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The CD8αβ heterodimer plays a crucial role in the stabiliza-
tion between major histocompatibility complex class I molecules
(MHC-I) and the T cell receptor (TCR). The interaction between
CD8 and MHC-I can be regulated by posttranslational modifi-
cations, which are proposed to play an important role in the
development of CD8 T cells. One modification that has been
proposed to control CD8 coreceptor function is ribosylation.
Utilizing NAD+, the ecto-enzyme adenosine diphosphate (ADP)
ribosyl transferase 2.2 (ART2.2) catalyzes the addition of ADP-
ribosyl groups onto arginine residues of CD8α or β chains and
alters the interaction between the MHC and TCR complexes. To
date, only interactions between modified CD8 and classical
MHC-I (MHC-Ia), have been investigated and the interaction
with non-classical MHC (MHC-Ib) has not been explored. Here,
we show that ADP-ribosylation of CD8 facilitates the binding of
the liver-restricted nonclassical MHC, H2-Q10, independent of
the associated TCR or presented peptide, and propose that this
highly regulated binding imposes an additional inhibitory leash
on the activation of CD8-expressing cells in the presence of
NAD+. These findings highlight additional important roles for
nonclassical MHC-I in the regulation of immune responses.

The CD8 glycoprotein enhances T cell activation by inter-
acting with peptide bound major histocompatibility class I
molecules (pMHC-I) on antigen-presenting cells (APC) (1).
The CD8 coreceptor is expressed as a disulfide-linked dimer of
an alpha (α) and beta (β) domain and/or an α−chain homo-
dimer, with the vast majority of peripheral CD8+ T cells
expressing the CD8αβ heterodimer (2). Upon T cell activation,
the T cell receptor (TCR) binds to pMHC-I and CD8 binding
follows, leading to a TCR-pMHC-I-CD8 complex. CD8
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interacts with the Src tyrosine kinase Lck, resulting in phos-
phorylation of CD3 in the TCR-CD3 complex, ultimately
resulting in T cell activation and proliferation (3).

Posttranslational modification represents an additional reg-
ulatory checkpoint in T cell activation. During thymic matu-
ration, the CD8 receptor on developing T cells exhibits
promiscuous binding to MHC-I; however, as the CD8+ T cell
matures, CD8 undergoes glycosylation and sialic acid capping,
abolishing nonspecific binding and enforcing specific binding to
cognate TCR (4, 5). In addition, upon activation CD8 undergoes
a reduction in sialylation of N-glycans, resulting in a reduction
in binding to MHC-I (6). Furthermore, distinct glycosylation
patterns in different organs may influence local T cell function
in those organs. For example, deficiencies in O-linked glyco-
sylation have been associated with impaired differentiation of
regulatory T cells in the liver, resulting in increased liver injury
in a mouse model of autoimmune hepatitis (7).

Ribosylation of CD8 is another important posttranslational
modification that can control T cell function. Ribosylation
occurs when extracellular soluble nicotinamide adenine
dinucleotide (NAD+) acts as a substrate for the glyco-
sylphosphatidylinositol (GPI)-anchored cell surface enzyme
ADP-ribosyltransferase 2 (ART2.2), resulting in the transfer of
ADP-ribose to arginine residues. NAD+ is released by damaged
or stressed cells, acting as a danger signal, and also has the
ability to induce apoptosis via the ribosylation of the purino-
ceptor P2X7 (8–11). ART2.2 is expressed by mature T cells
and is cleaved from the cell surface upon activation of T cells
(12–15). While the cleaved form of ART2.2 is still enzymati-
cally active and may act as an intercellular signal, the shedding
of ART2.2 reduces the sensitivity of the cell to NAD+ and
reduces subsequent ribosylation (16). As such, the ribosylation
of CD8 is entirely dependent upon the enzymatic activity of
ART2.2 and results in decreased T cell cytotoxicity (15).
Interestingly, there are tissue-specific patterns of ribosylation,
with the liver showing increased modification of Arg residues
contained in membrane and extracellular proteins compared
with other tissues (17). In addition, tissue-resident T cells
(Trm) in the liver have been reported to express high levels of
ART2.2 and P2X7, and that blockade of ART2.2 can reverse
the effects of ADP-ribosylation induced cellular damage (18).

To date, only interactions between modified CD8 and clas-
sical MHC-I (MHC-Ia), have been investigated and the
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Ribosylation of CD8β permits binding to H2-Q10
interaction with nonclassical MHC (MHC-Ib) has not been
explored. MHC-Ib molecules are distinguished from MHC-Ia
by their limited polymorphism and often restricted tissue dis-
tribution, such as the H2-Q10 molecule that is highly restricted
to the liver. We and others have observed that MHC-Ib family
members can interact with CD8αα homodimers (19) but MHC-
Ib has not been reported to recognize CD8αβ (19). Here, we
found that the liver-restricted MHC-Ib molecule H2-Q10 binds
liver-derived CD8 T cells following the ribosylation of the
CD8αβ heterodimer. Therefore, we hypothesized that upon
cellular damage or stress, the release of NAD+ reduces the
interaction between the CD8 and the TCR:MHC-Ia interaction,
but provides a specific mechanism for binding to H2-Q10.

Results

High expression of H2-Q10 in the liver correlates with binding
to TCRαβ CD8 T cells

MHC-Ib proteins generally display organ-specific expression
levels and H2-Q10 had previously been reported to be restricted
to the liver (20), a finding we confirmed in this study (Fig. 1A).
Given our previous studies showing that H2-Q10 bound the
natural killer (NK) cell receptor Ly49C (21) and CD8αα (19), we
analyzed the binding of H2-Q10 to cells expressing these re-
ceptors within the bone marrow, spleen, lung, and liver. H2-
Q10 tetramers did not bind to NK cells from any of the or-
gans tested, likely due to the binding of Ly49C to MHC-Ia in cis
(21) (Fig. 1B). In contrast, CD8αα-expressing γδ T cells from all
organs bound to H2-Q10 tetramers (Fig. 1C). Strikingly, H2-
Q10 tetramers only bound to CD8 αβ T cells isolated from
the liver, demonstrating a tissue-specific interaction (Fig. 1D).

Age-associated changes of H2-Q10 expression and binding to
CD8αβ T cells

Given that previous studies have shown developmental
regulation of CD8-MHC binding (4), and that the expression
of H2-Q10 in the liver increases with age (22, 23), we deter-
mined whether there was any difference in the ability of
H2-Q10 to bind CD8αβ T cells isolated from different aged
mice. In line with previous studies, we found an increase in the
expression of H2-Q10 RNA in the liver that occurred between
3 and 7 weeks of age (Fig. 1E). We also observed a significant
increase in the number and frequency of TCRαβ CD8 T cells
in the liver that bound H2-Q10 tetramers at the same time
points (Fig. 1F), whereas the tetramer did not bind to NK cells
at any age (Fig. 1G). Moreover, the H2-Q10 tetramer did not
bind to TCRαβ CD8 T cells isolated from the bone marrow,
spleen, or lung at any age (Fig. 1E). Thus, age-related corre-
lation exists between the increase in H2-Q10 expression in the
liver and its ability to bind to liver-derived CD8αβ T cells.

Binding to TCRαβ CD8 T cells in the liver is specific to H2-Q10,
TCR-independent, not peptide specific, and involves the CD8β
chain

Having demonstrated that the H2-Q10 tetramer binds to
TCRαβ CD8 T cells in the liver and that this is dependent
upon a liver specific factor, we next sought to determine the
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specificity of this interaction. We generated H2-Q10 heavy
chains and murine β2-microglobulin and refolded in the
presence of either riboforin, proteosome peptide or TCR
Vβ chain peptides. The purified protein preparation (Fig. 2A)
depicts a single band of H2-Q10 monomer, with almost
complete biotinylation of the H2-Q10 protein, indicated by the
shift upon addition of streptavidin. We stained liver CD8 T
cells with MHC-Ia and MHC-Ib tetramers to determine if this
binding was specific to H2-Q10. These studies showed that
only H2-Q10 tetramers bound to CD8αβ T cells and not other
MHC-Ib (H2-Q9, -M3) or MHC-Ia (H-2Kb, -2Db, -2Ld) tet-
ramers (Fig. 2B). In addition, binding of H2-Q10 tetramer to
liver-derived CD8αβ T cells was independent of a specific
peptide loaded into H2-Q10 (Fig. 2C). Moreover, identical
levels of H2-Q10 tetramer binding were observed for liver-
derived CD8αβ T cells isolated from wild-type mice and
mice where the majority of CD8αβ T cells are specific for
ovalbumin (OT-I mice), indicating that tetramer binding was
independent of the specificity of the TCR (Fig. 2D). We next
determined the role of the alpha and beta domains of CD8 in
this interaction. Incubating H2-Q10 tetramers with a CD8α
antibody known to block CD8+ T cell activation (24, 25) had
no effect on binding, while incubation with antibodies that
prevented binding to both CD8α and CD8β completely abol-
ished tetramer binding (Fig. 2E). Moreover, the H2-Q10
tetramer failed to bind to liver-derived CD8αβ T cells isolated
from CD8β deficient mice (Fig. 2F). These data demonstrate
that the binding of H2-Q10 tetramer to CD8αβ T cells in the
liver is H2-Q10 specific, independent of TCR specificity, not
peptide-specific, but dependent on the presence of the CD8β
chain.

Liver CD8 T cells do not have a distinct pattern of
glycosylation

Our previous results demonstrated that H2-Q10 binds to
CD8αα expressing γδ T cells as they have lower levels of
sialic acids when compared with αβT cells (19). Further-
more, we demonstrated that H2-Q10 is able to bind to
CD8αα heterodimers when sialic acids are removed (19).
Hence, we determined whether the sialic acid profile of
liver TCRαβ CD8 T cells was different from that of TCRαβ
CD8 T cells isolated from other organs. Sialylation profiling
indicated equivalent levels of α2,3 and α2,6 linked sialic
acids, reflected by the comparable binding of the lectins
maackia amurensis lectin II and sambucus nigra lectin,
respectively, on CD8αβ T cells isolated from all organs
(Fig. 3A). Moreover, equivalent levels of peanut agglutinin
binding indicated similar proportions of hypo-sialylated O-
linked glycans on CD8αβ T cells isolated from all organs
(Fig. 3A). Furthermore, removal of terminal sialic acid
residues following treatment with neuraminidase (Fig. 3C)
resulted in binding of H2-Q10 to CD8αβ T cells, inde-
pendent of the organs from which they were harvested
(Fig. 3B). Thus, in contrast to the interaction with CD8αα,
the binding of H2-Q10 tetramer to liver-derived CD8αβ T
cells does not appear to be controlled by the surface levels
of sialic acids.
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Figure 1. H2-Q10 is highly expressed in the liver, recognizes hepatic αβ/γδ T cells irrespective of the organ origin, and increases upon aging. A,
real-time PCR detection demonstrates that H2-Q10 is highly expressed by hepatocytes in contrast to low or absence of expression in the bone marrow,
spleen, and lung of mice at 7 weeks of age. Data are from ≥9 samples prepared in isolation ****p < 0.0001. Binding of H2-Q10 tetramer to NK cells (B), γδ T
cells (C) and αβ T cells (D) isolated from 7 week old C57BL/6 mice. Histograms are representative of two independent experiments using four mice per
experiment (n = 8). All histograms have been offset and are modal. The controls are unstained cells. E, real-time PCR detection demonstrates that H2-Q10
expression in hepatocytes increases upon aging, in contrast to low expression in the bone marrow, spleen, and lung of mice at 1, 3, 5, and 7 weeks of age.
Data are from nine samples prepared in isolation **p = 0.0022. F, total bone marrow, spleen, lung, or liver was processed into single cell suspensions and
H2-Q10 tetramer binding was determined by flow cytometry (FACS). Histograms are representative of two independent experiments using five mice per
experiment (n = 10). G, NK and CD8 αβ T cells were isolated from the liver via cell sorting at 1, 3, 5, and 7 weeks of age, and H2-Q10 tetramer binding was
determined by FACS. Histograms are representative of two independent experiments using five mice per experiment (n = 10). ****p ≤ 0.0001.
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Figure 2. H2-Q10 binding to CD8αβ T cells in the liver is specific to H2-Q10, independent of TCR and is not peptide specific. A, 10% native PAGE gel
with a single band of H2-Q10 monomer refolded with VF9 or HGT peptides. Almost complete biotinylation is indicated by the shift upon the addition of
streptavidin (wells 2 and 4). B, binding of MHC-Ia tetramers H-2Ld, H-2Db, and H-2Kb and MHC-Ib tetramers H2-M3, H2-Q9 and H2-Q10 to liver CD8αβ cells
isolated from WT mice. C, liver CD8αβ cells stained with H2-Q10 tetramers folded with HGT, VGI, or TGT peptide. D, Liver CD8αβ T cells were isolated from
either WT or OT-I transgenic mice and binding of H2-Q10 tetramer determined to each genotype. E, competition assays were performed using the H2-Q10
tetramer alongside antibodies against CD8α and CD8β on liver CD8αβ cells. F, CD8 cells were isolated from the liver from either WT or CD8β−/− mice and
binding of H2-Q10 tetramer determined to each genotype.
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Figure 3. Glycosylation patterns of liver CD8αβ cells. A, single cell suspensions were isolated from the liver, lung, spleen, and bone marrow before cell
sorting on CD8αβ cells (CD3+ CD8a+ TCRαβ+) and staining with the lectins maackia amurensis lectin II, sambucus nigra lectin and peanut agglutinin.
Histograms are representative of two independent experiments using five mice per experiment (n = 10). CD8αβ cells isolated from organs were treated with
5 μg/ml Neuraminidase for 20 min and H2-Q10 binding (B) and glycosylation profile via lectin binding (C) was observed. Histograms are representative of
two independent experiments using five mice per experiment (n = 10).
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Soluble factors released by the liver parenchyma control
H2-Q10 binding to TCRαβ CD8 T cells

Isolation of leukocytes from the liver involves separation of
parenchymal and nonparenchymal cells using Percoll. We
investigated whether a factor released from the liver during
enrichment of leukocytes was involved in the binding of
H2-Q10 to CD8αβ T cells. We isolated splenocytes from wild-
type (CD45.2) mice and determined H2-Q10 tetramer binding
in the absence or presence of liver cells isolated by mechanical
disruption from congenic mice (CD45.1). Analysis of spleno-
cytes in the absence of liver preparations demonstrated no
binding of H2-Q10 to TCRαβ CD8 T cells, (Fig. 4i). In contrast,
there was an increase in H2-Q10 tetramer binding to CD45.2
splenocytes when in the presence of liver preparations from
CD45.1 mice (Fig. 4ii). These data demonstrate that H2-Q10
tetramer binding to TCRαβCD8 T cells in the liver is a function
of a soluble factor released upon disruption of the liver.
NAD and ART2.2 control binding of H2-Q10 to CD8β

Our results indicated that H2-Q10 binding to CD8αβ T cells
was not dependent on sialylation but instead was dependent
on a soluble liver-derived factor. Therefore, we hypothesized
that these findings were attributed to ribosylation of CD8.
Intriguingly, the H2-Q10 tetramer showed binding to sple-
nocytes in the presence NAD, the substrate for ribosylation, in
a dose-dependent manner, an interaction that was specific for
H2-Q10 and not observed with any other MHC-I (Fig. 5A).
Next, we generated CHO cell lines expressing CD8αα or
CD8αβ cotransfected with or without with ART2.2, the
enzyme that catalyzes ribosylation of Arg residues (26). CHO
cells expressing CD8αα or CD8αβ in the absence of ART2.2
did not bind any tetramers, as depicted by “untreated” samples
(Fig. 5A). In contrast, H2-Q10 tetramers specifically bound to
CHO cells coexpressing ART 2.2 and CD8αβ but not CD8αα
(Fig. 5B). This indicates that both the substrate and the
enzyme for ribosylation are required to facilitate binding of
H2-Q10 to CD8αβ cells.
H2-Q10 does not compete with H-2Kb for CD8αβ binding

Having shown that NAD treatment of cells expressing
CD8αβ in the presence of ART2.2 increases binding of
H2-Q10, along with previous studies having observed that H-
J. Biol. Chem. (2021) 297(4) 101141 5
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Figure 4. H2-Q10 binding to CD8αβ cells is controlled by liver-soluble factors. Splenocytes were isolated from CD45.2 mice and either stained with H2-
Q10 tetramer directly (i) or processed through Percoll in the presence of disrupted liver from CD45.1 mice. In this case, cells were divided into (ii) CD45.2
positive (splenocytes) or (iii) negative (liver leukocytes), and stained with H2-Q10 tetramer. Histograms are representative of two independent experiments
using five mice per experiment (n = 10).

Ribosylation of CD8β permits binding to H2-Q10
2Kb binding is impaired in the presence of NAD+ (15), we
sought to determine if H2-Q10 binding competes with H-2Kb

binding. For these experiments we used the CHO CD8αβ
ART2.2 cells and treated with increasing doses of NAD+. To
investigate competition, we tested H-2Kb tetramer binding in
both the absence and presence of the H2-Q10 tetramer
(Fig. 6). Interestingly, the binding of the H-2Kb is unaffected by
the presence of H2-Q10. To confirm that this observation was
not peptide-specific, we also tested binding of H-2Kb refolded
with three additional peptides and saw similar results (Fig. 6),
Therefore, these data indicate that H2-Q10 tetramer binds to a
different region of CD8αβ, and this does not compete with H-
2Kb binding.

Identification of binding motifs of H2-Q10 to CD8αβ cells
suggests NAD treatment exposes CD8α to H2-Q10

To determine the effect of NAD+ on the CD8β chain, we
isolated splenocytes from WT mice and isolated CD8+ T cells,
which express the CD8αβ heterodimer. Upon treatment with
NAD+, we identified that the levels of CD8β chain being
6 J. Biol. Chem. (2021) 297(4) 101141
expressed by cells are reduced (Fig. 7A). Due to this, we
queried whether ribosylation of the beta chain was not leading
to direct binding of H2-Q10, but instead it was revealing key
residues on the alpha chain that then allowed H2-Q10 to bind.
To address this hypothesis, we mutated key residues on the
H2-Q10 tetramer that have been previous identified to interact
with the alpha chain of CD8, and using these, we tested
binding to ribosylated CD8 (Fig. 7B). As previously shown,
binding of native H2-Q10 tetramer increased upon increasing
doses of NAD+; however, the single point mutant 194 showed
significant reduction in binding, and this loss of binding was
enhanced when examining the double mutant of 187/194.
Therefore, these data suggest that ribosylation of the CD8 beta
chain exposes the alpha chain, thereby increasing the ability of
H2-Q10 to bind.

Discussion

The MHC-Ib molecules are an underresearched family of
proteins, whose importance in regulating the immune
response is only just coming to light. Out of the extended
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family of MHC-Ib in the mouse, only a handful have identified
binding partners, and there remains uncertainties surrounding
their physiological relevance (21). The binding partners iden-
tified for MHC-Ib to date include TCR (27, 28), NK cell re-
ceptors Ly49A (29) and Ly49C (21), and CD8 (30). MHC-Ia
are recognised ligands for the CD8αβ heterodimer; however,
how they bind is dependent upon posttranslational modifica-
tions. CD8 preferentially binds MHC-Ia in trans; however,
when the CD8β chain undergoes posttranslational modifica-
tion and acquires O-linked glycans near positively charged
residues, this favors binding of the MHC-Ia to CD8 in cis,
which in turn alters the response of the CD8+ T cell (31).
Unlike CD8αα, the CD8αβ heterodimer binds MHC-Ia inde-
pendently of the β2M loop and relies on the β chain to orient
the CD8αβ heterodimer (32). However, MHC-Ib has previ-
ously only been identified to bind to the CD8αα homodimer
(19, 33). We recently observed that the liver-specific MHC-Ib,
H2-Q10, was a high-affinity ligand for CD8αα, predominantly
expressed by liver γδ T cells. Unlike MHC-Ia, where early
expression in the thymus is essential for the development of
CD8+ T cells, our recent study identifying that H2-Q10 rec-
ognizes that γδ T cells in the periphery help rationalize why
H2-Q10 expression peaks at a later timepoint (19). γδ T cells
do not mature within the thymus, but instead in the periphery,
with large populations found within the gut and liver, as well
as other peripheral organs, and therefore they require inter-
action with MHC-Ib later than intrathymically developing
cells (34, 35). Herein, we show that the ability of γδ T cells to
recognize H2-Q10 is unaffected by the age of these cells,
instead the point of control being the induction of H2-Q10
expression by hepatocytes at 5 weeks of age. Moreover, we find
that H2-Q10 is also a ligand for CD8αβ heterodimers and may
play a role in the immune response following cellular damage
or stress. During cell damage, NAD+ release occurs, and via
the enzyme ART2.2, this leads to the subsequent ribosylation
of the CD8β chain on T cells, thereby reducing binding of
J. Biol. Chem. (2021) 297(4) 101141 7
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30 min at 37 �C before incubating with either H-2Kb tetramer (folded with SIINFEKL, SIITFEKL, SIIQFEKL, or SIIGFEKL) or with H-2Kb tetramer and H2-Q10
tetramer together. Histograms are representative of three independent experiments (n = 3).
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H2-Q10194
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200μM NAD+

100μM NAD+
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Figure 7. Identification of binding motifs of H2-Q10 to CD8αβ cells. CHO ART2.2 CD8αβ cells were treated with increasing concentrations of NAD+
before (A) levels of CD8 alpha and beta chain were determined via FACS (n = 3) or (B) stained with H2-Q10 tetramers with point mutations on the putative
binding sites between CD8α and MHC-Ib (n = 3).

Ribosylation of CD8β permits binding to H2-Q10
MHC-Ia (15). It has been proposed that this mechanism serves
to curtail the CD8αβ T cell response to prevent immune-
mediated damage. However, we show that ribosylation of
CD8 also induces binding of the nonclassical MHC-I receptor
H2-Q10. We show that binding is controlled by key residues of
H2-Q10 that interact with CD8αα, suggesting that ribosylation
of the beta chain exposes the CD8α chain, allowing for H2-
Q10 to interact. It is possible that the binding of H2-Q10
serves to further dampen down the immune response of
CD8αβ T cells in the liver, either by blocking binding of MHC-
Ia or potentially through preventing efficient signaling. Indeed,
the liver is well recognized as a site of immune tolerance,
evidenced by the observation that liver allografts are often not
rejected despite mismatched MHC-Ia (36). Notably, although
CD8α enhances the response of CD8αβ T cells by lipid raft
partitioning of the TCR, it is the beta chain of CD8 that leads
to efficient and effective Lck activity and downstream signaling
(1, 37). Moreover, a recent study demonstrated that CD8 T
cells are inherently more autoreactive than CD4 T cells due to
an increase in stoichiometry of the interaction between CD8
and Lck, which does not occur for CD4 (38). Therefore, the
interaction between H2-Q10 and ribosylated CD8 may
contribute to mechanisms of immune tolerance in the liver.

The other interesting finding is the observation of the
developmentally regulated increase in H2-Q10 in mice, coin-
cident with the increased binding of H2-Q10 to liver CD8αβ
T cells. Notably, ART2.2 is also developmentally regulated,
with a dramatic increase in splenocytes expressing the enzyme
between 3 and 7 weeks of age (39). Although the expression of
ART2.2 was not examined in this study, it coincides with the
timepoints in which we observed increased H2-Q10 binding.
Future work aimed at defining the developmental regulation of
ART2.2 in the liver will confirm these findings.

Collectively, in this study we identified soluble NAD+ in the
liver mediating the binding of the MHC-Ib molecule H2-Q10
to CD8αβ T cells. Upon release from cells, NAD+ ribosylate
CD8, which results in a reduction in MHC-Ia binding and an
increase in H2-Q10 binding. Future work will be aimed at
uncovering the functional consequence and developmental
regulation of this interaction.
Experimental Procedures

Mice

C57BL/6, CD45.1, and CD45.2 mice were from Alfred
Medical Research and Education Precinct (AMREP) Animal
services. C57BL/6 CD8−/− mice were obtained from Professor
Dan Littman (New York University School of Medicine). OT-I
mice were provided by Nicole La Gruta (Monash University).
All mice were used between 6 and 8 weeks of age. All exper-
iments were in accordance with the animal ethics guidelines of
the National Health and Medical Research Council of
J. Biol. Chem. (2021) 297(4) 101141 9
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Australia. All experiments were approved by the AMREP
Animal Ethics Committee.

Generation of tetramers

cDNA encoding the soluble regions of H2-Q10, H2-T3/TL,
H2-Q9 and H2-Q10 and H-2Kb, H-2Db, and H-2Ld were
generated by Genscript and cloned into a pUC57 vector. These
were subcloned into a pET-30-based vector that allowed for an
in-frame fusion of a substrate peptide for the biotin ligase
enzyme BirA. The heavy chains of MHC-Ia and MHC-Ib
proteins and mouse β2-microglobulin were expressed sepa-
rately in E. coli, purified from inclusion bodies and refolded in
the presence of either ribophorin (VGITNVDL), TCR Vβ
chain (TGTETLYF), or proteosome peptide (HGTTTLAF) for
H2-Q10. Q10 mutant tetramers were generated either point
mutations (N187A or N194A), a double mutation (N187A,
N194A), or a full α3 domain swap to that of H-2Kb (H2-
Q10α3). H2-Q10 monomers were purified by anion ex-
change and gel filtration chromatography prior to biotinylation
with BirA, as previously described (21). Monomers were
conjugated into tetramers by the addition of streptavidin-PE or
-APC. Additional monomers were folded with LemA (fMIG-
WII) for H2-M3, VP2.139 (HALNVVHDW) for H2-Q9, motif
peptide (AGPARAAAL) for H-2Dd, and OVA (SIINFEKL),
(SIIQFEKL), (SIIGFEKL), or (SIINFEKL) for H-2Kb.

Generation of CHO ART2.2 CD8αα/CD8αβ cells lines

The full-length sequences of ART2.2, CD8α, or CD8β were
cloned separately into MSCV plasmids, and retroviral super-
natants containing either ART2.2 and CD8α or ART2.2, CD8α,
and CD8β were generated using 293T cells and standard cal-
cium phosphate transfection protocols. Cells were transfected
with plasmid DNA and pCL-Ampho retrovirus packaging
vector, harvested at 48 or 72 h posttransfection, and retroviral
supernatants were used to transduce CHO cells on retronectin
(TaKaRa Bio) precoated plates (BD Bioscience) (30). CHO cells
infected with retrovirus were sorted on the basis of GFP,
mCherry, or cell surface protein expression. Populations were
sorted by flow cytometry (FACS) until stable via surface
expression of the recombinant receptors.

Real-time PCR (RT-PCR)

Total RNA was isolated from organs either using the
RNEasy kit (Qiagen), or TRI Reagent RT (Merck) and com-
plementary DNA (cDNA) synthesized from 1 μg total RNA
using an iScript cDNA Synthesis Kit (Bio-Rad). Complemen-
tary DNA was amplified using QuantiNova SYBR Green mix
(Qiagen) and the Quantstudio 6 qPCR (Applied Biosystems)
with a two-step protocol including an annealing/extension
temperature of 60 �C for all primer pairs. Primer sequences are
as follows: H2-Q10 Fwd 30 – 50 GCAGAGTTTCCATGTGAG
CCT, Rev 30 – 50 GGACCCCACTTTACAGCCATAC, GAP
DH Fwd 30 – 50 TGGCCTTCCGTGTTCCTAC, Rev 30 – 50

GAGTTGCTGTTGAAGTCGCA.
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Sorting of liver populations into hepatocyte and
nonhepatocyte populations

Livers were perfused with ice-cold PBS and dissected whole.
They were subsequently dissociated in the presence of 100
U mL−1 collagenase at 37 �C for 30 min. Single-cell suspen-
sions were then filtered through 100 μM sieve and centrifuged
twice using ice-cold PBS. Hepatocytes and nonhepatocytes
were subsequently sorted on the basis of size and complexity
(FSChi v SSChi for hepatocytes and FSClo v SSClo/hi for
nonhepatocytes).

Flow cytometry

Flow cytometric analysis of organs

Organs were collected from WT, CD45.1, CD45.2, OT-I, or
CD8β-deficientmice and single-cell suspensions prepared using
standard protocols. Following removal of red blood cells using
ACK, nonspecific receptors were blocked with monoclonal
antibody (mAb) 2.4G2, before cells (1–5 × 106) were stained
with mAb to mouse NKp46 (29A1.4; BioLegend), CD3 (17A2;
BD Biosciences), TCRγδ (GL3, BioLegend), TCRαβ (H57-597,
BioLegend), CD8α (53-6.7; BD Biosciences), CD8β (H35-17.2;
BD Biosciences). Alternatively cells were stained with the lectins
peanut agglutinin (Vector Laboratories), sambucus nigra lectin
(Vector Laboratories), or maackia amurensis lectin II (Vector
Laboratories) before detecting using Streptavidin (BD Bio-
sciences). Cells stained with tetramers were fixed in 2% para-
formaldehyde for 15 min and washed twice with FACS buffer
(1% FCS/PBS) before being resuspended in FACS buffer. All
other FACS combinations were acquired unfixed. For acquisi-
tion, events were electronically gated on FSC-A versus FSC-H
(singlets), followed by FSC-A and SSC-A (to exclude doublets
and debris). Among the remaining population, at least 5000
electronic events of interest were collected using an LSR-II or
X- 20 Fortessa (BD Biosciences).

Flow cytometric analysis of CHO ART2.2 CD8αα/αβ cells

CHO ART2.2-CD8αα and CHO ART2.2-CD8αβ cells
were routinely cultured and liberated from the tissue
culture flask with the use of TrypLE Express (Thermo
Fisher Scientific). The cells were stained with the anti-
bodies CD8α or CD8β. Cells stained with tetramers were
fixed in 2% paraformaldehyde and washed twice with
FACS buffer (1% FCS/PBS) before being resuspended in
FACS buffer. All other FACS combinations were acquired
unfixed. For acquisition, events were electronically gated
on FSC-A versus FSC-H (singlets), followed by FSC-A and
SSC-A (to exclude doublets and debris). Among the
remaining population at least 10,000 electronic events of
interest were collected using an LSR-II or X- 20 Fortessa
(BD Biosciences).

NAD+ and neuraminidase treatment of cells

Single cell suspensions from organs or CHO ART2.2 cell
lines were treated with 0 μM up to 20 μM β-nicotinamide
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adenine dinucleotide sodium salt (NAD; Merck) for 30 min at
37 �C in the presence of 5% CO2. Alternatively, cells were
treated with 5ug/ml neuraminidase (Vibrio cholera) for 20 min
(Sigma Aldrich). After incubation, cells were washed with PBS
once before staining with the relevant antibodies or tetramers.
Cells stained with tetramers were fixed in 2% para-
formaldehyde and washed twice with FACS buffer (1% FCS/
PBS) before being resuspended in FACS buffer. All other
FACS combinations were acquired unfixed.

Data availability

All data are contained within the manuscript.
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