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Abstract

Hepatic immune system is uniquely challenged to mount a controlled effector response to 

pathogens while maintaining tolerance to diet and microbial antigens. We have identified a novel 

population of innate-like, unconventional CD8αα+TCRαβ+ T cells in naïve mice and in human 

peripheral blood, called CD8αα Tunc, capable of controlling effector T cell responses. They are 

NK1.1+ (CD161+ in human), express NK inhibitory receptors and express the promyelocytic 

leukemia zinc finger (PLZF) transcription factor that distinguishes them from conventional CD8+ 

T cells. These cells display a cytotoxic phenotype and use a perforin dependent mechanism to 

control antigen-induced or T cell-mediated autoimmune diseases. CD8αα Tunc are dependent 

upon IL-15/IL-2Rβ signaling and PLZF for their development and/or survival. They are FoxP3-

negative and their regulatory activity is associated with a functionally distinct Qa-1b-dependent 

population co-expressing CD11c and CD244. A polyclonal TCR repertoire, an activated/memory 

phenotype and the presence of CD8αα Tunc in NKT- and in MAIT-deficient, as well as in germ-

free mice indicates that these cells recognize diverse self-protein antigens. Our studies reveal a 

distinct population of unconventional CD8+ T cells within the natural immune repertoire capable 

of controlling autoimmunity and also providing a new target for therapeutic intervention.

Introduction

Liver is a unique organ in that it has a central role in the metabolism and in the maintenance 

of immune tolerance against a constant exposure to diet and microbial antigens (1). 

However, at the same time, hepatic immune system needs to provide immunity against 

chronic infections and cancer metastasis. Thus, immune response in the liver has to be 

appropriately controlled to avoid excessive tissue damage without compromising the tissue 

integrity and metabolic functions (2). Liver contains specialized resident immune cells, 

including tolerogenic antigen-presenting cells (3) as well as adaptive and innate lymphoid 
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cell populations. Particularly, liver is enriched in several innate lymphoid cells that respond 

rapidly to conserved ligands, including NK cells and unconventional T cells, like NKT cells, 

mucosal-associated invariant T (MAIT) cells and γδ T cells (4). Unconventional T cells, 

distinct from conventional class I or class II MHC-restricted T cells, are generally restricted 

by non-classical MHC class Ib (e.g., Qa-1b/HLA-E, H2-M3) and MHC class-I like (e.g., 

CD1, MR1) molecules and recognize a different class of non-protein antigens, such as self 

and microbial lipids and metabolites (4). While significantly more is known about the role of 

NKT or MAIT cells in mounting effector immune responses, little is known about the 

identity or function of other hepatic innate-like T cells involved in controlling immunity. 

Knowledge of rapidly-acting innate regulatory mechanism(s) is important in understanding 

how excessive inflammatory responses are controlled to maintain tissue integrity.

T cells are controlled by both intrinsic (e.g., PD1, anergy and exhaustion) and extrinsic cell-

based (Treg) mechanisms that prevent their over-stimulation. While an important role of 

FoxP3+CD4+ Treg in homeostasis is abundantly clear (5), the biology of CD8+ T cells with 

regulatory activity is still incompletely understood despite demonstration of their 

involvement in immune regulation (6-11). A regulatory role for CD8+ T cells has also been 

suggested in various conditions in humans, e.g. in transplant survival (12), inflammatory 

bowel disease (13) and multiple sclerosis (14, 15). Regulatory CD8+ T cells have been 

identified using cell surface expression of several markers, including CD8αα, CD122, Ly49 

and CD11c (9, 16-19). Since, these molecules are also expressed by activated conventional 

CD8+ T cells, one of the major issues curtailing a detailed characterization of regulatory 

CD8+ T cells has been to distinguish them from non-regulatory CD8+ T cells.

In this study, for the first time, we have identified a novel, innate-like CD8αα+TCRαβ+ 

polyclonal T cell population enriched in the liver of naïve mice and also present in healthy 

humans, referred to as CD8αα Tunc, which is distinguishable from conventional CD8+ T 

cells by the expression of the promyelocytic leukemia zinc finger (PLZF) transcription 

factor. CD8αα Tunc control T cell-mediated autoimmunity using a perforin-dependent 

mechanism and are comprised of a functionally distinct population that co-express CD11c 

and CD244. It is noteworthy that CD8αα Tunc are dependent upon IL-2Rβ signaling and a 

substantial number of them are Qa-1b-restricted. In summary, our findings reveal a new 

member of the unconventional T cells with immune regulatory function that can be 

potentially targeted for intervention in inflammatory diseases.

Materials and Methods

Ethics statement

Animal studies were carried out in strict accordance with the recommendations of the Guide 

for the Care and Use of Laboratory Animals of the National Institutes of Health. The 

protocols were reviewed and approved by the Institutional Animal Care and Use Committee 

of the University of California San Diego.
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Mice

C57BL/6 (B6) as well as IL-6−/−, IL-15−/−, perforin−/−, IFNγ−/−, Rag1−/− μMT−/−, T-bet

−/−, TAP1−/−, athymic nude mice and OT-II Tg mice on a B6 background were purchased 

from The Jackson laboratory (Bar Harbor, MI). Qa-1b−/− mice (originally provided by Dr. 

Peter Jensen, University of Utah) and CD1d−/−, Jα18−/− and MR1−/− mice (originally 

provided by Dr. Mitch Kronenberg, La Jolla Institute for Immunology, La Jolla, CA), all on 

a B6 background, were bred in our own facility. PLZF−/−, PLZF-eGFP (PEG) reporter mice 

and PCre x R26T mice were provided by Dr. Derek Sant’Angelo, Rutgers University, New 

Jersey. CD8α−/− and CD8β−/− mice were kindly provided by Dr. Dan Littman (NYU). 

CD25−/−, CD122−/−and IL-7−/− mice were provided by late Dr. Charlie Surh (TSRI). Mice 

were housed in individually ventilated cages and used at 6–12 wks of age.

Healthy donors

Cryopreserved PBMC cells from 25 healthy donors were purchased from either Gelantis or 

iXCells Biotechnologies (San Diego, CA). PBMC were purified from whole blood by 

density gradient centrifugation.

Cell isolation

MNCs from livers were isolated using mechanical crushing through a 70 μm cell strainer 

followed by Percoll gradient separation and RBC lysis as described (20). MNCs from lung 

were isolated by cutting the organs into small pieces following by homogenization using 

gentleMACS tubes and gentleMACS Dissociator (Miltenyi). The homogenate was mashed 

through a 100 μm cell strainer in a 50 ml conical tube, washed and resuspended in 35% 

Percoll solution (GE Healthcare Life Sciences) containing 100 U/ml of heparin. Gradient 

was centrifuged at 2000 rpm for 15 min at room temperature. The supernatant was removed 

and erythrocytes were lysed. MNCs from spleen and thymus were isolated by grinding the 

organs through 70 μm cell strainer and lysed of RBC prior to staining. Isolated MNCs from 

different organs were counted with a hemocytometer using trypan blue staining. PBMC was 

collected from the tail veins of mice prior to euthanasia. Blood samples were immediately 

lysed using Red Blood Cell Lysis Buffer (Millipore Sigma), washed, and suspended in PBS 

prior to staining.

Flow cytometry

For mice experiments, single cell suspensions were first incubated with anti-CD16/CD32 

(Fc Block™) in FACS buffer (0.02% sodium azide/2% FBS/PBS) and stained with 

antibodies against CD45R/B220 (clone RA3–6B2), CD4 (GK1.5 or RM4–5), TCRβ (H57–

597), CD8α (53–6-7), CD8β (YTS156.7.7), CD8β.2 (53–508), CD45RB (C363.16A), 

CD69 (H1.2F3), NK1.1 (PK136), CD44 (IM7), CD62L (MEL-14), PLZF (21F7), Foxp3 

(3G3), GITR (DTA-1), CD25 (7D4), CD122 (TM-β1), CD127 (A7R34), PD1 (J43), CD28 

(37.51), CD27 (LG.3A10), CD200 (OX-90), OX40 (OX-86), ICOS (HK5–3), CXCR5 

(2G8), Eomes (Dan 11 mag), CD103 (2E7), LY49A (A1), Ly-49E/F (CM4), Ly-49G (AT-8), 

Ly-49G2 (LGL-1), Ly-49I (YLI-90), Ly-49D (4E5), Ly49H (3D10), CD244 (eBio244F4), 

CD11c (HL3), and CD314 (NKG2D or CX5) which were purchased from BD Biosciences 

(BD), Biolegend or Thermo Scientific. TCR Vα or Vβ usage was determined by flow 
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cytometry using either antibodies against Vα2 (B20.1), Vα3.2 (RR3–16), Vα8.3 (B21.14) 

and Vα11.1 (RR8–1) or Mouse Vβ TCR screening panel (BD). Intracellular cytokine 

staining was performed using the BD Cytofix/Cytoperm plus Fixation/Permeabilization Kit 

with BD GolgiStop according to manufactures protocol. Briefly, after stained for cell surface 

markers, cells were permeabilized for 20 min with the Fixation/permeabilization buffer on 

ice, washed twice in perm/wash buffer, and stained with intracellular antibodies for 30 min 

on ice. For human experiments, PBMC were first incubated in FACS buffer (0.1% sodium 

azide/1% human AB serum/1% FBS/PBS) and stained with antibodies against TCRαβ 
(T10B9.1A-31), CD8α (RPA-T8), CD8β (2ST8.5H7), PLZF (R17–809), CD161 

(HP-3G10), TCR Vα7.2 (3C10), CD45RA (HI100), CD197(CCR7) (G043H7), CD244 (2–

69), CD11c (Bu15), Granzyme B (GB11), Perforin (δG9), IL-18 Rα/IL-1 R5 (70625), 

RORγt (Q21–559), CD186(CXCR6) (K041E5), CD196(CCR6) (11A9), IFNγ (4S.B3), 

IL-17A (eBio64DEC17), TNFα (MAb11) and IL-4 (MP4–25D2) which were purchased 

from BD, Biolegend or R&D. For intracellular cytokines and transcription factors staining, 

PBMC were not in vitro stimulated, instead PBMC were first stained directly for cell surface 

markers, then, fixed and permeabilized using BD Pharmingen™ Transcription Factor Buffer 

Set. Briefly, cells were permeabilized for 45 min with the Fixation/permeabilization buffer 

on ice, washed twice in perm/wash buffer, and stained with intracellular antibodies for 45 

min on ice. Samples were further resuspended in 1x BD Stabilizing Fixative and store at 4°C 

until acquisition. Cells were analyzed on a FACS Calibur or Canto (BD) at the Flow 

Cytometry Research Core Facility (Veterans Affairs San Diego Healthcare System, San 

Diego, CA) and all analysis performed using FlowJo v10 software (TreeStar). PE-

conjugated αGalCer/mCD1d tetramers were generated in our laboratory, as previously 

described (21). Synthetic αGalCer was provided by Kirin Brewery.

Adoptive T cell transfer

For adoptive transfer, CD8αα Tunc and CD8 Tcon were sorted from liver of B6, CD1d−/− or 

Perforin−/− mice on a BD FACSAria II at the Flow Cytometry Research Core Facility 

following the strategy described in Fig. 1A. For inhibition of EAE, 2 × 105 sorted CD8αα 
Tunc or CD8 Tcon from B6 mice or 1 × 105 cells from CD1−/− mice were intravenously (i.v.) 

injected into recipient mice. To transfer CD8αα+CD11c− cells, CD11c+ cells were first 

depleted from total CD8+ T cells by negative selection using the CD8α+ T cell isolation kit 

(Miltenyi Biotech) and then sorted using antibodies against TCRβ, CD8α and CD8β mAbs. 

Sorted CD8αα+CD11c− were i.v. injected into naïve B6 recipient mice (2 × 105/mouse) one 

day before EAE induction. For inhibition of colitis, 2 × 105 CD8αα Tunc from B6 or 

Perforin−/− mice were i.v. injected into Rag1−/− recipient mice.

Induction of EAE

EAE was induced in 8–12-wk-old sex matched B6 mice by immunization with 200 μg of 

MOG35–55 peptide (MEVGWYRSPFSRVVHLYRNGK) emulsified in CFA (Difco). A total 

volume of 0.2 ml was injected subcutaneously into the flank, at both right and left sides. On 

the same day and 48 h later, mice were injected intraperitoneally with 150 ng in 0.2 ml of 

pertussis toxin (List Biological laboratories). Clinical signs of EAE were assessed daily, as 

previously described (22) using a five-point scale: 1, flaccid tail; 2, hind-limb weakness; 3, 

hind-limb paralysis; 4, whole-body paralysis; 5, moribund or death.. The mean disease score 
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for each group was calculating by averaging the maximum severity of all of the affected 

animals in the group. In some experiments, HEL74–90 peptide (NLCNIPCSALLSSDITA) 

was used instead of MOG35–55 peptide following the same protocol.

CD45RBhigh transfer model of colitis

Colitis was induced in 6–8-wk-old sex-matched groups of Rag1−/− mice following i.v. 

injection of sorted CD4+CD25−CD45RBhi T cells (4 × 105 cells/mouse) from splenocytes of 

B6 mice or co-transferred with sorted CD8αα Tunc (2 × 105/mouse) from either naïve B6 or 

perforin−/− mice. Recipient mice were weekly weighed and monitored for signs of illness 

and sacrificed after 8 wk. Colon samples were collected, fixed in formalin, embedded in 

paraffin and stained with H&E. All samples were scored by researchers “blinded” to the 

experimental conditions.

CFSE proliferation in vivo assay

OVA-specific CD4+ T cells were isolated from spleen of OT-II Tg mice by positive selection 

using mouse CD4 (L3T4) Microbeads (Miltenyi Biotech). CD8+ T cells were positively 

selected from spleen of B6 mice (n = 10) using mouse CD8a (Ly-2) Microbeads (Miltenyi 

Biotech). Liver MNCs from B6 and perforin−/− mice were isolated as described before. OT-
II cell transfer assay: positive selected CD4+ (OT-II) T cells were CFSE labeled (5 μM) 

using Vybrant CFDA SE Cell Tracer Kit (Life Technologies). CFSE-labeled CD4+ T cells (1 

× 106 cells/200 μl) were i.v. injected into B6 recipient mice alone or co-injected with 

positive selected CD8+ T cells (10 × 106 cells/mouse) from B6 mice or liver MNCs (8 × 106 

cells/mouse) isolated from B6 or perforin−/− mice. After 24 h, recipient B6 mice were 

intraperitoneally immunized with 50 μg of OVA323–339 peptide (ISQAVHAAHAEINEAGR) 

in PBS or injected with PBS alone. Three days after stimulation, recipient mice were 

sacrificed and spleens were analyzed by flow cytometry for the presence of CFSE-labeled 

OT-II CD4+ T cells using antibodies against TCRβ, CD4 and CD8α.

Molecular Fate mapping

CD8αα Tunc or CD8 Tcon (1 × 105/well) from livers of PLZF-Cre x R26T (PCre x R26T) 

and B6 mice were sorted and tdTomato expression was analyzed by FACS.

Cytokines

Sorted CD8αα Tunc or CD8 Tcon from livers of naïve B6 mice (1 × 105 cells/well) were 

cultured in 200 μl of RPMI 1640 medium, 5% FBS, 1% Penicillin/Streptomycin, 2 mM L-

glutamine, 25 mM Hepes, 1× non-essential amino acids and 1 mM sodium pyruvate (all 

from Hyclone) plus 50 μM β-mercaptoethanol and stimulated with anti-CD3 (1 μg/ml, 145–

2C11, BD)-coated plates for 24, 48, 72 and 96 h. Cell culture supernatants were collected at 

different time points and analyzed for cytokines secretion using BD™ Cytometric Bead 

Array following the manufactures instructions.

RNA, cDNA synthesis, RT-PCR and Quantitative RT-PCR

CD8αα Tunc or CD8 Tcon isolated by FACS from liver MNCs were used for RNA isolation. 

RNA was isolated using the RNeasy mini kit (Qiagen) and quantified using NanoDrop 
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2000c spectrophotometer (Thermo Scientific). cDNA synthesis was performed using the 

Reverse Transcription System (Promega). TCR Vα usage was performed by PCR using a 

panel of Vα specific oligonucleotide primers and a common Cα primer (23). Amplification 

products were analyzed by electrophoresis in an Ethidium bromide containing 1.5% agarose 

gel. qPCR were carried out using the Brilliant SYBER Green quantitative PCR kit 

(Stratagene) on a Stratagene Mx3000P machine (Agilent Technologies). Each PCR 

contained 2 μl of cDNA, 25 μl of 2X Brilliant SYBR Green QPCR Master Mix (Stratagene), 

1 μl of forward and reverse primers (10 μmol/l), 0.75 μl of ROX Reference Dye (Stratagene), 

and 20.25 μl of sterile water. A typical cycle was as follows: 95°C for 11 min and 40 cycles 

of 95°C for 45 s, 60°C for 45 s and 72°C for 45 s. Fold change in expression was determined 

by the 2-ΔΔCT method. The results were standardized to the mRNA level of β-actin. Data 

are presented as mRNA fold change against CD8 Tcon.

High-throughput sequencing of the TCR genes

The TCRβ CDR3 regions were amplified and sequenced from sorted CD8αα Tunc and CD8 

Tcon from liver MNCs of naïve B6 mice or from human PBMC. Amplification and 

sequencing of TCRβ CDR3 regions were performed on the ImmunoSEQ platform at 

Adaptive Biotechnologies (Seattle, WA) as previously described (24). Sequences that did not 

match CDR3 sequences were removed from the analysis. A standard algorithm was used to 

identify which V, D, and J segments contributed to each TCRβ CDR3 sequence.

Statistics

Data were analyzed using GraphPad Prism v7 software (GraphPad Software). Data are 

reported as Mean ± SEM. The two-tailed unpaired t-test, Student’s t test or Mann Whitney U 
test were used when comparing two groups of unpaired data. The one-way analysis of 

variance (ANOVA) with Bonferroni’s multiple comparisons posttest was used when 

comparing three or more groups. A paired t test was used when comparing two groups of 

paired data. Significance was assessed using two-tailed tests and indicated as follow: *P < 

0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Results

CD8αα Tunc are unconventional lymphocytes that form part of the natural repertoire in 
naïve mice and dependent upon the PLZF transcription factor

The tolerant nature of the hepatic immune system and the expression of CD8αα 
homodimers in peptide-induced regulatory CD8+ T cell clones in H-2u mice (9) prompted us 

to investigate whether CD8 Treg may be enriched in liver of naïve B6 mice. Following the 

gating strategy in Fig. 1A, we found that around 4% of hepatic TCRαβ+CD8+ T cells are 

CD8αα+ and display an activated, innate-like, memory phenotype 

(CD44hiCD62LloNK1.1+CD69+) (Fig. 1B and C). These cells, referred hereafter as CD8αα 
Tunc, are enriched in the liver of naïve mice, but also present in other peripheral lymphoid 

organs, including lung, PBMC and spleen (Fig. S1A). Notably, CD8αα Tunc are not 

detectable in adult thymus (Fig. S1A), but they are present in neonatal thymus until day 5 

after birth (Fig. S1B). They are deficient in athymic nude mice (Fig. S1C), indicating their 

thymic origin. CD8αα Tunc express only the CD8α but not CD8β chain as shown by the 
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loss of CD8β transcripts in CD8αα Tunc by quantitative PCR (qPCR) and also by their 

absence in CD8α−/− mice (Fig. 1D).

Since innate-like features in T cells are driven by the expression of PLZF transcription 

factor, also known as Zbtb16 (25, 26), we examined its expression in CD8αα Tunc. Staining 

of liver MNCs with anti-PLZF mAb in B6 mice and GFP expression in PLZF-eGFP (PEG) 

reporter mice (27) show that CD8αα Tunc express PLZF, but at levels lower than the 

invariant NKT (iNKT) cells (Fig. 1E). In contrast, conventional TCRαβ+CD8αβ+ (CD8 

Tcon) or CD4 T cells did not express PLZF (Fig. 1E). The qPCR analysis confirmed that 

PLZF transcripts are found exclusively in sorted CD8αα Tunc but not in CD8 Tcon (Fig. 1F). 

To determine whether CD8αα Tunc expressed PLZF at previous developmental stages, we 

performed a fate-mapping experiment using PLZF-Cre x R26T (PCre x R26T) mice, in 

which PLZF-expressing cells are permanently labeled as tdTomato positive cells (27). As 

shown in Fig. 1G, most hepatic CD8αα Tunc in PCre x R26T mice are tdTomato positive, 

while CD8 Tcon show only background level expression. Collectively, these data confirm the 

expression of PLZF in CD8αα Tunc but not in CD8con.

Next, we compared by qPCR the expression of other transcription factors associated with 

either innate or activated/memory T cells between sorted CD8αα Tunc and CD8 Tcon. As 

shown in Fig. 1H, CD8αα Tunc show up-regulation of RORα (retinoic acid-receptor-related 

orphan receptor alpha), Id3 (DNA-binding protein inhibitor ID-3) and E2A 
(immunoglobulin enhancer-binding factors E12/E47) whereas Id2 (DNA-binding protein 

inhibitor ID-2), Eomes (Eomesodermin) and HEB (HeLa E-box binding protein) are down-

regulated in comparison to CD8 Tcon. However, T-bet and KLF2 (Kruppel-like factor 2) 

expression are not significantly different between CD8αα Tunc and CD8 Tcon. A critical role 

of PLZF in the development or survival of CD8αα Tunc is shown in PLZF−/− mice that have 

a significantly reduced number of hepatic CD8αα Tunc (Fig. 1I).

CD8αα Tunc secrete cytokines typical of innate-like cytotoxic T cells and use a perforin-
dependent mechanism to control autoimmunity

Next, we determined whether hepatic CD8αα Tunc have effector or regulatory function. We 

analyzed the ability of adoptively transferred CD8αα Tunc to influence myelin-

oligodendrocyte glycoprotein (MOG)35–55-induced experimental autoimmune 

encephalomyelitis (EAE). Thus, sorted hepatic CD8αα Tunc or CD8 Tcon from naïve B6 

mice were adoptively transferred into B6 recipient mice one day before MOG35–55-induced 

EAE. As shown in Fig. 2A, mice that received CD8αα Tunc show a significant suppression 

of EAE in comparison to those receiving CD8 Tcon or control mice. Next, to exclude the 

potential role of both PLZF+CD1d-restricted NKT cells as well as innate-like memory CD8+ 

T cells that depend on IL-4 secreted by NKT cells (28), hepatic CD8αα Tunc or CD8 Tcon 

were sorted from CD1d−/− mice, which are deficient in both populations, and adoptively 

transferred into B6 recipients, in which EAE was induced as above. As shown in Fig. 2B, 

mice that received CD8αα Tunc but not CD8 Tcon from CD1d−/− mice show significant 

protection from EAE, indicating that the protective effect of CD8αα Tunc is independent of 

NKT or NKT-dependent innate-like CD8+ T cells. These data indicate that CD8αα Tunc 

have regulatory properties and inhibit autoimmune T cell responses.
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We next investigated whether CD8αα Tunc are expanded in vivo due to an autoimmune T 

cell response. B6 mice were immunized with either MOG35–55 peptide or an irrelevant 

peptide from hen egg lysozyme (HEL)74–90 and the frequency of CD8αα Tunc was 

determined at day 10 (onset of disease, EAE d10) or at day 25 (recovery phase, EAE d25). 

As shown in Fig. 2C, CD8αα Tunc transitorily decrease at the onset of disease but 

significantly expand during the recovery phase of EAE. In contrast, CD8αα Tunc are not 

altered in non-diseased HEL-immunized mice. Next, we determined whether the increased 

frequency of CD8αα Tunc is related to the clinical disease. Interestingly, the frequency of 

CD8αα Tunc increase significantly in mice that contracted less severe disease (scores 0–1) 

in comparison to those with more severe disease (scores 3–4) (Fig. 2D), suggesting their 

involvement in the control of EAE as suggested earlier for CD8 T cells (7-10, 29). These 

data indicate that regulatory CD8αα Tunc are expanded following an autoimmune 

inflammatory response.

To investigate whether CD8αα Tunc can control autoimmunity in the absence of other Treg, 

we used the CD4+CD45RBhi T cell transfer model of colitis in Rag1−/− mice. Since 

regulatory CD8+ T cells has been shown to use perforin to kill activated effector T cells (10, 

30), Rag1−/− mice were co-transferred with CD4+CD25−CD45RBhi T cells along with 

sorted CD8αα Tunc either from B6 (perforin+/+) or perforin−/− mice. As shown in Fig. 2E, 

Rag1−/− recipients that received CD8αα Tunc from perforin−/− mice develop colitis similar 

to that in control mice. In contrast, those receiving CD8αα Tunc from B6 (perforin+/+) mice 

are significantly protected from disease as indicated by an increased BW ratio and 

amelioration of colonic inflammation as shown by H&E staining. These results indicate that 

the perforin pathway is an important cytotoxic mechanism used by CD8αα Tunc to control 

autoimmunity mediated by activated CD4+ T cells.

Next, to determine whether CD8αα Tunc can also control in vivo activated CD4+ T cells 

reactive to a foreign antigen, we analyzed their capacity from B6 (perforin+/+) or perforin−/

− mice to suppress the anti-OVA CD4 T cell response. As shown in Fig. 2F and Fig. S2, 

CD8+ T cells from B6 but not from perforin−/− mice significantly suppress activated CD4+ 

T cells as indicated by a significantly reduced proliferation and recovery of CFSE-labeled 

OT-II CD4 T cells in the presence of functional CD8+ T cells. Consistent with the in vivo 
data, sorted hepatic CD8αα Tunc but not CD8 Tcon also inhibit in vitro proliferation of anti-

CD3 activated CFSE-labeled polyclonal CD4+ T cells (Fig. 2G).

Next, to investigate whether suppressive cytokines may also be involved in regulation, we 

determined the cytokine secretion profile of sorted hepatic CD8αα Tunc from naïve B6 

following in vitro stimulation with plate-bound anti-CD3 mAb. As shown in Fig. 3, CD8αα 
Tunc secrete typical pro-inflammatory cytokines produced by innate-like cytotoxic T cells 

(TNFα, IL-17A and IL-6) as well as IFNγ and IL-4. In contrast, hepatic CD8 Tcon show a 

typical cytotoxic T cell profile and do not secrete IL-4 and IL-17A. Notably, CD8αα Tunc 

secrete significantly higher levels of IL-2 within 24 h, while CD8 Tcon secrete only a 

minimal amount (Fig. 3). Importantly, CD8αα Tunc do not secrete the suppressive cytokine 

IL-10 (Fig. 3) and do not express TGFβ (Fig. 5E). Thus, CD8αα Tunc secrete cytokines 

typical of innate-like cytotoxic T cells and not suppressive cytokines.
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Innate-like CD8αα Tunc are polyclonal and use diverse TCR α and β chains

Since PLZF-dependent innate-like T cells often use limited TCR repertoires (4), we 

determined the TCR repertoire of hepatic CD8αα Tunc. As shown in Fig. 4A, the TCR Vβ 
repertoire of sorted CD8αα Tunc is diverse with a bias toward the use of Vβ8.1/8.2, 

Vβ5.1/5.2 and Vβ11 chains, similar to the CD8 Tcon. Next, the TCRβ repertoire of sorted 

hepatic CD8αα Tunc and CD8 Tcon was analyzed by high-throughput sequencing as 

described before (24). A total of 665 and 98,935 productive TCRβ sequences were obtained 

from CD8αα Tunc and CD8 Tcon, respectively. From these, 31 and 7,256 unique TCRβ 
clonotypes at the CDR3 amino acid level were assembled from CD8αα Tunc and CD8 Tcon, 

respectively. Consistent with the flow cytometric analysis, CD8αα Tunc express a diverse 

TCRβ repertoire with a preferential usage of TRBV13–3/13–2 (Vβ8.1/8.2), TRBV20 

(Vβ15), TRBV12–1/12–2 (Vβ5.1/5.2), TRBV5 (Vβ1) and TRBV4 (Vβ10) (Fig. 4B). 

Additionally, TRBJ usage, another indicator of the heterogeneity, is also diverse and almost 

similar among CD8αα Tunc and CD8 Tcon, except for an increase in Jβ2.5 usage by CD8αα 
Tunc (Fig. S3A, left). CD8αα Tunc also show a slightly skewed bell-shaped distribution of 

CDR3 lengths with a peak at 39 nt, while CD8 Tcon show a more typical Gaussian-like 

distribution with a peak at 42 nt (Fig. S3A, right). Furthermore, TCR Vα analysis of 

CD8αα Tunc by flow cytometry (Fig. 4C) and RT-PCR (Fig. 4D) reveal a diverse Vα usage 

similar to that in CD8 Tcon.

CD8αα Tunc are dependent on IL-15/IL-2Rβ for their development/survival and express 
several immune regulatory receptors

We next determined the cytokine and cytokine signaling requirement for the development or 

survival of CD8αα Tunc. Since CD122 or the IL-2Rβ chain has been shown to be essential 

for IL-15 signaling, we first investigated the role of IL-15. As shown in Fig. 5A, CD8αα 
Tunc are dramatically reduced in both CD122−/− and IL-15−/− mice in comparison to B6 

mice. In contrast, CD8αα Tunc are not affected in CD25−/−, IL-7−/−, IL-6−/− and IFNγ−/− 

mice. Surprisingly, unlike NKT cells, CD8αα Tunc are not reduced in T-bet−/− mice (Fig. 

5A). Furthermore, no significant changes in the frequency of hepatic CD8αα Tunc are 

observed in CD1d−/− and Jα18−/−, indicating their distinctiveness from NKT cells and that 

CD1d or NKT cells are not required for CD8αα Tunc development (Fig. 5A). Furthermore, 

the presence of CD8αα Tunc in MR1−/−, μMT−/− (Fig. 5A) as well as in germ-free mice 

(Fig. 1SD) indicates their phenotype being distinct from the MAIT cells.

Since CD8αα Tunc have regulatory activity, we analyzed the expression of several markers 

associated with regulatory function. CD8αα Tunc do not express FoxP3 but do express 

glucocorticoid-induced tumor necrosis factor-related receptor (GITR) (Fig. 5B). As shown 

in Fig. 5C, CD8αα Tunc are CD25lo, CD122hi, are not typical memory T cells as they do not 

express CD127 and are IL-7-independent (Fig. 5A). Higher expression of CD122 in CD8αα 
Tunc and their absence in IL-15−/− mice is consistent with the requirement for IL-15 for 

their survival/development. Interestingly, CD8αα Tunc express PD-1+ (~25%) CD28+ 

(~44%), CD27hi (~72%) and CD200 (~35%), a negative signaling molecule (Fig. 5C). In 

addition, CD8αα Tunc did not express OX-40, ICOS, CXCR5, Eomes and CD103 (Fig. 5C) 

(31). Importantly, CD8αα Tunc express only NK inhibitory receptors (Ly49E/
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F>Ly49G2>Ly49A>Ly49I>Ly49G) but not activating receptors (Ly49D and Ly49H) (Fig. 

5D).

Next, to further confirm their phenotype, we analyzed the expression of several genes in 

sorted hepatic CD8αα Tunc by qPCR. Consistent with the flow cytometry data, CD8αα Tunc 

show significant up-regulation of CD28, CD122, Ly49A and CD200 (Fig. 5E). Furthermore, 

CD8αα Tunc greatly up-regulated 2B4 (CD244), Gzma (Granzyme A), Light and 

chemokine receptors, including Cxcr3, Gpr15 and Ccr5. Interestingly, Fgl2 (Fibrinogen-like 

2), which is also a negative regulator of the immune response, is up-regulated in CD8αα 
Tunc. In contrast, other genes associated with CD4 Treg, including TGF-β1 and LAG-3 
(Lymphocyte-activation gene 3), are down-regulated in comparison to CD8 Tcon (Fig. 5E).

Co-expression of CD11c and CD244 distinguishes a functionally distinct population within 
the heterogeneous CD8αα Tunc

Further, we determined the expression of other cell surface markers associated with immune 

regulation within the polyclonal CD8αα Tunc population. We found that a large portion 

(~40–50%) of hepatic CD8αα Tunc in naive mice co-express CD11c and CD244 and that all 

CD11c+ cells are CD244+ (Fig. 6A). In contrast, hepatic CD8 Tcon express negligible levels 

of CD11c or CD244 (Fig. 6A). Interestingly, CD244 is a NK cell marker associated with 

inhibitory receptor function (32) and CD11c has also been shown to be expressed on splenic 

suppressor CD8+ T cells (18). As expected, CD244+CD11c+ CD8αα Tunc are significantly 

reduced in PLZF−/− mice (Fig. 6B) and also express NK1.1 and NKG2D (Fig. 6C). Using 

PEG mice, we further confirmed that CD244+CD11c+ CD8αα Tunc are PLZF+ and express 

higher levels of PLZF in comparison to CD244−CD11c− cells (Fig. 6D).

To determine whether the CD11c expression in CD8αα Tunc identify a functionally different 

population, sorted CD8αα Tunc depleted of CD11c+ cells (CD8αα+CD11c− cells) were 

adoptively transferred into naïve B6 recipients to examine their ability to control EAE as in 

Fig. 2A. As shown in Fig. 6E, adoptive transfer of CD8αα+CD11c− cells did not protect 

recipient mice from MOG35–55-induced EAE, suggesting that the loss of CD11c+ cells 

within the polyclonal CD8αα Tunc population results in loss of their regulatory capacity.

Since unconventional T cells are restricted by MHC Class Ib molecules and the Qa-1b 

molecule has been suggested to be involved in immune regulation (9, 10, 29), we determined 

the frequency of hepatic CD8αα Tunc in Qa-1b−/− mice. As shown in Fig. 6F and 6G, 

CD8αα Tunc populations are significantly reduced in Qa-1b−/− mice, indicating that a 

proportion of CD8αα Tunc are Qa-1b-restricted. Since Qa-1b-restricted T cells can be either 

TAP-dependent or TAP-independent, we also examined the frequency of CD8αα Tunc in 

TAP1−/− mice. As shown in Fig. 6F, the frequency of CD8αα Tunc is not different between 

TAP1−/− and B6 mice, indicating that TAP-dependent antigen processing is not required for 

the development of these cells.

PLZF+CD161int/lo CD8αα Tunc are present in human PBMC and are polyclonal

To identify a human counterpart to the murine CD8αα Tunc, we determined their presence 

in PBMC from healthy subjects. Gating strategy (Fig. 7A) is based on PLZF expression in 

TCRαβ+CD8+ T cells and exclusion of CD8β+ T cells as well as CD8αα+ MAIT cells (33). 
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Therefore, CD8αα Tunc in humans are identified as TCRαβ+PLZF+CD8β−CD8αα
+CD161int/lo and represent ~ 11.9% ± SEM 2.1 in PBMC (Fig. 7B) and 0.25% ± 0.06 and 

0.92% ± 0.22 in total TCRαβ+ T cells and CD8+ T cells, respectively. In contrast, MAIT 

cells represent 2.6% ± 0.54 of the total TCRαβ+ T cells and 9% ± 1.9 of the CD8+ T cells. 

Next, we determined the expression of various immune markers as well as cytokines in 

human CD8αα Tunc directly ex vivo without stimulation and compared them with MAIT 

cells and CD8 Tcon. Human CD8αα Tunc are composed mainly of memory populations 

(~50% CCR7−CD45RA+ TEMRA and ~30% CCR7−CD45RA− TEM cells) and more than 

80% of CD244+CD11c+ CD8αα Tunc are TEMRA cells (Fig. 7C). Similarly, human CD8αα 
Tunc express higher levels of CD244, CD11c and granzyme B in comparison to CD8 Tcon 

and MAIT cells (Fig. 7D). Furthermore, the expression of markers known to be up-regulated 

in MAIT cells, including IL-18Rα1, RORγt, CXCR6 and CCR6, is significantly reduced in 

CD8αα Tunc (Fig. S4). Similar to murine, human CD8αα Tunc also secrete IFNγ, IL-17A, 

TNFα and IL-4 (Fig. S4). Importantly, a substantial portion (~17%) of human CD8αα Tunc 

but not MAIT cells are CD244+CD11c+ (Fig. 7E) and the majority of human CD244+CD11c
+ CD8αα Tunc secrete both Granzyme B and perforin (Fig. 7F).

Next, the TCRβ repertoire of sorted CD8αα Tunc and CD8 Tcon was analyzed by high-

throughput sequencing as described before (24). A total of 73,760 and 386,832 productive 

TCRβ sequences were obtained from CD8αα Tunc and CD8 Tcon, respectively. From these, 

794 and 12,244 unique TCRβ clonotypes at the CDR3 amino acid level were assembled 

from CD8αα Tunc and CD8 Tcon, respectively. Similar to murine cells, human CD8αα Tunc 

exhibit a non-restricted usage of multiple TRBV gene segments resembling the TCRβ 
repertoire of CD8 Tcon (Fig. 7G). Also, they do not show any preferential usage of specific 

TRBJ gene segment (Fig. S3B, left) and show a Gaussian-like CDR3β length distribution 

profiles (Fig. S3B, right).

Discussion

The immune tolerance function of liver has been known for long time, but the cellular and 

molecular mechanism(s) mediating regulation are poorly understood. Here, we have 

identified and characterized a novel population of unconventional, innate-like TCRαβ
+CD8αα+ T cells, named as CD8αα Tunc, enriched in liver of naïve mice and capable of 

regulating autoimmune responses. Their importance is further highlighted by the fact that 

these polyclonal cells are also present as part of the natural immune repertoire in humans.

The expression of the PLZF transcription factor in CD8αα Tunc in both mice and humans 

distinguishes them from conventional CD8αβ T cells. PLZF expression also confers innate-

like characteristics in hepatic CD8αα Tunc, including expression of activation, memory and 

NK cell markers similar to those in NKT cells (25, 26), thus, allowing them to act promptly. 

Unlike the Foxp3, PLZF expression is not inducible in conventional T cells following 

activation (27). Therefore, CD8αα Tunc represent a separate lineage of unconventional 

CD8+ T cells distinct from CD8 Tcon. Consistently, higher expression of PLZF, RORα (34) 

and Id3 (35) and significantly reduced numbers of CD8αα Tunc in mice genetically deficient 

in PLZF−/− mice as well as in RORα- and Id3-deficient mice (data not shown) suggests a 

differential transcription requirement for the development of CD8αα Tunc. The down-
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regulation of the transcriptional repressor Id2 (DNA-binding protein inhibitor ID-2) (36) 

also indicates that CD8αα Tunc belong to a T cell lineage rather than to an innate lymphoid 

lineage.

Though, hepatic CD8αα Tunc share several characteristics with other innate-like 

unconventional T cells, such as NKT and MAIT cells, they have several distinguishing 

features: (a) CD8αα Tunc are present in liver of both CD1d−/− and Jα18−/− mice, therefore, 

they are not CD1d-restricted and they are distinct from other NKT-dependent innate-like 

CD8+ T cells (28); (b) unlike MAIT cells, CD8αα Tunc are present in MR1−/−, germ-free 

mice and in B cell-deficient mice; (c) presence of CD8αα Tunc in CD1d−/−, MR1−/− and 

germ-free mice indicates that these cells are not reactive to lipid and the commensal 

bacterial antigens, respectively; (d) distinct from the semi-invariant TCR repertoire of MAIT 

or iNKT cells, the TCR α and β repertoire of CD8αα Tunc is highly diverse; (e) while 

CD8αα Tunc do not express ICOS, CD127 and CD103, MAIT cells are positive for 

expression of these markers; (f) MAIT cells do not secrete IL-2 while CD8αα Tunc 

promptly secrete large amount of IL-2 following stimulation; (g) different from MAIT cells, 

human CD8αα Tunc have lower expression of CD161 and significantly lower levels of 

IL-18Rα, CXCR6, CCR6 and RORγt; and (h) CD8αα Tunc co-express CD11c and CD244 

and secrete higher levels of both granzyme B and perforin.

One of the important features of hepatic CD8αα Tunc is that they are immunoregulatory and 

can control autoimmune T cell responses mediating EAE as well as colitis. The ability of 

adoptively transferred CD8αα Tunc to suppress colitis in Rag1−/− mice in a perforin-

dependent manner further indicates that these cells use cytotoxic mechanisms to kill 

activated effector CD4+ T cells to regulate autoimmunity, independently of other Treg, as 

shown earlier for Qa-1-restricted CD8+ regulatory T cells (10, 30). Interestingly, perforin/

granzyme cytotoxic pathway has also been shown to be used by natural FoxP3+CD4+ Treg 

to kill effector T cells (37). Since, CD8αα Tunc could be restricted by class Ia or class Ib 

MHC molecules, reviewed in (38), a significant loss of CD8αα Tunc in Qa-1b-deficient mice 

indicate that a substantial number of these cells are non-classical class Ib MHC-restricted. 

Because naïve T cells are Qa-1b-negative, only activated T cells that are Qa-1b-positive are 

targets of CD8αα Tunc-mediated cytotoxic mechanisms (9, 10, 39). Furthermore, CD8αα 
Tunc do not secrete IL-10 and TGFβ, therefore, additional suppressive mechanisms, 

including anergy (40) or indoleamine 2,3-dioxygenase (41) pathways, may also be used. 

Enrichment of CD8αα Tunc during the recovery phase of EAE suggests that an ongoing pro-

inflammatory, chronic autoimmune response triggers expansion of these Treg, as suggested 

earlier (9, 10). Another important feature of CD8αα Tunc is their ability to rapidly secrete 

large amount of IL-2 that may be relevant not only for the maintenance of their memory 

phenotype (42), but also for the expansion/survival of Foxp3+CD4+ Treg in the liver.

CD4+ Treg constitutively express CD25, a high affinity IL-2R (43) and CD25 deficiency in 

both mice and humans results in the loss of peripheral tolerance due to reduced CD4+ Treg 

(44, 45). In contrast, CD8αα Tunc express higher levels of CD122 or IL-2Rβ and they are 

lost in CD122−/− but not in CD25−/− mice. Furthermore, IL-2Rβ-deficient mice also 

develop severe autoimmunity, splenomegaly and elevated autoantibodies and can be rescued 

by adoptive transfer of either CD122+CD8+ T cells (19) or CD4+ Treg (46) from naïve mice. 

Sheng et al. Page 12

J Immunol. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recently, IL-2Rβ mutations in humans also have been shown to result in loss of peripheral 

tolerance, multisystem autoimmunity and CMV disease (47, 48). Additionally, genome-wide 

association studies have implicated IL-2Rβ-mediated signaling in human autoimmune 

diseases (49, 50). Thus, studies in both mice and humans suggest that regulatory T cell-

mediated immune tolerance is focused on IL-2R signaling: IL-2Rα for the CD4+ Treg and 

IL-2Rβ for CD8αα Tunc.

Hepatic CD8αα Tunc express an activated/memory phenotype (CD69+CD44hiCD62lo) as 

shown for other CD8+ tissue-resident memory T cells (51, 52). However, they do not express 

CD103, an important integrin for T cell residence in epithelial tissues. It is likely that, 

similar to iNKT cells, CD8αα Tunc use PLZF-driven up-regulation of LFA-ICAM-1 

interactions for retention in liver (53). Consistent with their activated memory phenotype, 

IL-15 signaling is critical for the development or survival of CD8αα Tunc as they are 

significantly depleted in liver of mice deficient in IL-15. A constitutive production of IL-15 

in liver (54) may provide a suitable environment for their development or survival. In fact, 

neonatal liver is significantly enriched in CD8αα Tunc while these cells are undetectable in 

thymus 5 days after birth. Absence of CD8αα Tunc in thymectomized mice suggest thymic 

dependence for their development as shown earlier for thymic and intestinal CD8αα T cells 

(55, 56). It is possible that CD8αα Tunc may migrate into liver to fully differentiate as 

shown for intestinal CD8αα T cells (56). A polyclonal TCR repertoire and an activated 

phenotype of hepatic CD8αα Tunc also suggest that these cells recognize diverse self-

antigens as part of the homeostatic mechanism in naïve mice. Homeostatic expansion of 

CD8αα Tunc may depend on the type I IFN receptor signaling pathway required for the 

IL-15 production (57). Accordingly, STAT-1, which is essential for type I IFN receptor 

signaling (58), may also be important for CD8αα Tunc survival. Consistently, STAT-1−/− 

but not STAT-2−/− mice have normal repertoire of CD8 Tcon but lack Ly49+ CD8+ T cells 

and develop massive infiltration of CD4+ T cells into liver (59).

The presence of CD8αα Tunc in naïve mice and in PBMC of healthy subjects suggests that 

these cells are part of the natural immune repertoire. The TCR repertoire and phenotypic 

analysis indicate that CD8αα Tunc are polyclonal, similar to innate-like type II NKT cells 

(60) and express cell surface molecules that have been shown to be present in peripherally 

induced regulatory CD8+ T cells, including Ly49, CD11c and PD-1 (9, 16-19). Thus, 

CD8αα Tunc are comprised of functionally distinct populations, including regulatory CD11c
+CD244+ CD8αα Tunc present in both mice and humans. These cells also secrete increased 

levels of perforin and granzyme B in humans in steady state. Interestingly, CD137-induced 

CD8+CD11c+ T cells have been shown to suppress autoimmune diseases (18). Recently, 

TCRαβ+CD8+CD11c+ T cells with DC properties have been also described in mice and 

humans (61), but differ from CD8αα Tunc in that they are CD127hi and negative for CD69, 

CD25, CD122, NK1.1 and PLZF expression. CD8αα Tunc also express NKG2D and Ly49 

NK-inhibitory receptors shown to be expressed by Qa-1-restricted regulatory CD8+ T cells 

(16, 17). Hepatic PD1+CD8+ T cells have recently been shown to promote efficient tolerance 

toward a fully allogeneic graft (62). Although, we have not analyzed CD8αα Tunc in human 

liver, recent reports indicate an enrichment of memory CD8+ T cells with similar features, 

for example, IL-2-secreting PD1+CD69+CD103−CD8+ (42) and granzyme-secreting 

CD161intCD8+ T cells (42, 63, 64). Also, loss of a terminally differentiated regulatory CD8+ 
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T cell population in multiple sclerosis patients with clinical disease exacerbation has been 

shown (65). Since, CD8αα Tunc are polyclonal and have different MHC restrictions, it is 

possible that they may also participate in effector functions as recently shown for 

unconventional CD8+ T cells against parasitic (66), SIV (67) and bacterial infections (68). 

Thus, further molecular and functional studies are needed to identify different subsets of 

CD8αα Tunc, similar to the presence of multiple functional regulatory and non-regulatory 

subsets found within the FoxP3+CD4+ T cells in humans (5).

In summary, we have identified a natural and unique unconventional TCRαβ+CD8αα+ T 

cell population in both mice and humans with potent immune regulatory properties. Our 

studies significantly contribute to the importance of the emerging diversity of 

unconventional T cells and their important role in the regulation of autoimmune and 

inflammatory diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This work was started at the Torrey Pines Institute for Molecular Studies and has been performed with the support 
of the Flow Cytometry Core at the UC San Diego Center for AIDS Research, the VA San Diego Health Care 
System, and the San Diego Veterans Medical Research Foundation.

This work was supported by National Institutes of Health Grants R01 AI052227 to VK.

Abbreviations used in this article:

B6 C57BL/6

EAE Experimental Autoimmune Encephalomyelitis

Eomes Eomesodermin

GITR glucocorticoid-induced tumor necrosis factor-related receptor

HEL hen egg lysozyme

Id3 DNA-binding protein inhibitor ID-3

MOG myelin-oligodendrocyte glycoprotein

NKT natural killer T cells

MAIT mucosal-associated invariant T cells

MNCs mononuclear cells

PBMC peripheral blood mononuclear cells

PLZF promyelocytic leukemia zinc finger

qPCR quantitative PCR

Sheng et al. Page 14

J Immunol. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript
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KEY POINTS

• PLZF expression in CD8αα Tunc distinguishes them from conventional CD8 

T cells

• CD8αα Tunc express NK cell markers, and dependent upon IL-2Rβ signaling

• CD8αα Tunc use perforin in a negative feedback mechanism to control 

autoimmunity
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Figure 1. CD8αα Tunc are innate-like, memory T cells and are dependent upon PLZF.
(A) Gating strategy for CD8αα Tunc in liver MNCs from naïve B6 mice. CD8αα Tunc were 

gated as singlet-B220−-CD4−-TCRβ+-CD8α+CD8β− cells. (B) Cumulative percentage of 

hepatic CD8αα Tunc and numbers among TCRβ+ T cells in naïve B6 mice (n = 21). (C) 

Histograms overlay of individual marker expression in gated CD8αα Tunc and CD8 Tcon 

(solid line) vs. isotype control (shaded). Numbers indicate percentage of positive cells in one 

of three mice. (D) (Left) Fold change of CD8alpha chain expression compared with 

CD8beta chain by qPCR in sorted hepatic CD8αα Tunc against CD8 Tcon. (Right) 
Percentage of hepatic CD8αα Tunc in CD8α−/− (n = 3) vs. B6 mice (n = 5). (E) 

Representative dot plots from one of three mice showing CD8αα Tunc and CD8 Tcon (top) 

and CD4-iNKT cells (CD4+αGalCer/CD1d tetramer+) and CD4 T cells (CD4+αGalCer/

CD1d tetramer−) (bottom). Histograms overlay of PLZF and GFP expression in gated 

hepatic CD8αα Tunc vs. CD8 Tcon (top) and gated CD4-iNKT cells vs. CD4 T cells 

(bottom) from naïve B6 and PLZF-eGFP reporter (PEG) mice, respectively. CD8αα Tunc & 

CD4-iNKT cells, solid line; CD8 Tcon & CD4 T cells, shaded histograms. (F) Relative 

expression of PLZF by qPCR in sorted hepatic CD8αα Tunc and CD8 Tcon from naive B6 

mice (n = 10) using β actin reference gene. (G) Representative histograms of TdTomato 

expression in sorted hepatic CD8αα Tunc and CD8 Tcon from B6 (n = 5) and Pcre × R26T 

(26T) (n = 5) mice. Numbers indicate percentage of TdTomato+ cells. (H) Fold change of 

indicated immune genes expression by qPCR in sorted CD8αα Tunc against CD8 Tcon from 

naive B6 mice (n = 10). (I) Percentage and numbers of CD8αα Tunc from littermates (PLZF
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+/+ and PLZF+/−, n = 3) and homozygous PLZF−/− mice (n = 9). Error is reported as SEM. 

Unpaired t tests were performed for data shown in D and I. ***P < 0.001; ****P < 0.0001. 

Data in each panel are representative of two or more independent experiments.
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Figure 2. Adoptive transfer of CD8αα Tunc protects mice from EAE and colitis and they are 
expanded during EAE.
Sorted hepatic CD8αα Tunc or CD8 Tcon (1-2 × 105/mouse) from naïve B6 (A) or naïve 

CD1d−/− mice (B) were adoptively transferred into B6 recipients (n = 3-5) one day before 

EAE induction with MOG35–55/CFA/PT and compared with the PBS-injected group. (C) 

CD8αα Tunc in MOG35–55- or HEL74–90-immunized B6 mice (n = 3–9) at day 10 or 25 or 

naïve B6 mice (Control, n = 5). (D) CD8αα Tunc at day 30 in B6 mice recovering from 

milder (scores 0-1) vs. severe (scores 3-4) EAE (n = 18 from two independent experiments). 

(E) Body weight ratio in Rag1−/− mice after adoptive transfer of sorted 

CD4+CD25−CD45RBhi T cells (4 × 105/mouse) alone (Control) or co-injected with sorted 

hepatic CD8αα Tunc (2 × 105/mouse) from either B6 (perf+/+) or perforin−/− (perf−/−) 

mice (n = 3/group). Representative H&E staining of colon sections (× 100). (F) Numbers of 

CFSE-labeled OT-II CD4+ T cells recovered in spleen of B6 mice following their adoptive 

Sheng et al. Page 23

J Immunol. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transfer (1 × 106/mouse) in control PBS (n = 6) or in OVA323-339 peptide-injected (n = 7) or 

co-injected with positively selected CD8+ T cells (10 × 106 cells/mouse) (n = 6) or liver 

MNCs (8 × 106 cells/mouse) from B6 (n = 5) or perforin−/− (n = 3) mice. (G) Percentage of 

CFSE-labeled CD4+ T cells recovered after 4 days of anti-CD3 stimulation of sorted CFSE-

labeled CD4+ T cells (4 × 105/well) cultured alone or together with either sorted hepatic 

CD8αα Tunc or CD8 Tcon (1 × 105/well) from naïve B6 mice. Error is reported as SEM. 

Student t test was performed for data shown in A and B, unpaired t test for data shown in C, 

D, E and G and ANOVA with Tukey’s post-test for data shown in F. *P < 0.05; **P < 0.01. 

Data in each panel are representative of two or three independent experiments.
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Figure 3. CD8αα Tunc secrete cytokines typical of innate-like cytotoxic CD8 T cells.
Cytokines were quantified in supernatants at the indicated time points after in vitro 
stimulation with plate-bound anti-CD3 mAb (10 μg/ml) of sorted hepatic CD8αα Tunc or 

CD8 Tcon (1 × 105 cells/well) from naïve B6 mice. Data indicate concentrations (pg/ml) of 

cytokines detected by BD™ Cytometric Bead Array (CBA). These data are representative of 

two independent experiments.
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Figure 4. CD8αα Tunc are polyclonal and use diverse TCR α and β repertoires.
(A) Percentage of sorted hepatic CD8αα Tunc (left) and CD8 Tcon (right) isolated from 

naïve B6 mice (n = 3) expressing various TCR Vβ chains. (B) TRBV gene segment usage by 

sorted CD8αα Tunc (31 sequences, left) and CD8 Tcon (7256 sequences, right) isolated from 

liver MNCs of naïve B6 mice (n = 10) as determined by high-throughput sequencing of the 

CDR3β regions. (C) Percentage of sorted hepatic CD8αα Tunc and CD8 Tcon isolated from 

naïve B6 mice (n = 3) expressing various TCR Vα chains. (D) RT-PCR analysis of TCR Vα 
usage by sorted CD8αα Tunc and CD8 Tcon isolated from liver MNCs of naïve B6 mice. 

Data in A, C and D are representative of two or three independent experiments.
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Figure 5. CD8αα Tunc are dependent on IL-15/IL-2Rβ signaling for their development/survival 
and express several immune regulatory markers.
(A) Percentage of CD8αα Tunc in liver MNCs from indicated gene-deficient mice compared 

with naïve B6 mice (n = 2-6 mice per group) following gating strategy defined in Fig. 1A. 

**P < 0.01, ANOVA with Bonferroni post-test. (B) Histograms overlay of Foxp3 and GITR 

expression in sorted CD8αα Tunc versus CD8 Tcon in liver MNCs from one of three naïve 

B6 mice. (C) Histograms overlay of individual markers in gated CD8αα Tunc and CD8 Tcon 

(solid line) vs. isotype control (shaded) in liver MNCs from one of three naïve B6 mice. 

Numbers indicate percentage of positive cells. (D) Histograms overlay for the expression of 

NK cell surface receptors in gated CD8αα Tunc and CD8 Tcon (solid line) vs. isotype control 
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(shaded) in liver MNCs from one of three naïve B6 mice. Numbers indicate percentage of 

positive cells. (E) Fold change of indicated immune genes expression by qPCR in sorted 

CD8αα Tunc from liver MNCs of naïve B6 mice (n = 10) against CD8 Tcon. Data in A-D are 

representative of two or three independent experiments.
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Figure 6. Co-expression of CD11c and CD244 is associated with a functionally distinct 
population within the heterogeneous population of CD8αα Tunc.
(A) Dot plots showing CD244 and CD11c expression by hepatic CD8αα Tunc and CD8 Tcon 

from one of three naïve B6 mice gated as in Fig. 1A. Numbers indicate percentage of 

CD244+ or CD11c+CD244+. (B) Numbers of CD244+CD11c+ CD8αα Tunc in liver MNCs 

from littermates (PLZF+/+ and PLZF+/−) and homozygous PLZF−/− mice (n = 3-4 per 

group). (C) Dot plots showing NK1.1 and NKG2D expression on gated CD244+CD11c+ 

CD8αα Tunc. Numbers indicate percentage of positive cells in one of five mice. (D) (Left) 
Dot plot showing CD244 and CD11c expression by hepatic CD8αα Tunc from PEG mice 

gated as in Fig. 1A. Numbers indicate percentage of CD11c+CD244+ and CD11c−CD244− 

cells in one of four mice. (Right) Histogram overlay of GFP expression by CD11c+CD244+ 

versus CD11c−CD244− cells. (E) B6 mice (n = 3-5) were adoptive transfer with sorted 

hepatic CD8αα+ Tunc depleted of CD11c+ cells (CD8αα+CD11c−) from naïve B6 mice (2 × 

105/mouse) one day before EAE induction with MOG35–55/CFA/PT. As positive control, 

EAE was induced in non-transferred B6 mice (n = 3-5). (F) Percentage of CD8αα Tunc in 
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liver MNCs from B6, Qa-1b−/− and TAP1−/− mice (n= 3-5 per group) gated as in Fig. 1A. 

(G) Percentage of gated CD244+CD11c+ CD8αα Tunc in liver MNCs from B6 (n = 5) and 

Qa-1b−/− (n = 4) mice. Error is reported as SEM. Unpaired t tests were performed for data 

shown in B, F and G.*P < 0.05, **P < 0.01, ***P < 0.001. Data in each panel are 

representative of two or more independent experiments.
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Figure 7. Presence of polyclonal CD8αα Tunc in PBMC from healthy subjects.
(A) Gating strategy for human CD8αα Tunc in PBMC. CD8αα Tunc were gated based on 

exclusion of CD8αα+ MAIT cells either Vα7.2/Jα33+ or Vα7.2/Jα33− expressing higher 

levels of CD161 (CD161++). Thus, CD8αα Tunc were defined as TCRαβ+PLZF+CD8αα
+CD161int/lo. (B) Cumulative data of percentage of CD8αα Tunc in PBMC from healthy 

donors (n = 25) gated as in (A). (C) Representative dot plots of naïve (CD45RA+CCR7+), 

TCM (CD45RA−CCR7+), TEM (CD45RA−CCR7−) and TEMRA (CD45RA+CCR7−) in gated 

CD8αα Tunc and CD244+CD11c+ CD8αα Tunc. Numbers indicate percentage of each 

subset from one of five healthy subjects. (D) Histograms and box plots (median, minimum 

and maximum values) of CD244, CD11c and Granzyme B expression in gated CD8αα Tunc, 

CD8 Tcon and MAIT cells (n = 13-16) as in (A). (E) Co-expression of CD11c and CD244 on 

gated CD8αα Tunc and MAIT cells. Box plot showing percentages of CD244+CD11c+ cells 

on gated CD8αα Tunc and MAIT cells (n = 9). (F) Co-expression of Granzyme B and 

Perforin on gated CD244+CD11c+ CD8αα Tunc and CD244+CD11c+ MAIT cells. Box plot 

showing percentages of Granzyme B+Perforin+ in gated CD244+CD11c+ CD8αα Tunc and 

CD244+CD11c+ MAIT cells (n = 4). Each symbol in panels represents a single individual. 

(G) TRBV gene segment usage by sorted CD8αα Tunc (794 sequences, left) and CD8 Tcon 

(12,244 sequences, right) isolated from PBMC of one healthy donor by high-throughput 

sequencing of the CDR3β regions. Error is reported as SEM. ANOVA with Bonferroni post-
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test was performed for data shown in D and paired t test for data shown in E and F. **P < 

0.01; ***P < 0.001; ****P < 0.0001.
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