue, then the whole sequence of SKINT1L was obtained by 3' RACE 

using skin cDNA as a template (accession number: AB974689). Cloning and sequence analysis 

revealed that, consistent with the predicted sequence by bioinformatics analysis, the crab eating 

macaque SKINT1L is structurally intact. Using the TMHMM program, we confirmed that it has 

exon-intron organization essentially identical to that of mouse and bovine SKINT1L genes. 

Macaque SKINT1L has seven exons encoding protein out of eight exons for signal peptide (SP), 

Ig-like domains (IgV and IgC), 3 transmembrane domains (TMD) with an extracellular N 

terminus and a short cytoplasmic C terminus. The alignment of Macaque SKINT1L mRNA shows 

a 77% (57% amino acids) and 93% (86% amino acids) match with mouse and human SKINT1L 

genes respectively over their entire length, with a comparable exon size between the three species. 

Regions with the greatest similarity are present within the predicted open reading frame of Ig-like 
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domains and those of less similarity lie between the predicted UTR's and TMD The cynomolgus 

macaque genome contains only a single copy of the SKINT1L gene. Furthermore, SKINT1L is 

showed a robust expression only in the thymus and skin, suggesting that it is the functional 

counterpart of mouse Skint1. 

Sequence analysis of macaque SKINT1L transcripts revealed that the SKINT1L gene 

undergoes alternative splicing; besides the major transcript, we detected two splicing variants 

(Figure 4): one variant encodes SKINT1L molecules with only two TMRs, expressed at a very 

low level compared with the major transcript, and another variant produces transcripts that 

cannot encode functional SKINT1L protein because of insertion mutation. Sequences of both 

splicing variants are shown in (Figure 5A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Schematic diagram for Crab eating macaque SKINT1L gene splicing variants 

The second splicing variant is unfunctional due to the formation of cryptic splicing site at 

38 base pairs immediately downstream of the original slice donor site in intron 3 which 

prevents this intronic sequence to be spliced out between exon 3 and exon 4. This insertion 

mutation makes a frame shift, which inactivates SKINT1L by omitting the SP (Figure 5A, B). 
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Figure 5: Sequence alignment of Cynomolgus macaque SKINT1L and its splicing variants. 

(A) Amino acid alignment of SKINT1L protein sequences of all detected splicing forms were 

aligned using the Clustal Omega program. Strictly and highly conserved residues are indicated 

in dark blue and light blue, respectively. The location of predicted domains is indicated on top of 

the sequences.  (B) The alternative splicing site of second splicing variant. The brackets show 

the intron-exon boundaries and the inserted intronic sequence lengh is 38 bp. 

 

Because the inserted intronic sequence is very small, the size of this transcript using 

primers for the entire SKINT1L sequence is indistinguishable from that of the major transcript. 

To examine the expression level of the second splicing variant, we just amplified the inserted 

sequence using primers flanking it. We found that this variant is expressed in an individually 

different level (corresponding to a higher band in Figure 6). 

 

 B!

B! Intron!3! Exon!4!

Intronic!insertion!

A!
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Figure 6: The SKINT1L second splicing variant expression: The SKINT1L second splicing 

variant expression in cynomolgus macaque skin was examined by reverse transcription PCR. 

Functional SKINT1L which doesn't have the intronic sequence is corresponding to the lower 

band and the unfunctional SKINT1L, containing the intronic sequence is represented in the 

upper band. 

 

DETC-like cells in the cynomolgus macaque skin 

 It has been verified that Skint1 is an essential component for development and homing of 

the canonical γδ TCR denderitic epidermal T cells (DETC) to the mouse epidermis31,43. To verify 

the functionality of cynomolgus macaque SKINT1L, we examined whether the resident T cell 

population of macaque skin contains invariant dendritic-shaped γδ T cells. Paraffin sections of 

the macaque skin were immunohistochemically stained with an Ab for human CD3, and this 

revealed that macaque skin harbors a high population of CD3+ cells with a highly dendritic 

morphology. On average, 4.2 ± 0.85 CD3+ cells were detected per mm of the basement 

membrane. When judged by double staining, we examined this population of CD3+ T cells using 

two antibody clones for human γδ TCR; clone 5A6.E91 which specifies for the human TCR-δ 

chain constant region and clone γ3.20 which specifies for the human TCR γ-chain constant region. 

Only clone γ3.20 could cross react with the crab eating monkey γδ T cells (Figure 7B, C) and 

stained approximately 41% of these CD3+ cells (1.7 ± 0.35 TCR γ-chain+ cells per mm of the 

basement membrane). 

 

The dendritic shape has been also detected with other CD3+γδ- T cells; this probably 

because the skin resident T lymphocytes put themselves into the cellular and extracellular matrix 

of the skin. We found also that, consistent with mouse DETC, the cynomolgus macaque DETC-

like cells reside in the basal and suprabasal layer of the epidermis (Figure 7A, B). 
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Figure 7: DETC-like cells in cynomolgus macaque populate the basal and suprabasal layer 

of the epidermis: Consistent with the mouse DETC (A), DETC-like cells in cynomolgus 

macaque populate the basal and suprabasal layer of the epidermis (B).  Paraffin sections of 

mouse skin were stained with antibody for Vγ5 TCR (A), and adult macaque skin sections were 

stained with cross-reacting antibodys for human γδ TCR (clone: γ3.20, (B), clone: 5A6.E91, (C)). 

Arrowheads indicate γδ TCR+ cells in macaque skin or and Vγ5+ T cells mouse. Epi, epidermis; 

Der, dermis. 

 

It's noteworthy that the presence of Skint1 is correlated with the presence of a restricted 

cutaneous T cell population30,31. To examine whether the CD3+ cells described above express an 

invariant TCR, we first analyzed the genomic organization of cynomolgus macaque TCR γ- 

and δ-chain loci. The organization of the cynomolgus macaque TCR γ- chain locus was very 

similar to that of the rhesus macaque TCR γ-chain locus44, and contained six functional Vγ gene 

segments located on chromosome 3: Vγ1, Vγ2, Vγ3, Vγ2/4, Vγ9 and Vγ10 (genes named 

according to ref44). On the other hand, the TCR δ-chain locus located on chromosome 7 

contained three Vδ gene segments: Vδ1, Vδ2 and Vδ3. The sequences of the functional Vγ and 

Vδ segments are shown in Figure 7 (A,B). 
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Figure 7 (A):cDNA sequences of the functional Vδ segments of Cynomolgus macaque. 
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Figure 7 (B): cDNA sequences of the functional Vγ segments of Cynomolgus macaque. 
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To determine Vγ/Vδ gene usage in cynomolgus macaque epidermal T cells, we 

prepared primers specific for each Vγ or Vδ gene segment. Reverse transcription PCR 

analysis using these primer pairs showed that macaque epidermal T cells predominantly 

express Vγ10Vδ1 TCR.  Because Vδ gene segments other than Vδ1-3 are used as Vα gene 

segments45, we amplified only Vδ1-3 gene segments. Interestingly, we found that as in 

human and mouse epidermis34,46, Vδ1 is preferentially expressed in the macaque epidermis. 

These results indicate that cynomolgus macaque epidermal γδ T cells express an invariant 

TCR, consistent with the existence of a structurally intact SKINT1L gene. The examination 

of the Vγ/Vδ expression in the whole skin revealed that there is expression of other Vγ and 

Vδ gene segments detected only at low levels. This suggested the different usage of Vγ/Vδ 

gene usage in cynomolgus macaque dermis. 

 

Evolution of the SKINT gene family in mammals 

Consistent with what has been observed previously31,32, SKINT1L went through 

different evolutionary events such as duplication within rodents and pseudogenization 

within primates. For a better understanding of the Skint1/SKINT1L gene family evolution, 

and more generally the entire SKINT gene family, an extensive screening using the mouse 

SKINT protein sequences as query was performed to identify the SKINT family members 

of representative mammals. A total of 47 species representing 22 orders, for which genome 

sequences are available, were subjected to analysis. As shown previously32, phylogenetic 

analysis using mouse SKINT members protein sequences as query and based on the 

available amino acid sequences including IgV and IgC domains indicates that the SKINT 

protein family falls into three major subfamilies: SKINT1, SKINT7 and SKINT9. SKINT2, 

3, 4, 5 and 6 proteins are the members of the SKINT1 subfamily; they all appear to have 

emerged by rodent-specific gene duplication from the Skint1 gene. Gene duplication is 

more extensive in mice than in rats, with mice having six and rats having three SKINT1 

subfamily members. SKINT8 protein is closely related to SKINT7 protein and seems to 

have emerged by duplication from the Skint7 gene in the mouse lineage. SKINT10 and 11 
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proteins are the members of the SKINT9 subfamily and appear to have emerged by rodent-

specific gene duplication. 

Mammals phylogenetic tree of SKINT family indicated that SKINT sequences 

were detected only in eutherian (placental mammals) and neither marsupials nor 

monotremes had SKINT-like sequences. Furthermore, we were unable to identify SKINT-

like sequences in non-mammalian species (data not shown). Therefore, the SKINT family 

has presumably emerged in a common ancestor of placental mammals. The distribution of 

SKINT subfamily proteins across mammalian orders indicates that an ancestor of placental 

mammals had at least SKINT1 and SKINT7 subfamily proteins and that a boreoeutherian 

ancestor had all three subfamily proteins. A striking feature of the SKINT family is that its 

members went through different evolutionary events in boreoeutheria. SKINT members 

were highly duplicated in rodents and also in small number of species including prosimians, 

golden moles and tree shrews with less copy number. Interestingly, SKINT family was lost 

or rendered nonfunctional in many mammalian orders. Indeed, some mammals such as 

carnivorans and NWMs appear to have lost the SKINT family in its entirety. 
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Discussion 

Up to date, no extensive study cleared SKINT1L gene evolution within mammals, 

although Skint1/SKINT1L gene is appeared to be highly evolved from rodents to human31,32. 

We provided here a direct evidence that all of the hominoids we have studied including 

humans, great apes and lesser apes have a single copy of SKINT1L gene which is 

inactivated by a common termination codon and inconsistent with that, SKINT1L gene in 

the Old World Monkeys (OWM) such as olive baboons, green monkeys, cynomolgus 

macaques and rhesus macaques is structurally active (Figure 1). We have chosen the 

cynomolgus macaque as a representative for the OWMs and found that, the mRNA of 

SKINT1L was expressed exclusively in the thymus and skin in a similar pattern to its mouse 

counterpart. We also found a high population of DETC-like cells residing the basal and 

suprabasal layers of the macaque epidermis and predominantly expressing Vγ10Vδ1 TCR. 

These observations indicate that the macaque epidermis contains authentic DETCs 

expressing γδ TCR of limited diversity and suggest that SKINT1L presumably has a role in 

homing of these cells in the OWM epidermis. Therefore, we conclude that SKINT1L gene 

has been inactivated in the hominoid ancestor after the radiation of the OWM and 

seemingly DETCs expressing an invariant TCR were lost in consequence. 

Interestingly, we showed here that SKINT1L is represented variably in the majority of 

primates from great apes to prosimians as structurally active in OWMs, inactivated in 

hominoids and lost completely in NWMs. Here, we noticed that NWMs genome of 

marmosets and squirrel monkeys does not have a SKINT1L gene sequence. Although the 

squirrel monkey genome has been sequenced only to low coverage, the marmoset genome 

is sequenced to high coverage. Thus, it seems likely that the SKINT1L gene was lost in 

marmosets. Our results demonstrated that SKINT1L gene is highly evolved even in the 

same group of species within primates, as in prosimian group, SKINT1L gene in bushbabies 

is structurally intact but is inactivated in tarsiers. Notably, The phylogeny of primates 

SKINT1L formed a clear cluster, however, some primates like the tarsier and the bushbaby 
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branched out of the primates with a low bootstrap confidence value. Taken together, we 

conclude that SKINT1Lwas lost at least twice in primate evolution, once by the gene 

elimination in some NWMs, and then by gene inactivation in some prosimians and 

hominoid ancestor. 

In mammals, by analyzing the phylogeny of SKINT1L protein, we showed by 

evidence that SKINT1L gene emerged in the common ancestor of placental mammals. Also, 

we presented that, phylogenetically all Skint1 family members in mice formed one cluster 

where they are closely related to each other more than to their orthologs which is most 

probably because the speciation of mice predates the duplication of their Skint1 gene what 

makes the number of skint1 gene paralogs in mice more than in rats, that made the other 

Skint1 paralogs act as a co-orthologs to a single-copy gene from the other species and do 

not represent the true ortholog. However, we confirmed here that the structural similarities 

and the cellular context in which the protein works can be used as a predictor to the 

functional orthology49-53. We observed that SKINT1L gene has the structural and the 

cellular context equivalent to mouse Skint1 gene and might have the same impact on DETC 

homing to the epidermis (Figure 1), suggesting that the cynomolgus macaque SKINT1L 

gene is the mouse Skint1 ortholog and this orthology will be most probably true for the 

SKINT1L genes in the other orders of mammals. We demonstrated also that despite the 

emergence of SKINT1L in the placental mammal ancestor, it is lost in some mammalian 

orders such as xenarthra and carnivora. Because we suggest the functional orthology of the 

other mammalian SKINT1L to mouse Skint1, we propose that the DETCs expressing 

invariant TCR emanated in the ancestor of mammals and lost in some mammalian orders 

concomitant to the loss of SKINT1L. Besides, in common with the presence of 5 splicing 

variants of mouse skint1, we showed that macaque SKINT1L gene has 2 splicing variants, 

one of them has only 2 TMD and the other one is inactive as a result of partial retention of 

intron 3 (Figure 6); both of these variants mRNA are expressed in all macaque individuals 

committed in our study. As reported before, the mouse Skint1/Skint2 domain swap 

chimeras and Skint1 constructs including only one TMD could not retain the Skint1 

function in the thymus, indicating that each Skint1 domain is not redundant54. Thus, we 
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assume that both of cynomolgus macaque splicing variants are non-functional because of 

their domain loss. 

Previous studies concluded that the cow epidermis expresses structurally intact 

SKINT1L gene with high level of γδ T cells (44% of epidermal CD3+ T cells) 

predominantly expressing Vγ3, Vγ7, Jγ5, Cγ5 and Vδ sequences belonging to the Vδ1 

family55-58. Likewise, in our study we presented that the macaque epidermis has a high 

number of predominant Vγ10Vδ1 DETC comparable to the number of the epidermal γδ+T 

cells found in cow, although the number of CD3+γδ+ T cells detected in our experiments 

retained as a minimal estimate due to lack of specific antibodies for the macaque CD3+γδ+ 

T cells. This result suggests that, while γδ T cells which form 95% of the mouse epidermal 

T cell population play a unique role in its skin immunosurveillance11,59,  they might 

contribute with the other T-cells in the macaque and cow for skin homeostasis. Therefore, 

what remained as unresolved puzzle is the immunological solution in the orders which lost 

or had inactivated SKINT1 gene. It is possible that species that lost functional SKINT1L 

have developed compensatory mechanisms for skin immunosurveillance. In humans which 

are all have non-functional SKINT1L molecules, CD1a molecules expressed by epidermal 

Langerhans cells play a crucial role for activation of Th22 cells for enhancing wound 

repair60. Because rodents with functional SKINT1L molecules lack CD1a molecules and 

humans without functional SKINT1L molecules have CD1a molecules, it was suggested 

that humans and mice have evolved different strategies for immune defense in the skin61.  

However, the presence of SKINT1L and that of CD1a are not always mutually exclusive; 

for example, cattle have both CD1a62 and SKINT1L (Figure 1). Therefore, some species 

may employ both CD1a-mediated and DETC-mediated defense strategies. Furthermore, 

animals without DETCs expressing an invariant TCR may have other compensatory 

mechanisms independent of CD1a. In this case, we shall not be able to observe a clear 

correlation between the absence of functional SKINT1L and the presence of CD1a. 

Butyrophilin (BTN) gene family belongs to the immunoglobulin subfamily of the 

transmembrane proteins and shares structural homology with SKINTL family members and 
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is considered as the most closely related family to Skint gene family, although the 

mammalian BTN gene emerged in the genome of the therian ancestor, then it underwent 

multiple duplication before the separation of the marsupials and eutherians32,63, we found 

that SKINTL appears to be emerged only in the eutherians, then, it went through different 

evolutionary events inside the boreoeutherians. According to that, SKINTL gene seems to 

be lost more than 2 times in the mammalian phylogeny. Indeed, only a limited number of 

species retain all of the three SKINTL gene subfamilies and some mammals such as 

carnivorans completely lost SKINTL gene family. These observations indicate that the 

members of the SKINT gene family are generally dispensable and that they evolve in a 

highly order-specific or species-specific manner. Functional characterization of SKINT7L 

and SKINT9L subfamilies might help us understand why they are lost in some mammalian 

orders and whether animals without SKINT7L or SKINT9L have any compensatory 

mechanisms. 
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Summary and Conclusion 

Skint1 gene is expressed specifically in mouse keratinocytes and thymic epithelial 

cells, suggesting an indispensable role for Skint1 in the selection machinery for Vγ5Vδ1 

DETC, which has an essential role in skin immunosurveillance. Phylogenetically, rodents 

have functional SKINT1 molecules, but humans and chimpanzees have a SKINT1-

like (SKINT1L) gene with multiple inactivating mutations, urging to determine at which 

stage in the mammalian phylogeny SKINT1L lost its function. 

 

In this study, we conclude that although SKINT1L is psuedogenized in the hominoid 

lineage, it is still structurally intact in the OWM and expressed exclusively in skin and 

thymus. Moreover, we demonstrated here that the epidermis of crab eating monkey 

contains a population of dendritic-shaped γδ T cells (DETC- like cells) expressing invariant 

Vγ10Vδ1 TCR. These observations indicate that the cynomolgus macaque SKINT1L is the 

functional orthology to the mouse skint1 gene.  

  

 By the extensive bioinformatic analysis of several mammalian species, we showed 

that SKINT family has been emerged in an ancestor of eutheria and lost or inactivated 

multiple times in the mammalian phylogeny which suggest a concomitant loss of the skin-

resident γδ T cells in the orders lacking SKINT1L.  
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