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human gd T cells with striking similarities

to MAIT cells. These cells dominate the

cord blood Vd2 population and

upregulate an effector-like program upon

antigen and IL-23 stimulation, providing a

potential mechanism by which cytotoxic

Vd2 cells may accumulate during

adolescence and adulthood.
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SUMMARY
Vd2+ T cells play a critical role in immunity to micro-organisms and cancer but exhibit substantial heteroge-
neity in humans. Here, we demonstrate that CD26 and CD94 define transcriptionally, phenotypically, and
functionally distinct Vd2+ T cell subsets. Despite distinct antigen specificities, CD26hiCD94lo Vd2+ cells exhibit
substantial similarities to CD26hi mucosal-associated invariant T (MAIT) cells, although CD26� Vd2+ cells
exhibit cytotoxic, effector-like profiles. At birth, the Vd2+Vg9+ population is dominated by CD26hiCD94lo cells;
during adolescence and adulthood, Vd2+ cells acquire CD94/NKG2A expression and the relative frequency of
the CD26hiCD94lo subset declines. Critically, exposure of the CD26hiCD94lo subset to phosphoantigen in the
context of interleukin-23 (IL-23) andCD26 engagement drives the acquisition of a cytotoxic program and con-
current loss of the MAIT cell-like phenotype. The ability to modulate the cytotoxic potential of CD26hiCD94lo

Vd2+ cells, combined with their adenosine-binding capacity, may make them ideal targets for immunothera-
peutic expansion and adoptive transfer.
INTRODUCTION

Gamma delta (gd) T cells are a diverse subset of unconventional

T cells that recognize non-peptide antigens presented by mole-

cules other than classical major histocompatibility complex

(MHC) proteins (Godfrey et al., 2015). Vd2 T cell receptor

(TCR)-expressing cells are the most abundant gd T cell subset

in human peripheral blood, due in large part to polyclonal expan-

sion of Vd2+Vg9+ cells that recognize phosphoantigens (Harly

et al., 2012). Vd2+ T cells are involved in immunity to a variety

of infections, including Mycobacterium tuberculosis (Qaqish

et al., 2017), Plasmodium spp (Jagannathan et al., 2017), and

HIV-1 (Li et al., 2013; Juno and Eriksson, 2019), as well as im-

mune surveillance against tumors (Lawand et al., 2017).

Many unconventional T cells share common characteristics,

including a blend of T cell and natural killer (NK) cell transcrip-
C
This is an open access article under the CC BY-N
tional programming that endows themwith innate-like functions.

In addition to expression of the transcription factor PLZF, iNKT

cells, MAIT cells, and Vd2+ T cells commonly express surface

markers, such as CD161, interleukin-18Ra (IL-18Ra), CCR6,

and CCR5. Despite similarities in MAIT and Vd2+ T cell pheno-

type, however, Vd2+ T cells also exhibit effector-like populations

expressing CD16, CX3CR1, CD57, andGzmB, none of which are

typical of MAIT cells (Provine et al., 2018; Ryan et al., 2016).

CD161 is proposed as a marker to identify cytokine-responsive

Vd2+ T cells (Provine et al., 2018; Fergusson et al., 2014), but a

substantial proportion of CD161� Vd2+ T cells respond to cyto-

kine stimulation (Provine et al., 2018), although CD161+ Vd1+

T cells do not respond to cytokine stimulation (Provine et al.,

2018), suggesting that the relationship between CD161 expres-

sion and cytokine responsiveness among gd T cells is not

absolute.
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Characterization of fetal and cord blood Vd2+Vg9+ cells sug-

gests that GzmB�IL-18Ra+ cells predominate at birth and that

cytotoxicity is acquired post-natally (Dimova et al., 2015).

Many questions remain, however, regarding the mechanisms

regulating the formation of cytotoxic Vd2+ T cells, as their fre-

quency is unrelated to immune senescence or phosphoantigen

exposure (Ryan et al., 2016). Studies have shown enrichment

of CCR6 and IL-18Ra expression within the CD28+CD27+

CD45RO+ Vd2+ T cell subset (Ryan et al., 2016), but it is unclear

how these subsets relate to the expression of CD161 or tran-

scriptional profiles associated with other PLZF+ unconventional

T cells. A better understanding of Vd2+ T cell heterogeneity

and differentiation will have important implications for the use

of these cells in gd T-cell-based immunotherapy, which to date

has exhibited sub-optimal efficacy in many patients (Hoeres

et al., 2018; Zhao et al., 2018; Pauza et al., 2018).

In addition to CD161,MAIT cells almost uniformly express high

levels of CD26 (Sharma et al., 2015; Gherardin et al., 2018; Dus-

seaux et al., 2011), a protein we previously found to correlate

with gd T cell cytokine responsiveness (Juno et al., 2017).

CD26 binds caveolin-1 (Ohnuma et al., 2004, 2007) to provide

co-stimulatory signals in combination with CD3/TCR triggering

(Dang et al., 1990; Hatano et al., 2014) and serves as a mem-

brane anchor for adenosine deaminase (ADA) (Kameoka et al.,

1993). Other markers associated withMAIT cell cytokine respon-

siveness include CD56 and CD94 (Dias et al., 2017). Notably,

CD94 is also associated with cytokine responsiveness by NK

cells (Yu et al., 2010) and can regulate T cell and NK cell function

via co-expression with the inhibitory receptor NKG2A or the acti-

vating receptor NKG2C (Lazetic et al., 1996).

In this study, we find that human CD26 and CD94 expression

patterns identify transcriptionally distinct Vd2+ T cell subsets that

differ in the expression of key transcriptional regulators and

define functional subsets independently of classical memory

markers. In particular, CD26hiCD94lo Vd2+ T cells exhibit

strong transcriptional, phenotypic, and functional similarities to

MAIT cells. Analysis of cord blood samples confirms that

CD26hiCD94lo Vd2+ T cells predominate at birth, and we find ev-

idence that the combination of antigen, IL-23 exposure, and

CD26 ligation can contribute to the generation of CD26� cyto-

toxic Vd2+ T cells in adults.

RESULTS

Expression of CD26 and CD94 Describes Stable
Phenotypes Related to Vd2+ T Cell Frequency
Given reports of CD26 and CD94 expression on MAIT cells, we

investigated the expression of these markers on Vd2+ T cells.

CD26 is expressed at varying density on Vd2+ T cells ex vivo, al-

lowing for discrimination of CD26hi, CD26+, and CD26� cells

(Figure 1A). Similarly, CD94 is expressed on a substantial pro-

portion of Vd2+ cells in either a CD94hi or CD94lo population (Fig-

ure 1A). Strikingly, the proportion of total CD26hi/+ Vd2+ T cells

was highest in donors with low Vd2+ T cell frequencies (<5% of

bulk T cells) and exhibited an inverse correlation with total

Vd2+ T cell frequency (Figure 1B; p = 0.0016). CD26 and CD94

co-expression consistently demarcated four populations of

Vd2+ T cells (Figure 1C), with CD26 median fluorescence inten-
2 Cell Reports 31, 107773, June 16, 2020
sity (MFI) being significantly higher among CD26hi/+CD94lo cells

relative to CD26hi/+CD94+ cells (Figure 1C; p = 0.008). Despite a

minor enrichment of CD161 expression on CD26hiCD94lo cells,

CD161 was highly expressed on all four CD26/CD94 Vd2+

T cell subsets, even in donors with substantial frequencies of

CD26� Vd2+ T cells (Figures 1D and 1E).

Consistent with the reported heterogeneity of Vd2+ T cells (An-

gelini et al., 2004; Bank andMarcu-Malina, 2014), the ex vivo fre-

quency of each CD26/CD94 subset varied across 23 human do-

nors (Figure S1A), although the CD26+CD94hi subset tended to

predominate (Figure 1F). An individual’s Vd2+ T cell phenotype

was maintained over repeat sampling, regardless of the distribu-

tion of CD26/CD94 co-expression (Figure S1B). We confirmed

that CD26/CD94 subsets are a feature of Vd2+Vg9+ phosphoan-

tigen-reactive T cells and not the recently described Vd2+Vg9�

T cell subset (Figures S1C and S1D), which is consistent with re-

ports that the Vd2 TCR-specific B6 antibody used in this study

preferentially identifies Vd2+Vg9+ cells (Davey et al., 2018).

CD26/CD94 Expression Defines Vd2+ T Cell Subsets
with Distinct RNA Transcriptomes
To determine whether CD26/CD94 subpopulations represented

transcriptionally distinct Vd2+ T cell subsets, CD26hi/+CD94lo,

CD26hi/+CD94hi, CD26�CD94hi, and CD26�CD94lo cells were

sorted from three healthy donors and subjected to RNA

sequencing. Clustering of the samples based on the expression

of 298 differentially regulated genes (DRGs) (false discovery rate

[FDR] < 0.05; absolute fold change [FC] > 1.5; Table S1) clearly

discriminated the four CD26/CD94 populations (Figures 2A and

2B). Hierarchical clustering of the top 50 up- and downregulated

transcripts (based on the fold change of the CD26hi/+CD94lo

population compared to the average) highlighted the substantial

differences between CD26hi/+CD94lo cells and both CD26� sub-

sets, with the CD26hi/+CD94hi cells presenting an intermediary

signature (Figure 2C).

Expression of a number of transcription factors varied signifi-

cantly across the subsets (Figure 2D), including RORc, Zeb2 (a

regulator of NK cell cytotoxicity; van Helden et al., 2015), and

the master regulator Tbet (Figure 2E). Hobit was also detected

but fell above the FDR cutoff (FDR = 0.09; Figure 2E). Interest-

ingly, there were no differences in the expression of PLZF (Fig-

ure 2E). Both CD26+ Vd2+ T cell subsets were enriched for

expression of multiple chemokine receptors (CCR5, CCR2,

CCR1, and CCR6), cytokine receptors (IL-23R), and interferon

(IFN)-related genes (IFNG-AS1), although the two CD26� Vd2+

T cell populations were enriched for cytotoxicity-related tran-

scripts, including CD16, GzmB, CX3CR1, perforin, and CD57

(B3GAT1; Figures 2F and 2G).

CD26+CD94lo Vd2+ Cells Are Transcriptionally Similar to
MAIT Cells
A striking feature of the RNA sequencing (RNA-seq) dataset was

the co-expression of RORc, CCR6, IL-23R, and GzmK RNA,

combined with a lack of GzmB expression, in the CD26hi/+

CD94lo subset. These features, in addition to PLZF and IL-

18Ra expression, are highly characteristic of MAIT cells (Dus-

seaux et al., 2011; Kurioka et al., 2015). We therefore incorpo-

rated a published human MAIT cell transcriptome (Hinks et al.,



Figure 1. Expression of CD26 and CD94 on Vd2+ T Cells

(A) Representative staining of CD26 or CD94 expression on Vd2+ and Vd2� T cells.

(B) Correlation between ex vivo Vd2+ T cell frequency and the proportion of CD26+ Vd2+ T cells (n = 32 PBMC donors). Statistics are assessed by Spearman

correlation. Dashed line indicates Vd2+ T cell frequency of 5%.

(C) Representative co-staining of CD26 and CD94 on Vd2+ T cells. Plot shows quantification of CD26 MFI on CD26-expressing CD94lo and CD94hi subsets.

Statistics are assessed by Wilcoxon test.

(D) Representative staining of CD26 and CD161 co-expression among Vd2+ and Vd2� T cells.

(E) Quantification of CD161 expression among CD26/CD94 Vd2+ T cell subsets (n = 13). Statistics are assessed by Friedman test and Dunn’s multiple com-

parisons post-tests.

(F) Comparison of the frequency of CD26/CD94 subsets within the adult Vd2+ T cell population (n = 23). Statistics are assessed by Friedman test and Dunn’s

multiple comparisons post-tests. *p < 0.05; ***p < 0.001.
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2019) into our analysis of the four CD26/CD94 Vd2+ T cell popu-

lations. Using the list of 298 DRGs identified in Table S1, multidi-

mensionality scaling (MDS) of the 5 cell types suggested that

MAIT cells cluster most closely with CD26hi/+CD94lo Vd2 cells

along MDS dimension 1, which defines the majority (>70%) of

the dataset variance (Figures S2A and S2B). MAIT cell expres-
sion of the Vd2+ DRGs identified in Figure 2C was highly similar

to CD26hi/+CD94lo cells (Figure 2H). To further compare Vd2+

and MAIT cell transcriptional signatures, we identified the top

20 genes upregulated in MAIT cells compared to CD8+ T cells

and again found that CD26hi/+CD94lo cells were transcriptionally

similar to MAIT cells (Figure S2C). Using the MAIT/CD8 and
Cell Reports 31, 107773, June 16, 2020 3



Figure 2. RNA Sequencing of CD26/CD94 Vd2+ T Cell Subsets

(A) RNA was extracted from sorted CD26/CD94 Vd2+ T cells derived from three healthy donors. Multidimensionality scaling (MDS) plot indicates clustering of

samples based on differentially regulated genes.

(B) Volcano plot displaying the log fold change (logFC) and�log10 FDR of all transcripts identified by RNA sequencing for the CD26hi/+CD94lo population relative

to the average of all samples. Red indicates FDR < 0.05. Selected immune-related transcripts are annotated.

(C) Heatmap of the top 50 upregulated and top 50 downregulated genes (by FC) in the CD26hi/+CD94lo population relative to the average of all four populations.

‘‘26,’’ sorted CD26hi/+CD94lo population; ‘‘DP,’’ CD26hi/+CD94hi cells; ‘‘94,’’ CD26�CD94hi cells; ‘‘DN,’’ CD26�CD94lo cells. Scale indicates log FC compared to

the average of all samples. Genes and CD26/CD94 populations were clustered by hierarchical clustering.

(legend continued on next page)

4 Cell Reports 31, 107773, June 16, 2020
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CD26/CD94 datasets, we were able to identify a set of 55 genes

that reliably distinguished the MAIT cell and CD26hi/+CD94lo

Vd2+ subset from all other Vd2+ and CD8+ T cells (Figure S2D).

Overall, the data suggest that CD26/CD94 Vd2+ subsets are

transcriptionally distinct, and CD26hi/+CD94lo cells exhibit similar

transcriptional profiles to MAIT cells.

CD26hiCD94lo Vd2+ Cells Are Not MR1 Restricted
To compare the phenotypic characteristics of Vd2+ and MAIT

cells, we defined four Vd2+ subsets based on the co-expression

of CD26 and CD94: CD26hiCD94lo; CD26+CD94hi; CD26�

CD94hi; and CD26�CD94lo (Figures S3A–S3C). Staining of

CD26 and CD94 on MR1 5-OP-RU tetramer+ cells (MR1 tet+)

confirmed previous reports that the majority of MAIT cells are

CD26hi and CD94lo (median 89.2%; Figure S3C). Interestingly,

expression of CD94 on MR1 tet+ cells was not associated with

CD26 downregulation (Figure S3C). Although the majority of

CD26hi MR1 tet+ cells were PLZF+, CD26+/� cells expressed

highly variable levels of PLZF, consistent with previous observa-

tions of CD26� ‘‘non-MAIT-like’’ MR1 tet+ cells (Koay et al.,

2019). In contrast, all four Vd2+ CD26/CD94 subsets were pre-

dominately PLZF+ (Figures S3D and S3E). Despite their tran-

scriptional similarities, co-staining of peripheral blood mononu-

clear cells (PBMCs) confirmed that MR1 tet+ and Vd2+ cells are

distinct populations (Figure S3C). Within the CD3+Vd2+ T cell

population, only a median of 0.09% of Vd2 cells exhibited any

binding to the MR1 tetramer (Figure S3F), with no evidence to

suggest any bias toward a particular CD26/CD94 phenotype

among the small population of co-staining cells (Figure S3F).

Thus, we conclude that CD26hiCD94lo Vd2+ T cells are not

MR1 restricted, consistent with the recent report by Le Nours

et al. (2019), in which only Vd1, Vd3, and Vd5 TCRs were shown

to bind MR1.

CD26/CD94 Expression Discriminates between MAIT-
like and Cytotoxic Vd2+ T Cells
We next compared the phenotype of CD26hiCD94lo Vd2+ T cells

to other Vd2+ subsets and CD26hi MR1 tet+ subsets, focusing on

immune-related proteins identified by RNA-seq or known to be

expressed on MAIT and Vd2+ cells (Figures 3A and S4A). Similar

to MAIT cells, CD26hiCD94lo Vd2+ cells preferentially expressed

CCR6 and exhibited the highest expression of IL-18Ra, CCR5,

and CD127 among the Vd2+ T cell population. Despite the

near-homogeneous expression of DNAM-1 (CD226) by

CD26+/� Vd2+ cells, both MAIT and CD26hiCD94lo Vd2+ cells ex-

hibited clear DNAM-1� and DNAM-1+ subsets. Steady-state

expression of GzmB is a distinguishing feature of Vd2 T cells

compared to resting MAIT cells, which express GzmK, but not

GzmB (Kurioka et al., 2015). We found that, although both MR1
(D) Heatmap of all transcription factors identified in the 298 differentially express

samples.

(E) Comparison of transcript reads for selected transcription factor genes betwe

(F) Heatmap of immune-related genes in the 298 differentially expressed transcr

(G) Comparison of transcript reads between CD26/94 subsets for selected gene

(H) Heatmap of the 100 DEGs from (C), using a combined dataset that includes the

humanMAIT cells (n = 3 donors; Hinks et al., 2019). Heatmap shows log FC relativ

clustering.
tet+ and CD26hiCD94lo Vd2+ cells express high levels of GzmK

(Figures 3A and S4A), GzmB expression is largely restricted to

Vd2+ CD26+CD94hi and CD26� cells (Figures 3A and S4A).

Consistent with a lack of steady-state effector profile, both

MAIT and CD26hiCD94lo Vd2+ cells were negative for CD16,

CX3CR1, and CD57 expression (Figures 3A and S4A).

Further similarities between MAIT and CD26hi Vd2+ cells

were found in the expression of key transcription factors.

CD26hiCD94lo cells heterogeneously expressed Helios and

were TbetdimEomeshi, similar to our and others’ analysis of

MR1 tet+ cells (Leeansyah et al., 2015; Figures 3A and S4B).

We confirmed the preferential expression of Hobit and Zeb2

among CD26� Vd2+ cells at the protein or mRNA (for Zeb2) level

(Figures 3A, S4B, and S4C). Expression of these transcription

factors was similarly low in MR1 tet+ cells (or CD8+CD26hi cells

in the Zeb2 PrimeFlow assay). Despite detection of RORc RNA

expression in the RNA-seq dataset, we were unable to find any

evidence for protein expression of RORgt in CD26hiCD94lo

Vd2+ T cells (Figure 3A), consistent with previous studies (Prov-

ine et al., 2018) and likely explaining the poor IL-17 production

by adult Vd2+ T cells ex vivo.

The expression patterns of several transcription factors and

GzmB were suggestive of a continuum of differentiation from

a MAIT-like phenotype among CD26hiCD94lo cells to an

effector-like phenotype among CD26� cells. Compared to the

CD26hiCD94lo population, CD26+CD94hi cells exhibit intermedi-

ate Tbet and Eomes expression, although CD26�CD94hi and
CD26�CD94lo cells are predominately TbethiEomeslow (Figures

3B and S4D). Similarly, GzmB, Hobit, and Zeb2 expression are

progressively upregulated as CD26 expression declines (Fig-

ure 3C), suggesting a link between CD26 downregulation and

differentiation toward cytotoxic Vd2+ effector cells.

CD26/CD94 Expression Does Not Recapitulate
Conventional T Cell Memory Subsets
Angelini et al. (2004) and Ryan et al. (2016) have previously

shown that CD16 expression and cytotoxic function of Vd2+

T cells are associated with a CD27�CD45RA+ effector memory

(TEMRA) phenotype. This led us to assess whether CD26+ and

CD26� Vd2+ T cell subsets were simply identifying central (TCM
or CD27+) versus effector memory (TEM or CD27�) phenotypes.
Consistent with other studies (Davey et al., 2018), the majority

of both Vd2+ and MR1 tet+ T cells in our cohort exhibited a

CD27+CD45RA� phenotype (Figure 4A). Segregation of Vd2+

T cells based on CD27 expression demonstrated that all four

CD26/CD94 subsets exist within the CD27+ subpopulation but

that CD27� cells were enriched for CD26�CD94+ cells (Fig-

ure 4B). These data are consistent with previous observations

of high GzmB and CD16 expression within CD27� Vd2 cells
ed transcripts. Scale indicates log fold change compared to the average of all

en CD26/CD94 subsets.

ipts. Scale indicates log FC compared to the average of all samples.

s from (F).

CD26/CD94 Vd2+ subsets and published RNA transcriptome data from sorted

e to the average of all samples. Cell populations were clustered by hierarchical
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Figure 3. Phenotypic Profile of CD26hiCD94lo Vd2+ T Cells

(A) Comparison of surface or intracellular protein expression among CD26hiCD94lo (red) and bulk Vd2+ T cells (gray) or MR1 tet+ cells (purple) and CD8+CD45RA�

cells (gray). Plots are representative of 12–17 PBMC donors for each marker or 6 donors for Zeb2.

(B) Representative co-expression of Tbet and Eomes among Vd2+ T cell CD26/CD94 subsets (color) compared to bulk Vd2+ T cells (gray; representative of 15

donors).

(C) Representative expression of GzmB, Hobit, and Zeb2 among Vd2+ T cell CD26/CD94 subsets.
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but suggest that a spectrum of Vd2+ T cell phenotypes defined

by CD26/CD94 expression exists within the CD27+ compart-

ment and that acquisition of a cytotoxic phenotype may be un-

coupled from terminal differentiation.

Ryan et al. (2016) also demonstrated an enrichment of CCR6

and IL-18Ra expression among CD28+CD27+CD45RA� Vd2+

T cells, as well as distinct expression patterns of CCR6

and CX3CR1. In our cohort, CD28 was highly expressed

by both the CD26hiCD94lo and CD26+CD94hi populations, as
6 Cell Reports 31, 107773, June 16, 2020
well as MR1 tetramer+ cells (Figure 4C). Critically, however,

CD26hiCD94lo cells accounted for only a median of 16.7% of

the CD27+CD28+ Vd2 population (Figure 4D), demonstrating

that CD28 is not a sufficient proxy to identify the MAIT-like

CD26hiCD94lo Vd2+ T cell subset. We further confirmed that

CD26hiCD94lo Vd2 T cells are significantly enriched for CCR6

and IL-18Ra expression but exclude CX3CR1+ cells compared

to CD27+CD28+ cells in a direct comparison of the two Vd2 pop-

ulations (Figure 4E).



Figure 4. Comparison of CD26/CD94 Phenotype and Memory Status

(A) Representative staining of CD27 andCD45RA expression on Vd2+ T cells (red) compared to Vd2� T cells (gray) orMR1 tet+ cells (purple) compared toMR1 tet�

T cells (gray). Plot indicates frequency of CD27+ Vd2+ T cells or MR1 tet+ T cells among n = 12 PBMC donors.

(B) Representative staining and quantification (n = 15) of CD26/CD94 subset frequency among CD27+ and CD27� Vd2+ T cells. Statistics are assessed by two-

way ANOVA with Sidak’s multiple comparisons post-test.

(C) Representative staining of CD27 and CD28 co-expression among bulk Vd2+ T cells, CD26hiCD94lo Vd2 T cells, and MR1 tet+ T cells. Plots indicate the fre-

quency of CD28+ cells among each Vd2+CD27+ (n = 13) or MR1 tet+CD27+ T cell subset (n = 12).

(D) Representative staining of CD26 and CD94 subsets within the Vd2+CD27+CD28+ population. Plot shows the frequency of each CD26/CD94 subset within the

Vd2+CD27+CD28+ gate (n = 13).

(E) Comparison of CCR6, IL-18Ra, and CX3CR1 expression on CD26hiCD94lo or CD27+CD28+ Vd2+ subsets (n = 12). Statistics are assessed by Wilcoxon test.

**p < 0.01; ***p < 0.001; ****p < 0.0001. Lines indicate medians.
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CD26+CD94hi Vd2+ T Cells Are Enriched for IL-12/IL-18
Responsiveness
Because IL-18Ra MFI was highest among CD26hiCD94lo cells

(Figure 3A), we anticipated that these cells would represent the

major cytokine-responsive Vd2+ T cell subset. Unexpectedly,

however, CD26+CD94hi cells were significantly more likely to

produce IFNg in response to IL-12/IL-18 stimulation compared

to other Vd2+ T cell subsets (Figure 5A). We confirmed in
matched data from 7 donors that, despite significantly higher

IL-18Ra expression on CD26hiCD94lo cells ex vivo, the

CD26+CD94hi subset was significantly more likely to produce

IFNg in response to IL-12+IL-18 stimulation (Figure 5B; p =

0.0156 and 0.0312, respectively). This mirrors observations

that CD94 expression is associated with cytokine responsive-

ness on NK cells (Yu et al., 2010) and MAIT cells (Dias et al.,

2017), and the transcriptional data provide two potential
Cell Reports 31, 107773, June 16, 2020 7



Figure 5. CD26+CD94hi Cells Are Highly Responsive to IL-12 and IL-18 Stimulation

(A) Cytokine-induced IFNg expression was quantified among CD26/CD94 Vd2+ T cells (n = 13). Statistics are assessed by Friedman test and Dunn’s post-test.

(B) Comparison of ex vivo IL-18RaMFI and IL-12/IL-18-induced IFNg expression between CD26hiCD94lo and CD26+CD94hi subsets in 7 paired samples (symbols

indicate individual donors). Statistics are assessed by Wilcoxon test.

(C) IL-12RB2 mRNA expression across CD26/CD94 subsets from the RNA-seq dataset described in Figure 2.

(D) MFI of IFNg staining among IFNg+Vd2+ T cells among stimulation cultures with or without ADA for five PBMC donors.

(E) Histograms depicting IL-12+IL-18-induced IFNg expressionwithin CD26� or CD26+ Vd2+ T cell subsets in the presence or absence of 4 U/mL ADA. TheMFI of

IFNg staining is indicated on the left of each histogram.

(F) Quantification of the ADA-induced increase in IFNg MFI among CD26� and CD26+ Vd2+ T cell subsets in six PBMC donors. Statistics are assessed by

Wilcoxon test.

(G) PBMCs were pre-incubated with irrelevant immunoglobulin G (IgG) or anti-CD26 clone 5F8 for 1 h prior to stimulation. The ADA-induced change in IFNgMFI

was calculated for each condition (n = 2 PBMC donors).

(H) Gating of CD1612+CD262+ T cells within the CD3+Vd2� population. Histograms show IFNg expression following IL-12/IL-18 stimulation in the presence or

absence of ADA for CD3+Vd2�CD1612+CD262+ T cells (IFNg MFI is indicated on each histogram).

(I) Quantification of the ADA-induced increase in IFNg MFI among CD1612+CD262+ T cells in five PBMC donors.

(J) IFNg responses to IL-12/IL-18 stimulation in the presence or absence of ADA for CD1612+CD262+ T cells or CD3+Vd2�CD161+/�CD26+/� cells. Lines indicate

medians.
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mechanisms for this observation. First, the RNA-seq data indi-

cated a possible enrichment of IL-12RB2 mRNA within the

CD26+CD94hi subset compared to other Vd2+ T cells (Figure 5C),

although this observation requires confirmation in a larger num-

ber of donors at the protein level. Second, as noted above, Tbet

expression was consistently higher among CD26+CD94hi cells

compared to CD26+CD94lo cells (as shown in Figures 3B and

S4B). Interestingly, there was no enhancement of IFNg, tumor

necrosis factor (TNF), or GM-colony stimulating factor (CSF) pro-
8 Cell Reports 31, 107773, June 16, 2020
duction by the CD26+CD94hi subset in response to HMB-PP

stimulation compared to other Vd2 cells (not shown).

CD26 Enhances Vd2+ T Cell Cytokine Responsiveness
via Adenosine Deaminase Binding
Given the multifunctional nature of CD26, we assessed whether

the adenosine deaminase (ADA) binding capacity of the CD26

protein could promote TCR-independent responsiveness. Incu-

bation of PBMCs with recombinant ADA during IL-12+IL-18



Figure 6. Vd2+Vg9+ Cell CD26/CD94 Co-expression on Cord Blood and Infant/Young Adult PBMC Samples

Infant samples were defined as age <1 year, young adult as age between 1 and 14 years, and adult samples age >20 years.

(A) Representative staining of Vd2 and Vg9 TCR expression on CD3+ lymphocytes from CBMC, infant PBMC, young adult PBMC, and contemporaneously

stained adult PBMC samples. Circular gate indicates Vd2+Vg9+ population. Graph indicates frequency of Vd2+Vg9+ T cells among cord blood (n = 10), infant

(n = 3), young adult (n = 3), and adult (n = 11) blood samples. One cord blood sample with a Vd2+Vg9+ frequency of 0% is not shown.

(legend continued on next page)
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stimulation resulted in a dose- and donor-dependent increase in

Vd2+ T cell IFNgMFI (Figure 5D). Donors with greater proportions

of CD262+ Vd2+ T cells were generally more responsive to ADA

than those with fewer CD262+ cells. The ADA-induced increase

in IFNg production was significantly greater among bulk CD26+

Vd2+ T cells compared to CD26� cells (p = 0.03; Figures 5E

and 5F), suggesting that CD26/ADA binding facilitated the

increased cytokine production. This was confirmed by pre-incu-

bating PBMCswith 5F8, an antibody that blocks the ADA binding

site on CD26 (Abbott et al., 1999), which abrogated the ADA-

induced IFNg increase during cytokine stimulation (Figure 5G).

To determine whether CD26/ADA interactions could similarly

promote IFNg expression by other cytokine-responsive CD26hi

cells (Ussher et al., 2014), we analyzed IL-12/IL-18 responses

by CD3+Vd2�CD161hiCD26hi cells (Figure 5H). Similar to

CD26hi Vd2+ cells, ADA promoted IFNg expression in the

CD161hiCD26hi T cell population (Figures 5H and 5I). No other

T cell subsets were observed to respond to IL-12/IL-18+ADA

stimulation (Figure 5J).

CD94 Is Co-expressed with Either NKG2A or NKG2C on
Vd2+ T Cells
CD94 could further modify Vd2+ T cell function through dimeriza-

tion with either the inhibitory receptor NKG2A or the activating

receptor NKG2C, which is upregulated during chronic HCMV

and HCMV/HIV co-infection (Gumá et al., 2004, 2006; Mela

et al., 2005). All HIV-negative donors exhibited NKG2A expres-

sion on CD94hi Vd2+ T cells (Figure S5A). Even among HCMV-

seropositive donors with distinct NKG2C+ NK and T cell popula-

tions, we were unable to detect a convincing CD94+NKG2C+

Vd2+ T cell subset (Figure S5A). The relationship between high-

density CD94 and NKG2A expression in HCMV-seropositive do-

nors was also confirmed in the RNA-seq data (Figure S5B).

Cross-linking of NKG2A during a CD3-induced redirected lysis

assay confirmed that NKG2A negatively regulates Vd2+ T cell

function immediately ex vivo, without the need for any priming

or cytokine exposure (Figures S5C–S5E). In contrast, NKG2A

cross-linking had no inhibitory impact on HMB-PP-induced

cytokine production (Figure S5F).

Given the expansion of NKG2C+ NK cells in HIV-infected co-

horts compared to HIV-negative HCMV+ donors (Mela and

Goodier, 2007), we examined CD26/CD94 expression among a

cohort of HIV-infected participants (Immunovirology Research

Network [IVRN] cohort) initiating antiretroviral therapy (ART) (de-

mographics shown in Table S2). A substantial proportion of HIV-

infected ART-naive individuals exhibited low levels of Vd2+ CD26

expression (<50%) compared to healthy individuals with similar
(B) Representative staining of CD26 and CD94 expression patterns among cord bl

based on contemporaneously stained adult PBMC samples.

(C) Quantification of CD26/CD94 subset distribution among Vd2+Vg9+ cells from c

and young blood (n = 3).

(D) Representative staining of CD94 expression on CD3�CD56+ lymphocytes in

CBMC and n = 3 adult samples).

(E) Representative staining and quantification of CCR6 expression on cord blood

(F) Representative staining and quantification GzmB expression among cord bloo

(n = 5).

(G) Quantification of CD57 expression on CD3�CD56+ NK cells, CD3+Vd2+V

CD3+Vd2+Vg9+ cells, where n = 5.
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Vd2+ T cell frequencies, which was only partially restored by sup-

pressive ART (Figure S5G). Despite the changes in Vd2+ T cell

phenotype and the expansion of NKG2C+ NK cells in this cohort

(Figure S5H), only one of 24 participants exhibited a convincing

NKG2C+ Vd2+ T cell population (Figure S5I). To extend this result,

we screened a second cohort of ART-treated participants and

identified an additional 3 donors (out of 27 participants) with

distinct CD94+NKG2C+ subsets (Figure S5I). Three out of the

four donors exhibited sufficient Vd2+NKG2C+ events for further

phenotyping, which revealed that the NKG2C+ Vd2+ T cells

were CD26�CD94lo and expressed high levels of CD57 and

CD16 (Figures S5J and S5K). Thus, although rare, it is possible

for CD26� Vd2+ T cells to acquire a NKG2C+CD57+CD16+

phenotype during HIV infection.
Cord Blood Vd2+Vg9+ Cells Are Predominately
CD26+CD94lo

The presence of CD57 (and rarely NKG2C) onCD26�Vd2+ T cells

suggests that CD26+ Vd2+ T cells may represent an immature or

undifferentiated cell subset. To test this hypothesis, we as-

sessed the phenotype of Vd2+Vg9+ cells in cord blood mononu-

clear cells (CBMCs) and PBMCs from infants (<1 year old) and

young adults (1–14 years old). As expected (Cairo et al., 2008;

Berglund et al., 2018), Vd2+Vg9+ cells were present at low or un-

detectable frequencies in cord blood samples but became

increasingly prevalent with age (Figure 6A). CD26/CD94 expres-

sion patterns in cord blood and infant PBMC samples were strik-

ingly different from those observed in adult PBMC donors; neo-

nates and infants expressed no CD94 on the Vd2+Vg9+

population, and the majority of cells were CD26hi or CD26+ (Fig-

ures 6B and 6C versus Figure 1F). Overall, the CD26hiCD94lo

population accounted for a median of 46.05% of cord blood

Vd2+Vg9+ cells (Figures 6B and 6C) compared with a median

of 19.5% in adults. This pattern persisted in infants, as only

young adult PBMC samples began to exhibit CD94hi Vd2+

T cells (Figures 6B and 6C). The absence of CD94hi Vd2+Vg9+

T cells in neonates and infants was not due to a generalized

lack of CD94 expression, as CD3�CD56+ NK cells expressed

levels of CD94 comparable to adult NK cells (Figure 6D). Similar

to adult CD26hiCD94lo Vd2+ cells, CCR6 expression among cord

blood Vd2+Vg9+ cells was restricted to the CD26hi subset (Fig-

ure 6E). Notably, however, CD26�CD94lo cord blood cells were

not GzmB+ (in contrast to cord blood NK cells; Figure 6F).

Consistent with previous observations, we found that NK and

conventional T cell expression of CD57 was negligible in neo-

nates and increased with age; a similar pattern was observed
ood, infant, young adult, and adult CBMC/PBMC samples. CD94hi gate was set

ord blood (n = 10 samples with detectible Vd2+Vg9+ population), infant (n = 3),

one cord blood and one adult blood sample (data are representative of n = 10

Vd2+Vg9+ T cells (n = 5).

d CD26hiCD94lo and CD26�CD94lo Vd2+Vg9+ T cells or CD3�CD56dim NK cells

g9+ cells, and CD3+Vd2� cells. n = 6 for cord blood samples except for



(legend on next page)
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for Vd2+Vg9+ cells, suggesting that CD57 does indeed represent

a marker of differentiation on these cells (Figure 6G).

Exposure to Antigen and IL-23 Drives CD26hiCD94lo

Vd2+ Cells toward a Cytotoxic Effector Phenotype
Given the distinct CD26/CD94 profiles of Vd2+ T cells between

cord and adult blood samples, we aimed to determine whether

the CD26hiCD94lo population could act as a progenitor of any

of the other subsets. First, we extracted TCR CDR3 sequences

from the ex vivo RNA-seq data to investigate the clonotypic rela-

tionship of the CD26/CD94 subsets. Shared CDR3 clonotypes

between Vd2+ subsets were observed in all three donors (Fig-

ure S6A), with up to 20 clonotypes being present in all four sub-

sets (Figure S6B). These data suggest that, in adults, Vd2+ clonal

expansion is associated with in vivo transitions in CD26/CD94

phenotype.

To specifically investigate the impact of antigen stimulation

and proliferation on each CD26/CD94 subset, we sorted

CD26hiCD94lo, CD26+CD94hi, CD26�CD94hi, and CD26�CD94lo

Vd2+ T cell subsets and cultured them in the presence of autolo-

gous gd-depleted PBMCs, zoledronate (zol), and IL-2 (Figures

S7A and S7B). Following in vitro expansion, CD26hiCD94lo cells

retained a number of their unique characteristics, including

CCR6 and Helios expression, as well as lower CD94, DNAM-1,

and GzmB MFI compared to the other three subsets (Figure 7A

and as previously shown in Figure S4). Thus, 14-day expansion

of CD26hiCD94lo cells in the presence of antigen and IL-2 upre-

gulated GzmB but did not induce many of the characteristics of

CD26+/� Vd2+ T cells.

IL-23/IL-23R signaling has recently been shown to promote

the proliferation and activation of MAIT cells (Wang et al.,

2019). Given that CD26hiCD94lo Vd2+ T cells similarly express

IL-23R, we assessed the impact of IL-23 exposure on zol/IL-2-

mediated Vd2+ T cell expansion. Strikingly, CD26hiCD94lo cells

expanded in the presence of IL-23 markedly differed in pheno-

type from those expanded under typical conditions; although

CD27 expression was maintained, Helios and CCR6 expression

declined, and DNAM-1, Hobit, CD94, and GzmB were upregu-

lated (Figure 7B). Importantly, the impact of IL-23 was largely

restricted to the CD26hiCD94lo subset; it had a minor effect to

upregulate Hobit and GzmB on CD26+CD94hi cells and minimal

impact on either CD26� subset (Figure 7C).

To more comprehensively characterize the impact of IL-23

exposure on CD26/CD94 subsets, we performed a transcrip-

tomic analysis of each subset, expanded with either zol and

IL-2 or zol, IL-2, and IL-23, from two independent experiments

(MDS shown in Figure S7C). The transcriptome analysis

confirmed our previous observation that many defining charac-

teristics of each Vd2+ subset are maintained following expan-
Figure 7. In Vitro Expansion and Differentiation of CD26/CD94 Vd2+ T C

(A) Histograms show expression of CD94, CCR6, DNAM-1, GzmB, and Helio

CD26�CD94lo (red) cells immediately ex vivo or following expansion. Results are

(B) Plots show expression of CD27, Helios, CCR6, DNAM-1, Hobit, CD94, and Gzm

condition. Plots show the quantification of the proportion of positive cells orMFI fo

(C) Comparison of Hobit and GzmB expression among all four CD26/CD94 subse

frequency of Hobit+ cells or fold change in GzmB MFI between IL-23/IL-2 expa

matched donors.
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sion, as the expression of DRGs from our ex vivoRNA-seq exper-

iment (Figure 1C) retained similar expression patterns among the

four populations after expansion with zol/IL-2 (Figure S7D; Table

S3). More importantly, the RNA-seq data clearly demonstrated

the differential impact of IL-23 exposure among the CD26/

CD94 subsets. 1,503 genes were differentially regulated by IL-

23 among the CD26hiCD94lo cells, compared to 428 genes in

the CD26+CD94hi subset and only 5 genes in the CD26� subsets

(Figure S7E). The IL-23-related DRGs included a number of

genes previously identified as being associated with the MAIT-

like transcriptional signature or as differentiating the CD26/

CD94 subsets ex vivo (Figure S7E). Critically, these genes were

regulated by IL-23 in a manner that shifted the CD26hiCD94lo

transcriptional profile toward that of CD26� Vd2+ cells (Fig-

ure S7F), consistent with our flow cytometry analysis.

Although many of the characteristics of CD26� Vd2+ T cells

could be induced in CD26hi cells following IL-23 treatment,

neither cytokines or antigen exposure resulted in the loss of

CD26 surface expression (Figure S7G). Early studies of CD26

regulation, however, suggested that brief ligation of CD26

induced long-term CD26 downregulation on T cells (Dang

et al., 1990). We found that 1 h of exposure to the activating

anti-CD26 antibody, 1F7, induced substantial CD26 downregu-

lation on Vd2+ T cells that was maintained for at least 3 days in

cell culture (Figure S7H). In contrast, the non-activating antibody

5F8 had a minimal impact on CD26 surface expression (Fig-

ure S7H). Even in the context of strong antigen/IL-2 stimulation

during 14-day in vitro bulk Vd2+ T cell expansions, addition of

1F7 to the culture on days 6–9 had a lasting impact on CD26 sur-

face density measured at day 14 of culture (Figure S7I). This 1F7-

mediated CD26 downregulation was substantially enhanced

when CD26hiCD94lo sort-purified cells were expanded in the

presence of IL-23 (Figure S7J). Compared to expansion with

zol and IL-2 alone, the expansion of CD26hiCD94lo cells with

zol, IL-2, IL-23, and 1F7 resulted in the generation of

CD26�CD94hi/lo cells that were homogenously DNAM-1+, Heli-

os�, and GzmB+ and expressed Hobit (Figure S7J). Thus, the

combination of IL-23 exposure and CD26 engagement causes

CD26hiCD94lo Vd2+ T cells to phenocopy many of the character-

istics and transcriptional features of the CD26� Vd2+ T cell sub-

set observed ex vivo.

DISCUSSION

Despite completely distinct TCR specificities, CD26hiCD94lo

Vd2+ T cells and CD26hi MAIT cells share a transcriptional profile

characterized by high cytokine responsiveness, CCR6 expres-

sion, and low steady-state expression of GzmB and other

effector molecules. The CD26hiCD94lo phenotype dominates
ell Subsets

s on CD26hiCD94lo (green), CD26+CD94hi (blue), CD26�CD94hi (orange), or
representative of 4–8 donors for each marker.

B among expanded CD3+Vd2+ cells in the IL-2 (gray) or IL-2 and IL-23 (purple)

r eachmarker (n = 4–9 PBMCdonors). Statistics are assessed byWilcoxon test.

ts expanded in the presence or absence of IL-23. Plots indicate the change in

nsion and IL-2 expansion conditions in 5 PBMC donors. Symbols represent
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the cord blood Vd2Vg9 population, although CD26+CD94hi,

CD26�CD94hi, and cytotoxic CD26�CD94lo cells increase in fre-

quency between infancy and adulthood. These data provide

additional context to scRNA-seq studies, which have shown

that Vd2+ T cells cluster both with MAIT cells and with cytotoxic

CD8+ T cells (Gutierrez-Arcelus et al., 2019). Interestingly,

CD26hiCD94lo Vd2+ T cells can be induced to express many

markers and transcription factors characteristic of the ex vivo

CD26� Vd2+ population. Both our results and those of Ryan

et al. (2016) suggest that phosphoantigen exposure alone is

insufficient to drive peripheral blood Vd2+ T cells toward a differ-

entiated phenotype. Here, we show that IL-23 signaling and

CD26 engagement can contribute to this process.

Both IL-23 (Gerosa et al., 2008) and caveolin-1 (the CD26

ligand; Oyarce et al., 2017; Ohnuma et al., 2004) are expressed

by activated dendritic cells (DCs), providing a plausible biolog-

ical mechanismwhereby both IL-23R and CD26 can be engaged

on Vd2+ T cells. The impact of IL-23 signaling on Vd2+ T cells has

previously been unclear, due in part to reports of disparate ef-

fects on adult versus cord blood cells (Moens et al., 2011; Wines

et al., 2017), as well as a reported inability of IL-23 to induce

STAT3 phosphorylation in freshly isolated or expanded Vd2+

T cells (Wines et al., 2017). Our results provide insight into the

observation that IL-23 signaling is substantially more effective

in upregulating cytolytic proteins and IL-17 in CBMCs than

PBMCs (Moens et al., 2011); given the predominately CD26+

phenotype of cord blood Vd2+ T cells compared to many adult

donors, the CBMC population should be highly biased toward

IL-23 responsiveness. Certain pathogens, such as Candida albi-

cans and Mycobacterium tuberculosis, are preferential inducers

of DC-derived IL-23 (Gerosa et al., 2008; Maher et al., 2015),

suggesting that individual variability in Vd2+ differentiation may

be influenced by prior infection history and the nature of the

innate immune response to infection.

More broadly, our data suggest CD26 surface density is a

sensitive marker of Vd2+ T cell phenotype and transcriptional

state ex vivo, although the expression of CD94/NKG2A modu-

lates Vd2+ T cell functions in response to both cytokine- and

TCR-mediated activation. Activation by IL-12/IL-18 stimulation

is a feature commonly attributed to CD161+ PLZF+ T lympho-

cytes (Fergusson et al., 2014), but it appears that CD26

expression is also tightly linked with this transcriptional pro-

gram. Vd1+ T cells do not respond to IL-12+IL-18 stimulation,

despite quantifiable expression of CD161 (Provine et al.,

2018); in contrast, Vd1+ T cells do not express CD26 (not

shown), further linking CD26 expression to cytokine respon-

siveness among unconventional T cells. Whereas CD161

does not functionally contribute to TCR-independent respon-

siveness (Fergusson et al., 2014), CD26-ADA binding can pro-

mote Vd2+ T cell cytokine responsiveness. Importantly, expres-

sion of IL-18Ra alone appears to be sub-optimal for the

identification of cytokine-reactive T cells, as co-expression of

CD26 and CD94 best identified Vd2+ T cells responsive to IL-

12/IL-18 stimulation.

There has previously been disparity in the literature regarding

the expression of NKG2A and NKG2C on Vd1+ versus Vd2+

T cells, owing in part to inconsistent usage of pan-gd TCR versus

Vd2-specific reagents (Angelini et al., 2011). In HIV-uninfected in-
dividuals, we find that CD94hi cells exclusively co-express

NKG2A. Reports have previously indicated that NKG2A signaling

can inhibit Vd2+ T cell proliferation or killing in highly activated

and expanded Vd2+ T cell lines (Poccia et al., 1997), but we

now show that unstimulated Vd2+ T cells are capable of medi-

ating cytotoxicity through CD3 cross-linking and that this is

potently inhibited by NKG2A engagement. In contrast, we find

no evidence for NKG2Cexpression on Vd2+ T cells in themajority

of adults and were only able to identify a convincing population

of CD94/NKG2C-expressing cells in 3 of 51 screened individuals

living with HIV. Why HCMV infection is efficient at promoting

NKG2C expression on both NK cells and conventional CD8+

T cells, but not Vd2+ T cells, remains unknown, particularly

considering Vd2+ T cells express several receptors thought to

mediate NK cell recognition of cytomegalovirus (CMV)-infected

cells, including DNAM-1 (Magri et al., 2011).

Zeb2 expression by Vd2+ T cells is poorly studied, and little is

known about the potential target genes regulated by either Zeb2

or Hobit in Vd2+ T cells or how theymay co-operatewith Tbet and

Eomes to determine the cytotoxic activity of Vd2+ T cells. Despite

the changes in granzyme expression and cytokine responsive-

ness between Vd2 subsets, all CD26/CD94 subsets expressed

high levels of PLZF. This suggests that other transcriptional reg-

ulators likely play a key role in fine-tuning the transcriptional pro-

gram typically associated with PLZF+ unconventional T cells.

Whether the close relationship between ex vivo CD26 surface

density and transcriptional profile reflects direct regulation of

CD26 expression by Zeb2, Hobit, or other transcriptional regula-

tors remains to be determined. Future bulk or single-cell RNA-

seq studies with more donors will be informative in understand-

ing the subtle similarities and differences in Vd2, MAIT cell, and

cytotoxic CD8 T cell/NK cell populations.

Phenotypic variation in Vd2+ T cells has implications for both

susceptibility to infection and the use of these cells in immuno-

therapy. Vd2+ T cell IL-23 responsiveness is compromised dur-

ing active TB infection (Shen et al., 2017) but appears to be a

pathway by which Vd2+ T cells can proliferate in Bacillus Calm-

ette-Guerin (BCG)-vaccinated or Mtb-infected animals (Shen

et al., 2015). Our results suggest that IL-23-responsive CD26+

Vd2+ T cells are lost in a subset of ART-treated, HIV-infected

individuals, potentially affecting susceptibility to mycobacterial

infection or reactivation. Furthermore, Vd2+ T cells are prom-

ising candidates for immunotherapy in part because they can

be easily expanded ex vivo in the presence of zoledronate/

IPP and IL-2 (Berglund et al., 2018; Khan et al., 2014; Roelofs

et al., 2009; Kunzmann et al., 1999), and multiple clinical trials

have now begun to assess the efficacy of gd T cell therapy in

cancer. Our results suggest, however, that standard expansion

of Vd2+ T cell with antigen and IL-2 may be sub-optimal for

generating highly cytotoxic cells. The inclusion of IL-23 or other

cytokines (or alternately, the selective expansion of specific

Vd2+ T cell subsets) to further modify the expression of key

transcriptional regulators, such as Hobit; the levels of GzmB;

or the expression of negative regulators of cytotoxicity, such

as NKG2A, may allow for the further optimization of gd immu-

notherapies. Finally, a high concentration of adenosine in tumor

microenvironments is a major contributor to the suppression of

anti-tumor T cell responses (Antonioli et al., 2013). As a result,
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the capacity of CD26 to bind ADA and reduce adenosine-medi-

ated inhibition of T cell function may also provide utility in gd T-

cell-based cancer immunotherapies.
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Antibodies

Rat monoclonal anti-CCR5 APC conjugated (clone:

J418F1)

BioLegend Cat# 359122; RRID: AB_2564073

Rat monoclonal anti-CCR5 BV421 conjugated

(clone: J418F1)

BioLegend Cat# 359118; RRID: AB_2563577

Mouse monoclonal anti-CCR6 BV785 conjugated

(clone: G034E3)

BioLegend Cat# 353422; RRID: AB_2563660

Mouse monoclonal anti-CCR6 BV785 conjugated

(clone: 11A9)

BD Biosciences Cat# 560620; RRID: AB_1727440

Mouse monoclonal anti-CD3 APC-H7 conjugated

(clone: SK7)

BD Biosciences Cat# 560176; RRID: AB_1645475

Mouse monoclonal anti-CD3 BV510 conjugated

(clone: SK7)

BioLegend Cat# 344828; RRID: AB_2563704

Mouse monoclonal anti-CD3 BV510 conjugated

(clone: SK7)

BioLegend Cat# 344842; RRID: AB_2616891

Mouse monoclonal anti-CD3 BUV805 conjugated

(clone: SK7)

BD Biosciences Cat# 612893

Mouse monoclonal anti-CD3 Alexa Fluor 700

conjugated (clone: SP34-2)

BD Biosciences Cat# 557917; RRID: AB_396938

Mouse monoclonal anti-CD3 unconjugated (clone:

OKT3)

Thermo Fisher Scientific Cat# 16-0037-85; RRID: AB_468855

Mouse monoclonal anti-CD8a BV650 conjugated

(clone: RPA-T8)

BioLegend Cat# 301042; RRID: AB_2563505

Mouse monoclonal anti-CD16 Alexa Fluor 700

conjugated (clone: 3G8)

BD Biosciences Cat# 560713; RRID: AB_1727430

Mouse monoclonal anti-CD16 BV605 conjugated

(clone: 3G8)

BD Biosciences Cat# 563172; RRID: AB_2744297

Mouse monoclonal anti-CD16 BV650 conjugated

(clone: 3G8)

BD Biosciences Cat# 563691; RRID: AB_2744298

Mouse monoclonal anti-CD26 FITC conjugated

(clone: BA5b)

BioLegend Cat# 302704; RRID: AB_314288

Mouse monoclonal anti-CD26 APC conjugated

(clone: BA5b)

BioLegend Cat# 302710; RRID: AB_10916120

Mouse monoclonal anti-CD26 unconjugated

(clone: 1F7)

Dr. Chikao Morimoto, NIH

AIDS Reagent Program

Cat# 2462

Mouse monoclonal anti-CD26 unconjugated

(clone: 5F8)

Dr. Chikao Morimoto, NIH

AIDS Reagent Program

Cat# 2463

Mouse monoclonal anti-CD27 BV510 conjugated

(clone: M-T271)

BioLegend Cat# 356420; RRID: AB_2562603

Mouse monoclonal anti-CD27 BV650 conjugated

(clone: O323)

BioLegend Cat# 302828; RRID: AB_2562096

Mouse monoclonal anti-CD27 BUV737 conjugated

(clone: L128)

BD Biosciences Cat# 612829

Mouse monoclonal anti-CD28 BV711 conjugated

(clone: CD28.2)

BD Biosciences Cat# 563131; RRID: AB_2738020

Mouse monoclonal anti-CD45RA FITC conjugated

(clone: HI100)

BioLegend Cat# 304106; RRID: AB_314410
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Mouse monoclonal anti-CD45RA PerCP-Cy5.5

conjugated (clone: HI100)

BioLegend Cat# 304122; RRID: AB_893357

Mouse monoclonal anti-CD45RA PE-Cy7

conjugated (clone: HI100)

BD Biosciences Cat# 560675; RRID: AB_1727498

Mouse monoclonal anti-CD56 BUV395 conjugated

(clone: NCAM16.2)

BD Biosciences Cat# 563554; RRID: AB_2687886

Mouse monoclonal anti-CD56 BUV737 conjugated

(clone: NCAM16.2)
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conjugated (clone: HCD57)

BioLegend Cat# 322316; RRID: AB_2063197
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BioLegend Cat# 393313; RRID: AB_2750341

Mouse monoclonal anti-CD94 APC conjugated
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BD Biosciences Cat# 559876; RRID: AB_398679

Mouse monoclonal anti-CD94 APC conjugated

(clone: HP-3D9)

BD Biosciences Cat# 743954; RRID: AB_2741876

Mouse monoclonal anti-CD127 APC-Alexa Fluor

700 conjugated (clone: R34.34)

Beckman Coulter Cat# A71116

Mouse monoclonal anti-CD161 BV421 conjugated

(clone: HP-3G10)

BioLegend Cat# 339914, RRID:AB_2561421

Rat monoclonal anti-CX3CR1 FITC conjugated

(clone: 2A9-1)

BioLegend Cat# 341606; RRID: AB_1626272

Rat monoclonal anti-CX3CR1 PE-Cy7 conjugated

(clone: 2A9-1)

BioLegend Cat# 341612; RRID: AB_10900816

Mouse monoclonal anti-DNAM-1 BV605

conjugated (clone: 11A8)

BioLegend Cat# 338324; RRID: AB_2721543

Mouse monoclonal anti-DNAM-1 PE conjugated

(clone: 11A8)

BioLegend Cat# 338306; RRID: AB_2275498

Mouse monoclonal anti-EOMES PE-eFluor 610

conjugated (clone: WD1928)

Thermo Fisher Scientific Cat# 61-4877-42; RRID: AB_2574616

Mouse monoclonal anti-Granzyme B BV510

conjugated (clone: GB11)

BD Biosciences Cat# 563388; RRID: AB_2738174

Mouse monoclonal anti-Granzyme B BV510

conjugated (clone: GB11)

BD Biosciences Cat# 563388; RRID: AB_2738174

Mouse monoclonal anti-Granzyme K PerCP-Cy5.5

conjugated (clone: GM26E7)

BioLegend Cat# 370514; RRID: AB_2632852

Armenian hamster monoclonal anti-Helios PE

Dazzle 594 conjugated (clone: 22F6)

BioLegend Cat# 137231; RRID: AB_2565796

Mouse monoclonal anti-Hobit Alexa 647

conjugated (clone: Sanquin-Hobit/1)

BD Biosciences Cat# 566250; RRID: AB_2739629

Mouse monoclonal anti-IFNg APC conjugated

(clone: B27)

BioLegend Cat# 506510; RRID: AB_315443

Mouse monoclonal anti-IFNg BUV395 conjugated

(clone: B27)

BD Biosciences Cat# 563563; RRID:AB_2738277

Mouse monoclonal anti-IL-18Ra APC conjugated

(clone: H44)

Miltenyi Biotec Cat# 130-101-728; RRID: AB_2656350

Mouse monoclonal anti-IL-18Ra PE-Vio770

conjugated (clone: H44)

Miltenyi Biotec Cat# 130-101-723; RRID: AB_2656352

Mouse IgG1, k Isotype control antibody (clone:

MOPC-21)

BioLegend Cat# 400153

Mouse monoclonal anti-NKG2A APC conjugated

(clone: Z199)

Beckman Coulter Cat# A60797; RRID: AB_10643105
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Mouse monoclonal anti-NKG2A unconjugated

(clone: Z199)

Beckman Coulter Cat# IM2750; RRID:AB_131495

Mouse monoclonal anti-NKG2C PE conjugated

(clone: 134591)

R and D Systems Cat# FAB138P; RRID: AB_2132983

Mouse monoclonal anti-PLZF Alexa Fluor 647

conjugated (clone: R17-809)

BD Biosciences Cat# 563490; RRID: AB_2738238

Mouse monoclonal anti-RORgT PE conjugated

(clone: Q21-559)

BD Biosciences Cat# 563081; RRID: AB_2686896

Mouse monoclonal anti-Tbet BV421 conjugated

(clone: 4B10)

BioLegend Cat# 644816; RRID: AB_10959653

Mouse monoclonal anti-Tbet BV786 conjugated

(clone: O4-46)

BD Biosciences Cat# 564141; RRID: AB_2738615

Mouse monoclonal anti-TNFa Alexa Fluor 700

conjugated (clone: MAb11)

BD Biosciences Cat# 557996; RRID: AB_396978

Mouse monoclonal anti-TNFa APC-Cy7

conjugated (clone: MAb11)

BioLegend Cat# 502944, RRID: AB_2562870

Mouse monoclonal anti-Va7.2 BV510 conjugated

(clone: 3C10)

BioLegend Cat# 351717; RRID: AB_2562535

Mouse monoclonal anti-Vd1 FITC conjugated

(clone: TS8.2)

Thermo Fisher Scientific Cat# TCR2730; RRID: AB_22362

Mouse monoclonal anti-Vg9 PE conjugated

(clone: B3)

BioLegend Cat# 331308; RRID: AB_1236408

Mouse monoclonal anti-Vd2 FITC conjugated

(clone: B6)

BioLegend Cat# 331406; RRID: AB_1089230

Mouse monoclonal anti-Vd2 BV786 conjugated

(clone: B6)

BD Biosciences Cat# 743753; RRID: AB_2741721

Mouse monoclonal anti-Vd2 PE conjugated

(clone: B6)

BioLegend Cat# 331408; RRID: AB_1089232

Mouse monoclonal anti-Vd2 FITC conjugated

(clone: 15D)

Thermo Fisher Scientific Cat# TCR2732, RRID: AB_417095

Biological Samples

Healthy human whole blood University of Melbourne Department

of Microbiology and Immunology;

Australian Red Cross Service; Royal

Children’s Hospital Melbourne

N/A

Human cord blood BMDI Cord Blood Bank, Murdoch

Children’s Research Institute

N/A

PBMC from HIV-1 infected humans Melbourne Sexual Health Clinic;

Immnovirology Research Network,

Australian Centre for Hepatitis

and HIV Virology Research

N/A

Chemicals, Peptides, and Recombinant Proteins

Recombinant human IL-12 InVivogen Cat# rcyc-hil12; Accession #P29459

Recombinant human IL-18 InVivogen Cat# rcyec-hil18; Accession #Q14116

Recombinant human IL-23 R and D Systems Cat# 1290-IL; Accession #P29460

Recombinant human IL-7 Thermo Fisher Scientific Cat# 14-8079-62

Recombinant human IL-2 Peprotech Cat# 200-02; Accession #P60568

Adenosine deaminase from bovine intestine Sigma Aldrich Cat# 10102105001

Zoledronic acid monohydrate Sigma Aldrich Cat# SML0223; CAS# 165800-06-6

Live/dead fixable blue dead cell stain Thermo Fisher Scientific Cat# L23105

Cytofix BD Biosciences Cat# 554655

Cytofix/cytoperm kit BD Biosciences Cat# 554714

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Transcription buffer staining kit BD Biosciences Cat# 562574

(E)-1-Hydroxy-2-methyl-2-butenyl 4-

pyrophosphate lithium salt

Sigma Aldrich Cat# 95098; CAS# 396726-03-7

Human MR1 5-OP-RU tetramer Dr. James McCluskey University

of Melbourne

Streptavidin-BV421 BioLegend Cat# 405225

Streptavidin-PE BioLegend Cat# 405203

GolgiStop BD Biosciences Cat# 554724

GolgiPlug BD Biosciences Cat# 555029

Sitagliptin phosphate monohydrate Santa Cruz Biotechnology Cat# SCZSC-364620; CAS# 654671-77-9

P32/98 Santa Cruz Biotechnology Cat# SCZSC-201305; CAS# 136259-20-6

Critical Commercial Assays

PrimeFlow RNA assay kit Thermo Fisher Scientific Cat# 88-18005-210

TCRg/d+ T Cell Isolation Kit, human MACS Miltenyi Biotec Cat# 130-092-892

Anti-TCRg/d MicroBead Kit, human MACS Miltenyi Biotec Cat# 130-050-701

miRNeasy� Plus Micro Kit QIAGEN Cat# 217084

TruSeq� Stranded mRNA Library Prep Illumina Cat# 20020594

CytoTox 96� Non-Radioactive Cytotoxicity Assay Promega Cat# G1780

Deposited Data

Raw sequence reads This paper GEO: GSE122409

Experimental Models: Cell Lines

P815 cells ATCC TIB-64

Oligonucleotides

PrimeFlow Gene Probes - DapB ThermoFisher Scientific Assay ID VF1-11712-PF

PrimeFlow Gene Probes - RPL13A ThermoFisher Scientific Assay ID VA4-13187-PF

PrimeFlow Gene Probes - Zeb2 ThermoFisher Scientific Assay ID VA1-16233-PF

Software and Algorithms

FlowJo v10.2 TreeStar https://www.flowjo.com/

Galaxy Melbourne Bioinformatics https://usegalaxy.org/

HTSeq Anders et al., 2015 https://htseq.readthedocs.io/en/master/#

Degust Powell https://doi.org/10.5281/

zenodo.3258932.

http://degust.erc.monash.edu

MIXCR Bolotin et al., 2015 https://mixcr.readthedocs.io/en/master/

VDJtools Shugay et al., 2015 https://vdjtools-doc.readthedocs.io/en/

master/

circlize Gu et al., 2014 https://jokergoo.github.io/circlize_book/

book/

VennDiagram Chen and Boutros, 2011 https://cran.r-project.org/web/packages/

VennDiagram/VennDiagram.pdf

Morpheus The Broad Institute https://software.broadinstitute.org/

morpheus/

Prism 7 GraphPad https://www.graphpad.com/scientific-

software/prism/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jennifer

Juno (jennifer.juno@unimelb.edu.au).
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Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The RNaseq datasets generated during this study are available at the Gene Expression Omnibus under code GSE122409. Transcrip-

tomic data for MAIT and CD8 populations were obtained from a previously published dataset under code GEO: 123805.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Whole blood samples were collected from 32 healthy donors, recruited at the University of Melbourne or provided by the Australian

RedCross Service and the Royal Children’s Hospital. Donors from theUniversity ofMelbourne included bothmen andwomen, but no

demographic information was available for donors recruited through the Australian RedCross. Cord blood samples were provided by

the BMDI Cord Blood Bank, Murdoch Children’s Research Institute. Peripheral blood mononuclear cells (PBMC) were isolated by

Ficoll density gradient centrifugation andwashed in RPMI supplemented with 10% fetal calf serum (FCS, Sigma) and penicillin/strep-

tomycin/L-glutamate (RF10) prior to use or cryopreservation in liquid nitrogen for future analysis. A subset of 15 donors was screened

for HCMV seropositivity by the Victorian Infectious Disease Reference Laboratory (VIDRL). Cryopreserved PBMC samples from 24

HIV-1 infected participants were obtained from the Immunovirology Research Network (IVRN) of the Australian Centre for Hepatitis

and HIV Virology Research (ACH2). The characteristics of this cohort are reported in Table S2. An additional cohort of cryopreserved

PBMC (n = 27) from theMelbourne Sexual Health Clinic (MSHC) collected for previous studies were screened for NKG2C expression.

All subjects provided informed consent prior to the collection of samples, and all procedures were conducted with the approval of the

relevant Institute’s ethics committee.

METHOD DETAILS

Flow cytometry
To characterize lymphocyte phenotypes, 2.0 3 106 thawed or freshly isolated PBMC were washed and stained with viability dye

(Live/Dead fixable dead cell stain, Life Technologies) followed by a cocktail of antibodies for 30 min at 4�C. Cells were then washed

and fixed with BD Cytofix (BD Biosciences). Cytokine and transcription factor expression was assessed by intracellular antibody

staining following permeabilization with BD Cytofix/Cytoperm or BD Transcription Staining Buffer (BD Biosciences), respectively.

Isolation of gd T cells
gd T cells were negatively selected from freshly isolated PBMCusing the human TCR gd TCell Isolation Kit (Miltenyi Biotec) according

to the manufacturer’s instructions. In some experiments, due to the timing of blood collection, freshly isolated PBMC were cultured

for 18 hours in RF10 prior to gd T cell isolation. For some experiments, Vd2+ cells were isolated by cell sorting. For sorting, cells were

surface stained, washed and resuspended in PBS + 2% FCS. Sorting was performed on a BD ARIA III (BD Biosciences) at the Mel-

bourne Brain Centre, University of Melbourne and sorted cells were collected into FCS or RNA lysis buffer (RLT buffer).

RNA sequencing
For the ex vivo RNA sequencing data, freshly isolated PBMC from three healthy donors were stained for CD3, Vd2 TCR, CD26 and

CD94. Cells were identified as Live/Dead negative, CD3+ Vd2+ cells. Four populations (CD26+CD94lo, CD26+CD94hi, CD26-CD94hi,

CD26-CD94lo) were sorted into RLT buffer (QIAGEN) containing 0.14M b-mercaptoethanol (Sigma). Post-sort, cells were suspended

in a volume of RLT buffer representing 3.5x the sorting solution volume. Genomic DNA was removed using a gDNA eliminator

(QIAGEN), according the manufacturer’s protocol. RNA was extracted by addition of 100% ethanol in a 5:7 volume ratio to flow-

through solution and processed with the RNeasy Plus Micro Kit (QIAGEN), according to the manufacturer’s instructions.

For the Vd2+ in vitro expansion RNA sequencing, individual CD26/CD94 Vd2 subsets were sorted from a single blood draw and

expanded in parallel with gd-depleted PBMC, zoledronate, IL-2 and (if applicable) IL-23. At day 14 post-stimulation, cells were sur-

face stained and live, CD3+ Vd2+ cells were sorted, pelleted and frozen at�80�C. RNAwas isolated from sorted cells using the Direct-

zol RNA MicroPrep Kit (Zymo), as per manufacturer’s protocol.

The Australian Genome Research Facility (Melbourne, Australia) performed the RNaseq with an Illumina HiSeq 2500 or NovaSeq

6000, and obtained 100bp single reads. The library was prepared with a TruSeq Stranded mRNA Library Prep Kit (Illumina).

Cell culture and stimulation
Unless otherwise noted, all experiments were performed on primary human PBMC or Vd2+ T cells. If cryopreserved, PBMC samples

were thawed, washed and counted. Bulk PBMC were cultured in RF10 at 2x106/mL and stimulated with 50ng/ml IL-12 and IL-18 for

24 hours with the addition of Golgi Stop and Golgi Plug (BD Biosciences) after 8 hours. In some experiments, 1 – 8IU/ml of ADA was

added to the cell culture during stimulation with IL-12 and IL-18. Where indicated, cells were preincubated with a 1:250 dilution of

anti-CD26 5F8 ascites (corresponding to approximately 15 mg /mL) or isotype control (MOPC-21, Biolegend) for 45 minutes at
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37�C prior to cytokine and ADA stimulation. Alternatively, 0.1 – 10mg/ml of Sitagliptin (Santa Cruz Biotechnology) or 0.1 – 5mg/ml P32

(Santa Cruz Biotechnology) were included in the IL-12/IL-18 stimulations.

For antigen stimulations, cells were stimulated with 20ng/ml HMB-PP for 16 hours with Golgi Stop and Golgi Plug added 1 hr post-

stimulation. In some cases, PBMCwere stimulated with 50ng/ml recombinant human IL-23 for 18 hours. For stimulation of isolated or

sorted gd T cells, 0.2x105 to 1x105 cells were seeded in RF10 in a 96-well plate. Cells were stimulated with 50ng/ml IL-7 (Life Tech-

nologies) with or without 50ng/ml IL-23 for 5 days.

To determine the impact of CD26 ligation on CD26 surface expression, bulk PBMC were stimulated with anti-CD26 monoclonal

antibodies 1F7 (1:500 dilution) or 5F8 (1:1250 dilution) corresponding to approximately 3mg/mL, or an isotype control (MOPC-21)

for 1 hour at 37�C and washed 3 times. Cells were then cultured for 3 days in RF10 at 2x106/mL.

In vitro expansion of Vd2+ T cells
Freshly isolated PBMC from a single blood drawwere divided into two aliquots: one for gd T cell depletion, and one for gd T cell isola-

tion. gd T cells were depleted using the gd T cell Microbead Kit (Miltenyi) according to the manufacturer’s instructions. gd T cell were

isolated using the gd T cell isolation kit (Miltenyi) according to the manufacturer’s instructions. Unlabelled gd T cells were collected

and stained with Vd1 TCR, CD26 and CD94 antibodies. Cells were then sorted on a BD FACS Aria II sorter, and Vd1- CD26hiCD94lo,

CD26+CD94hi, CD26-CD94hi and CD26-CD94lo populations were collected. 50-200x105 sorted cells (depending on the donor, but

consistent between subsets) were added back into gd T cell-depleted PBMC. Expansion of Vd2+ T cells was performed in a protocol

similar to Kondo et al. (2011), with gd/PBMC cultures stimulated for 14 days with 15mM Zoledronate and 100IU/ml IL-2. In some ex-

periments, cultures were divided into two aliquots, one of which was additionally cultured with 50ng/ml of IL-23 beginning on day 0.

Media was replaced every 3-4 days (IL-2 and IL-23 were maintained for all 14 days), and cultures were maintained at a maximum

concentration of 2.0 3 106 cells/mL.

CD3-mediated redirected lysis of P815 cells
Isolated gd T cells (effectors, 5.03 104) were added to a 96-well round-bottom tissue culture plate with P815 cells (targets, 1.03 104),

and 0-5 mg/ml anti-CD3 (OKT3; Life Technologies). Each condition also included 5 mg/ml of either anti-NKG2A (Z199; Beckman

Coulter) or mouse IgG1 (MOPC-21). The effector and target cell cultures were centrifuged at 250 x g for 4 min prior to incubation

at 37�C for 4 hr. The CytoTox 96� Non-Radioactive Cytotoxicity Assay kit (Promega) was then used to quantitate LDH release ac-

cording to the manufacturer’s instructions.

Briefly, plates were centrifuged at 250 x g for 4 min, and 50ml/well supernatant was transferred to a Nunc Maxisorp ELISA plate

(Thermo Fisher). Fifty microliters of substrate solution was added to eachwell for 30min before the addition of 50ml/well stop solution,

and absorbance measured at 492nm. All samples were run in duplicate, and average absorbance values were used in cytotoxicity

calculations. Maximum LDH release was determined by the addition of lysis solution to wells containing P815 cells only and spon-

taneous LDH release for each cell type calculated by incubation of P815 and gd T cells alone. Background absorbance was deter-

mined from RF10 only controls and subtracted from all other absorbance readings. Percent cytotoxicity was calculated with the for-

mula: [(experimental – effector spontaneous – target spontaneous)/(target maximum – target spontaneous)] 3 100.

An aliquot of the isolated gd T cells was also used to confirm the proportion of Vd2+ T cells among the effector population, as well as

the proportion of cells with a CD94hi phenotype, by flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cells were acquired on a LSR Fortessa (BD Biosciences) and data analyzed using FlowJo v10.2 (TreeStar). In all experiments, lym-

phocytes were identified based on forward scatter (FSC) versus side scatter (SSC). Singlets were gated by FSC-A versus FSC-H, and

live cells were identified by viability dye exclusion. A representative gating strategy for the identification of Vd2+, MR1 tet+, conven-

tional T cell and NK cell populations is shown in Figures S1A and S1B. Gates for phenotypic markers were determined based on fluo-

rescent minus one (FMO) controls or, for bright and dim staining populations, bulk T cell or NK cell staining patterns. Quantification of

Zeb2 mRNA expression by flow cytometry was performed using the PrimeFlow RNA assay (Thermo Fisher) according to the man-

ufacturer’s instructions. Pre-designed probes for Zeb2, RPL13A (positive control) and dapB (negative control) were used in all exper-

iments. Gates for Zeb2-Alexa647 were set using the staining of dapB-Alexa647 as a control. In donors with low frequencies of Vd2+

T cells (particularly the HIV-infected cohorts), a minimum of 50 events was required for further phenotypic analysis of any given cell

population. The only exception to this was the cord blood samples, where sample was limited.

RNaseq analysis was performed using the web-based Galaxy platform maintained by Melbourne Bioinformatics (Afgan et al.,

2015). Reads were mapped to theHomo sapiens reference genome (hg19) using HISAT2 (Kim et al., 2015) and reads were quantified

using HTSeq (Anders et al., 2015). Count matrices were generated and inputted into Degust (http://degust.erc.monash.edu) for data

analysis and visualization. Heatmaps were generated using Morpheus (The Broad Institute; https://software.broadinstitute.org/

morpheus/) and show the logFC for a given gene in the indicate group compared to the average expression level across all groups.

Unless otherwise indicated, genes were considered to be differentially regulated if the false discovery rate (FDR) was < 0.05 and

the absolute fold change (FC) was > 1.5. To generate a list of genes distinguishing MAIT and CD26hiCD94lo Vd2+ cells from both

CD8+ T cells and CD26+/� Vd2 cell subsets, all genes that were differentially regulated between MAIT versus CD8+ T cells, and
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CD26hiCD94lo versus the three other Vd2+ subsets were identified (FDR < 0.05, FC > 2). Genes appearing in both lists, with the same

direction of regulation and with count per million values > 5 for at least one cell subset were selected. Heatmap shows the expression

of each gene among the 6 cell subsets relative to the average. Clustering was performed using a hierarchical clustering algorithm.

TCR d chain sequences were extracted from RNaseq datasets and assembled using MIXCR (Bolotin et al., 2015). Clonotypic re-

lationships between gd T cell subsets were established using VDJtools (Shugay et al., 2015) and visualized in R using circlize (Gu

et al., 2014) and VennDiagram (Chen and Boutros, 2011) packages.

For all data other than the RNA sequencing data, statistical analysis was performed using Prism 7 (GraphPad). For analysis of two

groups, Wilcoxonmatched pairs test was employed. A Friedman test, followed by Dunn’s post-test, was used in the analysis of more

than two groups. For assessment of the interactions of two independent variables, a 2-way ANOVAwas used. Correlations were per-

formed using Spearman’s test. A two-tailed P value less than 0.05 was considered significant. For each experiment, the figure legend

indicates the number of donors used in the study (n), the number of replicates (where applicable) and the statistical test used for

analysis.
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