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Abstract

The C-type lectin-like receptor CD161 is expressed on lymphocytes found in human gut and liver,
as well as blood, especially Natural Killer cells, T helper 17 cells and a population of
unconventional T cells known as Mucosal Associated Invariant T (MAIT) cells. The association of
high CD161 expression with innate T cell populations including MAIT cells is established. Here
we show that CD161 is also expressed, at intermediate levels, on a prominent subset of polyclonal
CD8+ T cells, including anti-viral populations, which display a memory phenotype. These
memory CD161i" CD8+ T cells are enriched within the colon and express both CD103 and CD69,
markers associated with tissue residence. Furthermore, this population was characterised by
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enhanced polyfunctionality, increased levels of cytotoxic mediators and high expression of the
transcription factors T-bet and Eomesodermin. Such populations were induced by novel vaccine
strategies based on adenoviral vectors, currently in trial against Hepatitis C virus. Thus,
intermediate CD161 expression marks potent polyclonal, polyfunctional tissue-homing CD8+ T
cell populations in humans. Since induction of such responses represents a major aim of T cell
prophylactic and therapeutic vaccines in viral disease and cancer, analysis of these populations
could be of value in the future.
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Introduction

The phenotypic complexity within the CD8+ T cell compartment, conventionally considered
a relatively uniform “cytotoxic” population in contrast to multiple CD4+ T helper (Th)
subsets, is being increasingly appreciated. In addition to the presence of unconventional T
cells within the CD8+ pooll, the identification of tissue resident memory (Trm) cells,
present within tissues such as skin and gut where they can provide rapid protection™ ', is
important in aiding the study of both pathophysiology and rational vaccine design.
Understanding these functional distinctions, and identifying the markers which define them,
is important in determining favourable immune outcomes in both disease and therapeutic/
vaccination strategies.

CD161, or KLRBL1, is a C-type lectin-like receptor expressed on the majority of NK cells5
and on a subset of T cellse, and particularly enriched on populations found in the gut and
liver . Analysis of CD8+ T cells expressing high levels of this marker revealed a CD8+ T
cell subset analogous to CD4+ T helper (Th) 17 cellsg, subsequently identified to comprise a
population of semi-invariant T cells known as Mucosal Associated Invariant T (MAIT)
cellslo. MAIT cells express the T cell receptor (TCR) Va7.2-Ja33/12/20, are restricted by
the nlciniglassical class Ib molecule MHC-related 1 (MR1), and are enriched at mucosal

sites ™~

Binding of CD161 to its ligand Lectin-like transcript 1 (LLT1) has been described to have
both inhibitoryM‘16 and co—s'[imulatorylllvlev17 effects. Yet, independently of function,
CD161 has been applied as a marker of type 17 phenotype across all T cellsl8. More
recently, we have also described this molecule to mark T cells with an enhanced innate
ability to respond by a TCR-independent mechanism to Interleukin (IL)-12 and IL-1819.
While CD8+ T cells expressing high levels of CD161 (CD161M"/CD161++) are
predominantly comprised of MAIT cells, a population of CD8+ T cells expressing lower, or
intermediate, levels of CD161 (CD161"YCD161+) is also present in the circulationﬁvgv10
The phenotypic characteristics and immunological function of this CD161i"t CD8+ T cell
population is yet to be defined. While CD161 is associated with the ability to express
IL-17"%, secretion of this cytokine amongst CD8+ T cells is restricted to the CD161M subset,
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and was not evident from the CD161i"t CD8+ populationg. Here, we investigated the
phenotype, function and mucosal association of this novel CD8+ T cell population.

CD161 is expressed by a subset of memory CD8+ T cells

The NK cell marker CD161 is expressed by a subset of CD8+CD3+ Iymphocytess, and
defines three populations within the peripheral blood: CD161 high (CD161"), CD161
intermediate (CD161"Y) and CD161 negative (CD161"9) (Figure 1A). Approximately equal
percentages of CD161" and CD161i" were observed in healthy adults (mean 10.60% and
11.68%, respectively). While these populations did express other NK cell receptors,
expression of further NK associated markers tested here were not specific to any of these
populations (Supplementary Figure S1). The majority of CD161M CD8+ T cells express the
Va7.2 TCR characteristic of MAIT cells, as described elsewherelovlsvzo, which display
semi-invariant T cell receptor (TCR) expression of Va7.2-Ja33/12/20 13 with oligoclonal
VB expression®. However, unlike CD161" MAIT cells the CD161" CD8+ T cell subset was
predominately Va7.2- (Figure 1A). Furthermore, the CD161i" CD8+ T cell subset
displayed polyclonal Vp expression in a similar manner to the CD161"9 (Figure 1B).

The differentiation phenotype of CD161i" CD8+ T cells was investigated, using the markers
CCRY7 and CD45RA to divide T cells into naive (Ty: CCR7+CD45RA+), effector memory
(Tem: CCR7-CD45RA-), central memory (Tcym: CCR7+CD45RA-) and terminally
differentiated memory (Temra: CCR7-CD45RA+) subset321. While approximately a
quarter of CD161"¢9 cells displayed a naive phenotype, only a very small percentage (mean
3.59%) of CD161i" were CCR7+CD45RA+, with the vast majority displaying a memory
phenotype as for CD161M cells (Figure 1C). As expected, CD161" CD8+ T cells displayed
an almost uniform Tgp phenotypezz. Few CD8+ T cells with Ty phenotype were
observed, as described elsewhere™. On the other hand, Tgyp and Tegmra Subsets were found
in both the CD161!" and CD161M9 populations (Figure 1D). There was no significant
difference in the percentage of either Ty or Temra Subsets between the CD161M and
CD161"89 populations, suggesting that expression of CD161 (or loss of expression) is not
associated with differentiation state.

CD161 expression was, therefore, largely restricted to memory cells within the adult
circulation. To investigate the differentiation phenotype of the CD161I"t CD8+ population in
early life the same analysis was performed on PBMC from 24 month old donors.
Interestingly, although a larger percentage of the CD161!" population displayed a naive
(CCR7+CD45RA+) phenotype compared to adult blood, the majority (>89%) were already
memory in phenotype (Figure 1E), as seen in the CD161" population. In contrast, the
majority of CD161"%9 CD8+ T cells were naive. Again, CD161i"t CD8+ memory T cells
were composed of both Tgp and Tepmra subtypes (Figure 1F), with no difference in
distribution between the two subsets, however a significantly (p<0.0001) greater proportion
of the CD161"¢9 population displayed a Ty phenotype compared to the CD161iM at this
age.
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CD161I"t CD8+ T cells are a resident memory population enriched within colon

CD161M MAIT cells have previously been described to be enriched within the gut lamina
propria12 and the Iivergv10 in humans. We likewise examined for the presence of the
CD161i"t CD8+ T cell population within healthy pre-transplant liver and normal adjacent
colonic tissue, derived from surgery for colorectal cancer. Due to the lack of an obvious
CD161M population by flow cytometry, tissue CD8+ T cells were divided based upon
expression of CD161 and Va7.2, and compared to peripheral blood (Figure 2A). As
expected, CD161+Va7.2+ cells, corresponding to MAIT cells, were a major population
within the Iiver24. However, CD161+Va7.2- CD8+ T cells were also present in similar
proportions to both MAIT (CD161+ Va7.2+) and CD161- CD8+ T cells within the liver in
the limited number of samples investigated here. In contrast, the majority of CD161
expressing CD8+ T cells in the colon were CD161+Va7.2 T cells comprising approximately
a third (32.24%) of CD8+ T cells, with CD161+Va7.2+ MAIT cells present in low numbers.
As this CD161+ Va7.2— population represents CD161i"t CD8+ T cells (Figure 1A), This
demonstrated the CD1611" CD8+ T cell population to be enriched within tissues compared
to blood, including the colon where they comprise the majority of CD161+ cells.

Analysis of the inflammatory infiltrate in patients with Inflammatory Bowel Disease (IBD),
however, revealed a significant (p<0.001) reduction in the percentage of CD161+ memory
CD8+ T cells in biopsies of inflamed tissue compared to non-inflamed and control tissue
(Figure 2B). This is evident in comparison to both matched and non-matched inflamed
tissue, and in both Crohn’s Disease (CD) and Ulcerative Colitis (UC) (Supplementary
Figure S2). This CD161+CD8+ T cell population was enriched for expression of CD103
(Figure 2C), an integrin preferentially expressed by human intestinal intraepithelial
lymphocytes™ and a marker of residence in memory T cells (Trp) of mucosal tissues
including the intestine4’25, with. Expression thought to result from signals received within
the gut4'26. Accordingly, IBD inflamed tissue was associated with an increase in the
percentage of CD103- cells compared to non-inflamed tissue, the majority of which were
also CD161- (Figure 2D). Correspondingly a specific dilution of the CD161+, and in
particular the CD161+CD103+, population was observed.

Together with CD103, CD69 has also been described as a marker of tissue retention and of
TrRM population523v27. We therefore examined CD8+ T cell subsets for CD69 expression
within the gut and found the majority (93%) of CD161I"t (CD161+ Va7.2-) CD8+ T cells
within the colon to express CD69 (Figure 2E).

CD161i" CD8+ T cells display a pre-programmed phenotype

To further explore the phenotype of CD161" CD8+ T cells, mMRNA microarray analysis was
performed on sorted CD1611"t compared to CD161"89 CD8+ T cells from healthy adult
blood, with the exclusion of naive cells by the gating strategy shown (Figure 3A).
Comparison of CD1611" to CD161"9 CD8+ T cells revealed a number of differentially
expressed transcripts, including both upregulated and downregulated genes (Figure 3B) and
with a 24.2 fold change in expression of CD161 (KRLB1) (Table S1). 952 genes were
identified to be significantly differentially expressed (p<0.01, >2-fold change), illustrated by
the heatmap (Figure 3C, Table S1). These transcripts included genes for both subunits of the
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IL18R (/L18R1and /L18RAP), CXCR6, MDR1 (ABCBI) and PLZF (ZBTB16). The
expression levels of these markers was therefore examined by flow cytometry. This showed
a higher percentage of the CD161/", when compared to the memory CD161"9, CD8+ T cell
population to be positive for each marker. However, as there appeared to be a gradient of
expression levels, the average level of expression (geoMFI), with background fluorescence
minus one sample levels subtracted was analysed. Although differences observed were
modest, this demonstrated significant increased expression of IL18Ra (p<0.05), CXCR6
(p<0.001), MDR1 (p<0.01) and PLZF (p<0.01) within the CD161/" CD8+ T cell
population, which reflected microarray results for gene expression (Figure 3D).

A CD161+Va7.2—- population was also evident amongst CD8+ T cells in the thymus and
umbilical cord blood (UCB) (Figure 4A). Although CD161 expression is associated with a
memory phenotype, we confirmed that CD161/" CD8+ T cells in UCB displayed a naive
(CCR7+CD45RA+) phenotype (Figure 4B). Microarray analysis of naive UCB CD161",
compared to CD161"¢9, CD8+ T cells from 4 donors revealed a significant correlation in
transcriptional profile with adult memory CD161!" CD8+ T cells by Gene Set Enrichment
Analysis (GSEA), which demonstrated significant (p<0.001) enrichment of those genes
upregulated within adult CD161i"t CD8+ T cells (Figure 3) within the CD161it subset of
UCB CD8+ T cells (Figure 4C). The naive CD161" population within UCB again
displayed modestly higher expression of IL18Ra (p<0.05), MDR1 (p<0.05) and PLZF
(p<0.05) than CD161"%8 CD8+ T cells as measured by geoMFI, although there was no
significant difference in expression of CXCR6 (Figure 4D). This indicates that, although
naive, CD1611"t CD8+ T cells in UCB possess a pre-programmed phenotype reflective of
that of CD161I"t CD8+ T cells in the adult circulation.

CD161/" CD8+ T cells express functional MDR1

CD161int CD8+ T cells express higher levels of the multi-drug efflux pump MDR1 than
CD161" cells in both UCB (Figure 4C) and adult blood (Figure 3D). Furthermore, a
greater percentage of the CD161i" population in adult blood expresses this pump compared
to the CD161 (mean 38.9% vs. 27.65%, respectively) within the memory CD8+ T cell pool
(Figure 5A).

CD161N" CD8+/MAIT cells have previously been described to express high levels of
functional MDR1, enabling them to efflux xenobioticslo,zg. Functional activity of MDR1
can be assayed by measuring efflux of the fluorescent substrate Rhodamine 123 (Rh123)29.
Cells loaded with this cell-permeant dye are detected by flow cytometry (Loading control;
Figure 5B), with efflux determined by a loss in fluorescence (Efflux; Figure 5B). High levels
of MDR1 activity were confirmed within the CD161M population, however the CD161int
CD8+ T cell population also displayed significant (p<0.0001) MDR1 activity. Similar
frequencies of CD161" CD8+ T cell were observed before and after efflux (data not shown),
suggesting that this was not due to a downregulation of CD161 within the MAIT cell subset.
Efflux was inhibited by the addition of MDR1 inhibitors cyclosporin A and verapamil
(Figure 5C). Therefore, CD161i" CD8+ T cells possess the ability to efflux through the
expression of MDR1, which may enable survival within tissues with a high exposure to
xenobiotics, such as the gut and liver.
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CD161 expression marks polyfunctional anti-viral cells equipped with cytotoxic mediators

To examine the specificity of the CD161i" CD8+ T cell population, MHC class | dextramers
presenting epitopes from cytomegalovirus (CMV), Epstein Barr virus (EBV) and influenza
(FLU) were utilised. These identified a subset of anti-viral CD8+ T cells specific for each
virus to express CD161 in adult peripheral blood (Figure 6A). Dextramer-positive cells were
rarely CD161M, as previously described™’, corresponding to the restriction of CD161M
MAIT cells to MR1 presenting a bacterial ligand. Approximately 15% of anti-viral
populations were contained within the CD1611"t CD8+ T cell population for all three
viruses. Furthermore, while the majority of anti-viral CD8+ T cells were CD161"9, there
was no significant difference in terms of frequency within the parent subsets, although there
was a trend towards a higher percentage of FLU-specific cells in the CD161i" population
(Figure S3).

CD8+ T cells exert anti-viral effects principally through cytokine release and cytotoxicity.
The ability of the CD161i" CD8+ T cell population to perform these effector functions in
comparison to the CD161CD8+ T cell population was investigated. As a variety of
phenotypic and functional characteristics are associated with differentiation from a naive to
memory phenotype30, and the majority of CD161I"t CD8+ T cells display a memory
phenotype while the CD161"9 CD8+ T cell population contained a mixture of naive and
memory cells (Figure 1C), naive cells were excluded from all analyses.

Stimulation of CD8+ T cells with PMA and ionomycin revealed a significantly greater
proportion of the CD161" CD8+ T cell population to express IFNy (p<0.0001) and IL-2
(p<0.05) than the memory CD161CD8+ population, despite the fact that memory
phenotypes are equally distributed between both populations (Figure 1D). Indeed,
significantly (p<0.01) more CD161i" CD8+ T cells were dual producers of both cytokines
(Figure 6B). In a hypothesis-free approach, PMA plus ionomcyin-stimulated CD161int
CD8+ T cell population were analysed by mRNA microarray. This revealed the ability to
express multiple cytokines and chemokines, including those associated with type 1, 2 and 17
responses (Figure 6C and Table S2). However, comparison to stimulated CD161 CD8+ T
cells did not identify expression of any specific cytokines uniquely produced by the
CD161" population (Supplementary Figure S3 and Table S3).

CD8+ T cells are considered cytotoxic lymphocytes, with cytotoxicity against target cells
mediated through perforin and granzyme B. A significantly larger proportion (p<0.0001) of
the CD1611" CD8+ T cell population expressed granzyme B (mean 60.74%) compared to
the memory CD161"€9 CD8+ T cell population (mean 44.76%) (Figure 6D). Moreover,
CD161i" CD8+ T cells expressed significantly (p<0.001) higher levels of perforin (mean
48.83%) than CD161"€9 CD8+ T cells (mean 27.26%), rendering these cells potently
equipped for cytotoxic killing. This is in contrast to CD161" MAIT cells, which lack
granzyme B and express low levels of perforin in the resting state (Figure 6D)31.

The potential of this population to perform multiple functions was probed by Cytometry by
Time-of-Flight (CyTOF), which enables the simultaneous measurement of multiple
parameters19 (Figure 6E). This demonstrated the ability of the CD161i" CD8+ T cell
population to express multiple cytotoxic effectors simultaneously, together with the ability to
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degranulate as assayed by CD107 capture, and to a greater extent than observed within the
CD161 compartment, which showed a greater propensity towards Granzyme B expression
only. These cytotoxic effectors were also expressed in addition to cytokine. Furthermore, the
ability of CD161i" CD8+ T cells to produce numerous lymphokines, including TNFa and
MIP1p, with a trend towards greater a proportion of cytokine-producing cells than in the
CD161 compartment, was also observed. Together, this demonstrated the CD161" CD8+ T
cell population to be polyfunctional in terms of cytokine and cytotoxic potential.

The transcription factors T-bet and eomesodermin (EOMES) are critical for CD8+ T cell
effect or function, regulating expression of IFNy, granzyme B and perforin32‘34. In line with
their enhanced expression of cytokine and cytotoxic effectors, CD161" CD8+ T cells
expressed significantly more of both EOMES and T-bet than the memory CD161 population
(Figure 6F).

CD161 expressing anti-viral cells with cytotoxic phenotype can be induced by vaccination

The generation of potent T cells is a key aim of T cell vaccine strategies. As intermediate
CD161 expression marks highly functional anti-viral CD8+ T cells, we wanted to investigate
the potential for T cell vaccines to induce CD161i" anti-viral T cells that reflect this
phenotype. A novel recombinant adenoviral vector vaccination strategy was recently
described to induce broad and sustained CD8+ T cells against Hepatitis C virus
Examination of these antiviral CD8+ T cells showed that CD161 was expressed by
approximately 18% of these long-lasting cells (Figure 7A), compared to 15% of bulk CD8+
T cells. The perforin and granzyme B expression of these anti-viral cells, as identified by
MHC class | multimers, was analysed by geoMFI due to small numbers of cells. This
revealed that these CD161i cells expressed significantly (p<0.01) higher levels of
granzyme B (Figure 7B) and perforin (Figure 7C) compared to antiviral CD161"9 CD8+ T
cells, demonstrating the potential to induce viral-specific CD1611" CD8+ T cells which
reflect the highly functional phenotype of the bulk CD8+ T cell subset through vaccination.

Discussion

Delineating the phenotypic diversity contained within the T cell compartment is of much
importance in fully understanding immune mechanisms of both protection and pathology.
Here, we describe CD161 to mark potent anti-viral memory CD8+ T cells with enhanced
effector function, including cytokine production and, in contrast to CD161"N/MAIT cellsgl,
high expression of cytotoxic mediators in the resting state, related to their elevated
expression of T-bet and EOMES. These functional attributes have various implications for
antiviral immunity30v36'37, and thus CD161 may provide a useful marker in tracking CD8+ T
cell responses in viral disease and following vaccination. Indeed, analysis of anti-viral cells
induced in a T cell vaccine strategy targeting Hepatitis C virus> revealed intermediate
CD161 expression in vaccine-induced cells associated with elevated levels of granzyme B
and perforin. These T cell vaccine strategies are now also undergoing clinical trial for
induction of protective immunity against Ebola virus>®

It is interesting to note that Va7.2+ MAIT cells, although initially termed ‘mucosally-
associated’ according to a described enrichment within the gut lamina propria12 were found
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here to be relatively rare within the colon, being instead much more predominant within the
liver. This is in agreement with other studieslovzg, and was not due to a change in MAIT cell
co-receptor expression compared to other tissues (Supplementary Figure S2). However,
MAIT cells have been detected at high frequencies by MR1-tetramer staining within jejunal
mucosa13, which may reflect enrichment of MAIT cells at specific anatomical locations
within the gut39, with low frequencies in colon. On the other hand, CD161i" CD8+ T cells
were a major population of T cells within the colon and were also enriched, to a similar
extent to MAIT cells, within the liver.

As a prominent population within the gut, expression of CD103 and CD69 by CD161int
CD8+ T cells may function in their retention as resident memory cells®”. While CD103 and
CD69 are considered markers of TRM27, the expression of CD161 by this memory
population has not yet been investigated. Here, an increase in the percentage of CD161
(CD103-) cells was observed in inflamed colon tissue, potentially indicative of an influx of
these cells, and resulted in the dilution of the CD161+(CD103+) population. As CD161M
MAIT cells are rare within the colon, this CD161+ population largely corresponds to the
CD161i"t CD8+ subset. Together, this could suggest a more stable residence of CD161int
CD8+ T cells within the colon. This tissue location, together with their anti-viral specificity,
means that these cells are ideally placed to provide early protection at points of pathogen
entry. Indeed, Ty cells are virus-specific cells that persist in tissues after viral infection,
where they mediate enhanced protection against re-infectionzvg, including through the
recruitment of other effector cells40. It has recently been shown that once activated, Tgry can
induce an anti-viral state to provide immunity against unrelated viral infections, mediated
through IFNy40v4l. As CD161I" CD8+ T cells show an enhanced ability to produce IFNy in
response to cytokine stimulation, in the absence of TCR—stimuIationlg, this may provide a
means by which CD161/"t CD8+ T cells could mediate protection against diverse viral
infections. However, the presence of CD161i" CD8+ T cells within the circulation suggests
that this population may be more analogous to the CD4+ Th17 population described by
Kleinschek and colleagues, found in blood and resident within gut, and also marked by
CD16142. Analysis of the phenotype of this gut-resident CD161i" CD8+ T cell population
would provide clues as to their potential roles in homeostasis and pathology. For example,
expression of functional MDR1 may facilitate survival of this population within such tissues
with a high level of exposure to xenobiotics. Furthermore, as expression of this efflux pump
has been associated with resistance to various drugs, including steroids43, this has interesting
implications for the treatment of conditions such as IBD.

Gene expression analysis of resting CD1611" CD8+ T cells in peripheral blood revealed
expression, at a lower level, of a number of MAIT cell associated markers, in keeping with
CD161 marking cells of a common transcriptional phenotypelg. Although the upregulation
of these markers was modest, we have previously shown that they can still have a functional
impactlg. Interestingly, these markers were also already upregulated in CD161" CD8+ T
cells within UCB. Pre-programming of CD161 positive cells has previously been described
for both CD161M CD8+" and CD161iMCD4+" T cells in UCB, which represent precursors
of their adult MAIT and Th17 counterparts, respectively. Similarly, there was a significant
correlation by GSEA between UCB and adult CD161i"t genetic profiles, indicating that
CD161" CD8+ T cells in UCB represent a naive yet pre-committed population. This,
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together with the fact that CD161 expression is not readily induced on CD161 CD8+ T cells,
either upon priming or re-stimulation™ (J.R.F unpublished data), suggests that these cells
represent a distinct population. Here we have shown this population to comprise highly
potent memory T cells, which reside in tissues including the colon, and which therefore
warrant further investigation in the context of control and prevention of viral disease.

All samples were in accordance with the ethical standards of the corresponding committee.

Peripheral blood mononuclear cells (PBMC) were obtained from adults (whole blood
leukocyte cones, NHS Blood and Transplant, UK), 24 month olds (prospective birth
cohort46) and umbilical cord blood (UCB) samples (Stem Cell Services, NHS Blood and
Transplant, UK).

Healthy liver derived lymphocytes were obtained as previously described™. Colonic tissue
was either collected from surgical resections or from biopsies taken during routine
colonoscopies. Control samples were taken from uninvolved tissue of patients undergoing
surgery for colorectal cancer. Resection material was taken from Inflammatory Bowel
Disease (IBD) (both Crohn’s Disease and Ulcerative Colitis) patients, undergoing surgery
for severe disease, while biopsies from IBD patients were taken either from inflamed
involved or normal non-inflamed sites based on the judgement of the physicians performing
the procedure. Non-inflamed samples were also collected from IBD patients with quiescent
disease. Details of lymphocyte isolation are detailed in the supplementary material. Ethical
approval was obtained from the Oxfordshire Research Ethics Committee and informed
written consent was given by all study patients.

Thymus samples were obtained after informed consent and ethics committee approval from
the University of Oxford and Great Ormond Street Hospital, London.

Flow cytometry

Dead cells were excluded with the Near-IR Dead-Cell stain (Invitrogen, Paisley, UK).
Antibodies used were: anti-CD3 PE-Cy7 or APC, anti-CD8 PerCP-Cy5.5 or eFluor 450,
anti-IL18Ra PE, anti-CCR7 PE, anti-CD16 FITC, EOMES-eFluor660 (eBioscience,
Hatfield, UK); anti-CD161 PE or APC, anti-CD8 VioGreen, anti-IFNy FITC, anti-NKp80
PE (Miltenyi Biotec, Surrey, UK); anti-Va7.2 PE or FITC or PECy7, anti-Perforin Pacific
Blue, anti-CXCR6 AlexaFluor647, anti-CCR7 PerCPCy5.5, anti-CD45RA PerCPCy5.5 or
PECy7, anti-CD243/MDRL1 PE, anti-CD56 BV421, anti-CD16 PECy7, anti-CD160
AlexaFluor647, anti-CD244 PerCPCy5.5 (Biolegend, London, UK); anti-GrB
AlexaFluor700, anti-Perforin FITC, anti-RORyt PE, anti-CD103 FITC, anti-IFNy
AlexaFluor700, anti-1L-2 PerCPCy5.5 (BD Biosciences, Oxford, UK), anti-GrB APC
(Invitrogen); anti-PLZF APC (R&D Systems, Abingdon, UK), anti-KLRG1 Alexa Fluor
48847, anti-T-bet (Santa Cruz Biotechnology, Texas, USA). For transcription factor
stainings, cells were stained with the Foxp3/Transcription Factor Staining Buffer Set
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(eBioscience). For staining of CXCRS, cells were incubated with CXCR6 antibody only for
10min at 37°C prior to further antibody staining.

For T cell receptor typing PBMC were surfaced stained with V3 antibodies; Vp 1, 2, 4, 5.3,
7.2,8,9,11, 13.2, 14, 16, 18, 23-PE, and V$ 3, 5.1, 5.2, 7.1, 12, 13.1, 13.6, 14, 16, 17, 20,
21.3, 22-FITC (Beckman Coulter, High Wycombe, UK).

Anti-viral responses were identified using MHC class | dextramers presenting
NLVPMVATV (CMV), GLCTLVAML (EBV) or GILGFVFTL (FLU) (Immudex,
Copenhagen, Denmark). Vaccine induced responses were taken at the end of study (weeks
36 or 52) after vaccination, as describedgs, and identified by pentamers loaded with HCV
NS3 1406 (KLSALGINAV) and HCV NS3 (ATDALMTGY) (Prolmmune, Oxford, UK).

Data were acquired on a MacsQuant (Miltenyi Biotec) or LSRII (BD Bioscience) and
analysed using FlowJo software (Treestar, Inc., Ashland, USA).

Cell Stimulation

Phorbol 12-Myristate 13-Acetate (PMA) and ionomycin stimulations were performed by
adding 1X cell stimulation cocktail (eBioscience; equivalent to 0.081uM PMA + 1.34uM
ionomycin) to media containing 3ug/ml Brefeldin A (eBioscience) and 2uM monensin
(eBioscience) for three hours.

Rh123 Efflux Assay

Microarray

PBMC were loaded with 10ug/ml Rhodamine 123 (Rh123; Sigma, Dorset, UK) in RPMI

+ 1% Bovine Serum Albumin (BSA) for 1hr on ice. Cells were resuspended in R10 with or
without inhibitors, and either kept on ice (Ioading control) or cultured at 37°C (efflux) for
30mins. MDR1 inhibitors cyclosporin A (CsA; Sigma) and verapamil hydrochloride
(verapamil; Sigma) were added at the lowest inhibitory concentration; 0.5uM and 50uM,
respectively. After efflux, cells were returned to ice and surface stained for analysis. Rh123
fluorescence was collected at 585/40nm. Efflux was calculated as:

(GeoMFI fluorescent substrate)|_oading control = (GEOMFI fluorescent substrate)gfiux /
(GeoMFI fluorescent substrate)y_oading control

CD8+ T cells were enriched from PBMC using CD8 Microbeads (Miltenyi Biotec) and
sorted on a MoFlo Legacy or MoFlo XDP (Beckman Coulter). Sorted cells were either snap
frozen immediately (unstimulated array) or stimulated for 4hrs (determined optimal see
Supplementary Figure S3) with cell stimulation cocktail (eBioscience) prior to snap freezing
(stimulated array). Frozen cell pellets were sent to Miltenyi Genomic Services (Bergisch
Gladbach, Germany) for RNA extraction and hybridization to Agilent Whole Human
Genome Oligo Microarray. The Agilent Feature Extraction Software was used to read out
and process the microarray image files, which were further analysed using the Rosetta
Resolver gene expression data analysis system (Rosetta Biosoftware). Genes considered to
be significantly differentially expressed were those genes with a fold change >2 and p-value
<0.01. Cord blood microarray analyses were performed as previously described”. Heat maps
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were generated using GENE-E (http://www.broadinstitute.org/cancer/software/ GENE-E/
index.html). Gene set enrichment analysis was performed using GSEA version 2.0.1448 with
CD161N/MAIT cell gene sets obtained from GSE62099.

PBMCs were stimulated for as above in the presence of 2.5ug/ml anti-CD107a, 1.25ug/ml
anti-CD107b (BD Bioscience) and 10uM TAPI-2 (VWR International, West Sussex, UK).
Following stimulation, cells were resuspended in cytometry buffer (PBS + 0.05% sodium
azide + 2mM EDTA + 2% fetal calf serum) and stained with isotope-tagged antibodies
before being acquisition on the CyTOF as previously described" 9.

Statistical Analysis

Statistical analysis was performed using Prism version 6 software (GraphPad, La Jolla, CA,
USA). Data are represented as mean =+ standard error of the mean (SEM). ****p<0.0001,
***n<0.001, **p<0.01, *p<0.05, ns = not significant p>0.05, as stated in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

CD161 expression defines a subset of memory CD8+ T cells in adults and infant peripheral
blood. A) Representative flow cytometry plots showing CD161 and CD8 (upper panel) or
TCR Va7.2 (lower panel) expression in CD8+CD3+ lymphocytes, and cumulative data for
the percentage of each subset in healthy adult peripheral blood (n=28). Horizontal bars
represent mean values. B) Percentage of the CD161!" and memory CD161"¢9 CD8+ T cell
subsets expressing each TCR Vf chain as determined by flow cytometry (n=10). Flow
cytometric analysis of CCR7 and CD45RA expression was used to divide CD8+CD3+
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lymphocytes into naive (CCR7+CD45RA+) and memory subsets in peripheral blood from
adults (C&D) and 24 month olds (E&F). Memory cells were further sub-gated into central
memory (Tcy; CCR7+CD45RA-), effector memory (Tgym; CCR7-CD45RA-) and terminal
effector memory (Temra; CCR7-CD45RA+) subtypes (n=16). ****p<0.0001, ns = not
significant by one-way ANOVA with Tukey’s multiple comparisons test. Data are
represented as mean + SEM.
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Figure2.

CD161i"t CD8+ T cells are a resident population enriched with the human colon. A)
Representative flow cytometry plot and cumulative data of CD8+CD3+ lymphocytes from
blood (n=10), liver (n=4) and colon (n=11) divided based upon expression of TCR Va7.2
and CD161. B) Proportion of memory (CD45R0O+) CD8+CD3+ lymphocytes from control
(n=10), IBD non-inflamed (n=15) or IBD (n=7) colon biopsies expressing CD161 **p<0.01
by one-way ANOVA with Tukey’s multiple comparisons test. Box and whiskers show min to
max values. C) Percentage of either CD161+ or CD161- CD8+ T cells expressing CD103 in
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control (n=6), IBD non-inflamed (n=16) or IBD (n=13) tissue samples, with representative
flow cytometry plots. ****p<0.001 or ns = not significant by paired t-test. D) Percentage of
memory CD8+ T cell populations as defined by expression of both CD161 and CD103 in
control (n=6), IBD non-inflamed (n=12) or IBD (n=8) colon tissue samples. E) Proportion
of each CD8+ T cell subset expressing CD69 in control colon samples (n=6). Box and
whiskers show min to max values.
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Figure 3.

CD161" CD8+ T cells display elevated expression of IL18Ra, CXCR6, MDR1 and PLZF
in peripheral blood. A) Gating strategy for sorting of CD161" and CD161"¢9 subsets, and
exclusion of naive cells, out of CD8+CD3+ lymphocytes from PBMC for microarray
analysis. B) Scatter plot of signal intensities of all MRNA probes. The signal intensities of
each probe represented by a cross are shown in double logarithmic scale. Red diagonal lines
define the areas of 2-fold differential signal intensities. Blue cross: unchanged genes, red
cross: significantly upregulated genes (p<0.01), green cross: significantly downregulated
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genes (p<0.01). C) Heatmap illustrating the 952 significantly (p<0.01) differentially
expressed transcripts between CD161i" and CD161"89 CD8+ T cells in 3 donors. Subsets
clustered by one minus Pearson correlation. D) Representative flow cytometry plots for
CD161 expression versus IL18Ra, MDR1, PLZF and CXCR®6. Percentage positive and
geoMFI for IL18Ra, MDR1, PLZF and CXCR6 for CD161i" and CD161"9 subsets, as
determined by flow cytometry, with background subtraction of geoMFI in fluorescence
minus one samples, and naive (CCR7+CD45RA+) cells excluded. (n=7) ***p<0.001,
**p<0.01, *p<0.05, ns = not significant by paired t-test. Normalised signal intensities for
expression of transcripts for IL18R1, CXCR6, ABCB1 (MDR1) and ZBTB16 (PLZF) and
statistical significance from mRNA microarray expression analyses after normalisation and
correction for multiple testing, **p<0.01, ****p<0.0001. Floating bars show minimum and
maximum values, with a line at the mean.
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Figure 4.

CCR7

ucB

CD45RA

Dataset

UCB cD161Nt vs CD161M€9

GeneSet

Adult cCD161iMt_UP

Upregulated in

ucB cD161int

Enrichment Score (ES)

0.47

Normalised ES (NES)

214

Nominal p-value

<0.001

Page 20

[l Bulk CD8+ T cells
[l cD161™ CD8+ T cells

200 ”
T 1504 /
s
o
Q
9 100
ast
o
= 50
0 T —
CD161"€9 CD161nt
40- ns
T 301 —
o
8 o
© 20
o
g
O 104
0 T r
CD161"e9 CD161nt

CD161i"t CD8+ T cells are present and pre-programmed early during development. A)
Representative flow cytometry plots showing CD161 expression by CD8+CD3+
lymphocytes in thymocytes and umbilical cord blood (UCB). B) Representative flow
cytometry plot showing naive (CCR7+CD45RA+) phenotype of UCB CD161!" CD8+ T
cells (blue) overlaid on bulk CD8+ T lymphocytes (red). C) Gene set enrichment summary
plot and data table for UCB CD161/" vs CD161"9 CD8+ T cell ranked genes, and
enrichment of the adult CD161!" CD8+ upregulated gene set. D) GeoMFI for IL18Ra,
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MDR1, PLZF and CXCRS6 for UCB CD161i" and CD161"¢9 subsets, as determined by flow
cytometry. (n=3) *p<0.05, ns = not significant by paired t-test.
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CD161i"t CD8+ T cells express functional MDR1 in peripheral blood. A) Representative
flow cytometry plot and cumulative data for MDR1 expression by peripheral blood
CD8+CD3+ lymphocytes, excluding CCR7+CD45RA+ naive cells, (n=10) ***p<0.001,
*p<0.05 by one-way ANOVA with Tukey’s multiple comparisons test. Data are represented
as mean + SEM. B and C) Representative flow cytometry plots of CD8+CD3+ lymphocytes,
excluding CCR7+CD45RA+ naive cells, loaded with Rh123 on ice and either kept on ice
(loading control) or incubated at 37°C in media alone (efflux) (B) or in the presence of the
ABCB1 inhibitors cyclosporine A (CsA) and Verapamil (C). Cumulative data shows Rh123
efflux from each subset calculated as per Materials & Methods, relative to the fluorescence
of dye loaded (loading control). ****p<0.0001 by one-way ANOVA with Tukey’s multiple
comparisons test (n=12). (B). or the percentage of each subset having effluxed Rh123
****p<0.0001, *p<0.05, ns = not significant by two-way ANOVA with Dunnett’s multiple
comparisons test, compared to the efflux sample (n=8) (C). Data are represented as mean +

SEM.
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Figure®6.

CD161i"t CD8+ T cells are polyfunctional anti-viral cells. A) Representative flow cytometry
plots showing CD161 expression by CD8+ T cells specific for epitopes from CMV
(NLVPMVATYV), EBV (GLCTVAML) and influenza virus (FLU; GILGFVFTL) as
distinguished by dextramer staining of adult peripheral blood, and cumulative data for
percentage of anti-viral subset expressing CD161. Horizontal bars represent mean values,
(n=5). B) Percentage of CD161*** or CD161!" subsets expressing IFNy, IL-2 or a
combination of both upon stimulation with PMA + ionomycin (n=18). Representative flow
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cyometry plots for cytokine expression in CD8+CD3+ PBMC, excluding CCR7+CD45RA+
naive cells, are shown. C) Scatter plot of signal intensities of all MRNA probes in stimulated
(y axis) vs. unstimulated (x axis) CD161"t CD8+ T cells from peripheral blood. The signal
intensities of each probe represented by a cross are shown in double logarithmic scale. Red
diagonal lines define the areas of 2-fold differential signal intensities. Blue cross: unchanged
genes, red cross: significantly upregulated genes (p<0.01), green cross: significantly
downregulated genes (p<0.01). D) Percentage of CD161i" and CD161 CD8+ T cells
expressing cytokine (IL-2, IFNy, TNFa, MIP1p) and cytotoxic mediators (GzmB; Granzyme
B, Perforin and CD107) singly or in combination as detected by Cytometry by Time-of-
Flight (CyTOF) (n=4). E) Representative flow cytometry plots and cumulative data for
percentage of CD8+CD3+ PBMC, excluding CCR7+CD45RA+ naive cells, expressing
cytotoxic effectors granzyme B and perforin. F) Percentage of cells expressing EOMES
(upper panel) or T-bet (lower panel) in memory CD8+CD3+ lymphocytes with
representative flow cytometry plots. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, ns =
not significant by paired t-test. Data are represented as mean = SEM.
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Figure7.

CD161" associated phenotype in anti-viral CD8+ T cells induced by vaccination. CD8+ T
cells targeting epitopes from Hepatitis C virus, induced by a novel T cell vaccine strategy
based on adenoviral vectors™> were identified from PBMC using MHC class | multimers. A)
Percentage of the anti-viral and bulk CD8+ T cell populations expressing CD161. GeoMFI
for granzyme B (B) or perforin (C) of anti-viral populations either CD161" or CD161, as
determined by flow cytometry. (n=10) **p<0.01 and ns = not significant by paired t-test.
Data are represented as mean = SEM.
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