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T cell receptor (TCR) recognition of antigens presented by

relatively non-polymorphic MHC-like molecules is emerging as

a significant contributor to health and disease. These

evolutionarily ancient pathways have been inappropriately

labelled ‘non-conventional’ because their roles were

discovered after viral-specific peptide presentation by

polymorphic MHC class I molecules. We suggest that these

pathways are complementary to mainstream peptide

presentation. HLA-E, CD1 and MR1 can present diverse self

and foreign antigens to TCRs and therefore contribute to tissue

homeostasis, pathogen defence, inflammation and immune

responses to cancer. Despite presenting different classes of

antigens, they share many features and are under common

selective pressures. Through understanding their roles in

disease, therapeutic manipulation for disease prevention and

treatment should become possible.
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Introduction
Over the past 20 years, it has become clear that T

lymphocytes recognize not only peptides in the context

of MHC polymorphic class I and class II molecules, but

also diverse antigens bound to non-polymorphic MHC-

like molecules, CD1, MR1 and HLA-E in humans.

Structural, kinetic, and functional studies have signifi-

cantly contributed to the understanding of the identity of

the antigens presented by these MHC-like molecules and

of the mechanisms that mediate their processing and

presentation. The ability of T cells to recognize a broad

range of self and non-self lipids, peptides and metabolites
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in the context of CD1, HLA-E and MR1 molecules,

respectively (Figure 1) (Table 1), underscores the impor-

tance of such T cells in sterile and non-sterile inflamma-

tory conditions.

HLA-E
HLA-E, H2-Qa1 in mice and Mamu-E in rhesus monkeys

are homologous MHC class Ib molecules (MHC-E) with

limited polymorphism. HLA-E has two alleles, differing

only at position 107, outside the peptide-binding groove

[1]. MHC-E molecules are widely expressed but at low

levels and present a nonamer peptide derived from MHC

class Ia molecules, typically VMAPRTLVL (“VL9”), to

the natural killer cell receptors NKG2A/C-CD94. When

in the bound complex, the arginine at peptide position

5 fits between NKG2 and CD94 [2]. The Inhibitory

NKG2A binds with higher affinity than activating

NKG2C and the balance between them regulates innate

immunity.

The VL9 signal peptide dominates the spectrum of

bound peptides. In the endoplasmic reticulum (ER) it

is cleaved from the MHC protein and further digested by

signal peptide peptidase in the ER membrane to put a 14-

mer fragment into the cytosol. That peptide is protea-

some digested to an 11-mer which is transported by TAP

to the peptide loading complex (PLC). There it binds

MHC-E [3��,4��] and the two amino-terminal amino acids

are cleaved by ERAP amino peptidases to give VL9. VL9

binds to HLA-E in the PLC displacing the scoop loop of

tapasin. If TAP or ERAP are disrupted, alternative pep-

tides bind to MHC-E [5].

VL9 regulates NK cells, and a subset of NKG2A+ T cells,

controlling innate immunity. In humans, a balance

between NKG2A-dependent and KIR-dependent control

of innate immunity is regulated by the expression levels

of HLA-E (for NKG2A) or particular HLA, A, B and C

allomorphs (for KIR) [6��]. Given the limited genetic

polymorphism in VL9 which affects HLA-E binding

and also HLA-ABC binding to KIR receptors, HLA type

strongly influences antiviral innate immunity [6��].
Recently, NKG2A has emerged as a regulatory check-

point for CD8 T cells [7�].

MHC-E also presents peptides to T cell receptors

(TCRs). The human cytomegalovirus (HCMV) UL40

protein includes a nonamer peptide that matches human

VL9. There is limited polymorphism at positions 6–8 in

VL9 in both humans and HCMV strains; if mismatched,

CMV can prime HLA-E restricted UL40-specific CD8 T

cells [8,9]. Gene deletion of mouse ERAAP resulted in
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Figure 1
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T Cell Receptor Recognition of MR1, CD1 and HLA-E. Left panel; T cell receptor recognition of the riboflavin derivative 7-hydroxy-6-methyl- 8-D-

ribityllumazine (RL-6-Me-7-OH) by the conserved MAIT T cell receptor (TRAV1–2–TRAJ33– TRBV6-1). Middle panel; type I NKT TCR (TRAV10–

TRAJ18-TRBV25-1)-CD1d-a-galactosylceramide (a-GalCer) complex. Right panel; HLA-E containing the RMAPRTLVL (VL9) peptide with the T cell

receptor TRAV-35*02-TRAJ53*01-TRVB9*01-TRBJ 1-4*01. The left hand two panels are from Patel et al. [45] and the right hand panel is from

Sullivan [9] et al., with permission.
binding of another peptide, derived from the self-protein

Fam49b, instead of VL9 to H2-Qa1. Similarly, H2-Qa1

restricted T cells respond to a Salmonella GroEL peptide

GMQFDRGYL, which is very similar to hsp60 peptide

GMKFDRGYI. CD8 T cells specific for the latter regu-

late auto-reactive follicular T and B cells [10].

Recently MHC-E restricted T cells have been found to

be more abundant than previously recognized. Multiple

mycobacterial peptide epitopes prime HLA-E restricted

CD8 T cells in most humans [11,12�]. Knock-out of H-2

Qa1 resulted in higher bacterial loads and more severe

disease after Mtb infection [13]. Furthermore, monkeys

vaccinated with RhCMV strain 68-1, recombinant for SIV

genes, made strong Mamu-E and Mamu-class II

restricted CD8 T cell responses. Half of vaccinated

animals cleared experimental SIV infection within a

few weeks of challenge. This unique protection was

dependent on the atypical SIV-specific CD8 T cell

responses [14��]. Vaccine induction of Mamu-E restricted

T cell responses is dependent on the deletion of four

RhCMV genes, and requires certain others in the vaccine

[14��]. The HCMV US11 homologue, that targets nascent

class Ia MHC molecules for proteasomal degradation,

removes classical MHC-Ia restricted T cell responses.

Two of the deleted genes encode for components of the

pentameric viral protein that binds to cell receptors,

changing viral tropism. This suggests that a particular
Current Opinion in Immunology 2019, 59:121–129 
type of infected cells, possibly macrophages by analogy

with mycobacterial induction of HLA-E restricted T cells,

primes this unusual T cell response. Cross priming by

dendritic cells, which disconnects CMV gene effects,

must be blocked or suppressed.

Both Mtb- and SIV-specific, RhCMV-68-1 primed,

MHC-E restricted T cells respond to multiple peptide

epitopes. HLA-E, Mamu-E and Mafa-E in humans,

rhesus and cynomolgus monkeys respectively bind the

same peptides [15�]. These epitopes have no simple

amino acid motif in the immunodominant epitopes

[14��,16], which contravenes classical antigen processing

rules, where particular amino acids optimise binding to

pockets in the different MHC class Ia molecules. This

optimization of binding affinity ensures that epitopes

compete out the scoop loop of tapasin and bind to the

class I MHC molecules in the PLC. The related protein

TAPBPR serves a similar quality control function down-

stream in the ER or Golgi [3��,4��]. In mycobacterial and

RhCMV68-1 infection, the classical antigen processing

pathway is bypassed. Infecting mycobacteria reside in

macrophage phagolysosomes and peptide antigen is pro-

cessed there (Figure 2). Phagolysosomes richly express

HLA-E, which recycles from the cell surface facilitating

peptide exchange; peptide presentation is not dependent

on new HLA-E synthesis [17]. In RhCMV68-1 infected

cells, the classical antigen presentation pathway is
www.sciencedirect.com



Capturing the antigen landscape: HLA-E, CD1 and MR1 Ogg, Cerundolo and McMichael 123

Table 1

Antigen presentation comparisons between classical MHC-I, MHC-E, MR1, CD1 and MHC-II

MHC-I MHC-E MR1 CD1 MHC-II

Ligand Peptide

8–11 aa

Peptide:

VL9 self

Multiple foreign

Riboflavin

intermediates

Lipids Peptides

~15 aa

Ligand loading ER: Peptide

loading complex:

TAP and Tapasin

dependent

VL9: ER: Peptide

loading complex

TAP, tapasin and

ERAP dependent

Microbial

peptides:

endosomal

ER, Endosomal. Endosomal, lysosomal and

ER.

Supported by lipids, lipid

transfer proteins, for

example saposins, MTP,

CD1e, and others

Endosomal

Chaperones Calnexin,

calreticulin,

ERp57, tapasin in

ER

Calnexin,

calreticulin,

ERp57, tapasin in

ER

? calnexin, calreticulin, ERp57

at ER.

Ii (CD74)

HLA-DM

Receptors TCR

ab-polyclonal;

KIR2 and KIR3 –

(selective)

NKG2A/C- CD94

TCR ab

polyclonal

TCR ab

monoclonal

TCR ab

limited and diverse,

TCR gd,

Non-TCR

TCR ab polyclonal
blocked by US2, US3 and US11 which degrade most

Class Ia MHC molecules. Also US6 inactivates the TAP

transporter. Consequently, HLA-E is released from the

peptide loading complex by an alternative VL9 peptide

coming from CMV protein EL40 (Rh67 in RhCMV)

within the ER. Thus HLA-E bypasses the tapasin and

TAPBPR quality controls and exits the ER/Golgi. What

happens next is uncertain, but MHC-E may traffic like

class II MHC to access peripheral endosomal or lysosomal

compartments where locally generated peptides are

exchanged.

Given the sequence diversity of Mtb and SIV epitope

peptides, it is unsurprising that they bind MHC-E with

low affinity, facilitated by the relative stability of pep-

tide-free HLA-E [14��,16]. Empty HLA-E is incom-

pletely folded but is peptide receptive [16]. High

affinity peptides give a classical refold, but most of

the low affinity SIV and Mtb epitopes fold HLA-E

incompletely in vitro. T cell receptors may see either

form or may push the equilibrium towards the classical

fold. Low affinity peptides are excluded from the

classical pathway by the tapasin and TAPBPR, but in

endosomal compartments, such constraints are lacking,

so they can bind and stimulate very broad polyclonal T

cell responses. For anti-SIV immunity, this breadth

could be advantageous, by making mutational immune

escape impossible.

Other intracellular bacterial pathogens could access intra-

cellular compartments where MHC-E is relatively well

expressed, eliciting MHC-E restricted T cell responses.

Thus, MHC-E would serve a dual function, regulating

innate NK cell responses as well as presenting low affinity

bacterial peptides processed in peripheral intracellular

compartments.
www.sciencedirect.com 
CD1
The CD1 system is specialised for lipid antigen presen-

tation through CD1a, CD1b, CD1c and CD1d proteins.

CD1a, CD1b and CD1c are expressed by thymocytes,

dendritic subsets and other mononuclear phagocytes, and

other cells, including some peripheral lymphoid cells [18].

CD1d is more broadly expressed including constitutive

expression by thymocytes, B cells, monocytes, macro-

phages, dendritic cells and epithelia. CD1 members are

relatively non-polymorphic, leading to the concept of

donor-unrestricted T cells and the potential for broad

therapeutic intervention [19]. These molecules non-

covalently associate with ß2-microglobulin, forming

two anti-parallel a-helices, overlying a membrane-distal

b-pleated sheet. Compared to MHC-class I, CD1 mole-

cules have a relatively narrow entry portal leading to deep

hydrophobic pockets. The entry portal is formed partly by

the A’-roof resulting from tethers between the a1- helices

and a2-helices. The A’-roof provides an asymmetric

platform, but is rather tenuous and can be disrupted by

dominant-negative “non-permissive” antigens such as

sphingomyelin in the setting of CD1a, which can abrogate

TCR interactions [20��]. Within the groove, lipid hydro-

carbon chains are able to locate flexibly and there may be

more than one lipid with incorporation of spacer mole-

cules, enhancing functionality of CD1 binding. Indeed

two detergent molecules could fill the surplus capacity of

the CD1b-binding groove when in complex with phos-

phatidylinositol or the ganglioside GM2, suggesting that

endogenous short chain fatty acids may fulfil a similar role

[21]. Subsequent structural and mass spectrometry stud-

ies showed fatty acid chains acting as spacer lipids in other

CD1-binding grooves [22].

The structure of an empty CD1d molecule shows inher-

ent flexibility in the binding groove [23], resulting from a
Current Opinion in Immunology 2019, 59:121–129
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Figure 2
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Antigen Presentation by CD1, MR1 and HLA-E. (a). The antigen processing pathways involved in generating CD1, MR1 and HLA-E bound ligands

that stimulate T cell immune responses. CD1 variants acquire their lipid ligands in endosomal compartments. Cytoplasmic tails of the different

CD1 isoforms direct them to the different intracellular compartments, where they encounter lipids of appropriate length and complexity for each

antigen presenting groove. MR1 is loaded with riboflavin derivatives in the ER, HLA-E acquires the VL9 peptide in the ER and low affinity Mtb and

CMV peptides in endosomes, when the ER/PLC pathway is bypassed (Mtb) or blocked (RhCMV). (b). Activation of innate receptors by HLA-E and

CD1 molecules. HLA-E molecules bound to the VL9 peptide, derived from HLA-ABC signal peptide or from UL40 signal peptide bind NKG2A/C-

CD94 on the surface of NK cells and NKG2A on CD8 cells, delivering inhibitory signals (costimulatory for NKG2C). CD1d and CD1c can bind to

ILT4 (LILRB2) expressed on myeloid cells and inhibit iNKT cell activation [26].
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shift in the a1- helices and a2-helices, potentially facili-

tating lipid loading. In addition, lipid length modulates

TCR affinity and the threshold of NKT cell activation

[24]. Incomplete occupation of CD1d results in confor-

mational differences at the TCR recognition surface,

providing a mechanism where lipid-specific lymphocytes

are capable of indirectly recognizing both the group head

and the length of lipid antigens, ensuring greater

specificity.

The overall cleft volume of CD1 molecules is large,

ranging from 1280–1780 A3 for CD1a, CD1c and

CD1d, up to 2200 A3 for CD1b. The structure of human

CD1b revealed a maze-like groove, comprising a C0-
channel and T0-tunnel in addition to the A0- channels

and F0-channels [21]. The interconnected A0-channels,
T0-channels, and F0-channels can extend the binding

capacity of CD1b enabling presentation of long-chain

mycolate lipids [25], whereas the C0-channel gives further

leeway in alkyl chain length by providing an exit via the

C0-portal situated under the a2-helix.

The diverse volumes, shapes, entries, interconnectivities,

and exits of the hydrophobic channels of the group I

family members allow these molecules to present a broad

selection of antigens. The range of eluted lipids is diverse

with most being amphipathic molecules with the hydro-

philic head-group positioned at the external surface pro-

viding opportunity for TCR engagement. Lipid antigens

can be self or foreign, and many of the known foreign

lipids are derived from bacteria (e.g. Gras et al., 2016 [26]).

This may reflect experimental focus, or may be indicative

of a specialised role in bacterial defence. The ability to

recognise self-lipids implicates roles in regulation [27],

homeostasis and tissue repair, but also may be means to

detect missing-self, pathogen-associated or tumour-asso-

ciated lipids [28��,29–33]. Such a strategy would offer a

relatively conserved system of defence from which it is

harder to escape than it is through point mutation of

MHC class I-binding peptides. Like for HLA-E, non-

TCR ligand binding has been shown for several CD1

molecules, for example [34,33], but the full nature and

relative contributions of the TCR and non-TCR interac-

tions has yet to emerge.

The T cell subsets which respond to CD1 presented

lipids are under intense study and may express CD8, CD4

or neither [29]. The cells can produce diverse cytokines

relevant to disease, and can be cytolytic. TCR usage

appears to be dominated by alpha-beta TCR, but

gamma-delta TCR can also bind to CD1 (see below).

Preferred TCRa gene segment usage across the popula-

tion has been well-described, particularly studied for

CD1d; in humans the TCR a-chain of so-called invariant

NKT (iNKT) is non-clonal but is typically encoded by

TRAV10 with TRAJ18; and TCR b preferred gene usage

has been described (e.g. TRBV25). In contrast, type II
www.sciencedirect.com 
NKT cells express a diverse TCR repertoire, yet show

many shared characteristics with iNKT cells, including

potential autoreactivity, PLZF-dependence, and rapid

effector function [35]. Interestingly, there are also reports

of distinct, and sometimes antagonist functions of iNKT

and diverse NKT which will be better understood as

ligand specificity further emerges [36]. TCR repertoires

of cells recognising CD1a, CD1b, and CD1c are just

being defined, and show examples of highly diverse,

and restricted subsets [29,37]. For example, T cells with

encoded TRAV1-2/TRAJ9 (sometimes in association with

TRBV6-2), lack of N-region additions, and specificity for

mycobacterial antigens presented by CD1b were named

germline-encoded mycolyl reactive (GEM) T cells [38].

Subsequently an “LDN5-like” TCR comprising

TRAV17-TRAJ9-encoded TCR a-chain paired with a

TRABV4-1-encoded b-chain showed specificity for the

same glycolipid but at lower affinity [37]. Gamma-delta

TCR recognition of CD1 is less well studied, but there are

many examples, including an original study of CD1c by

Porcelli et al. (1989). Human gd T cells have been

described that can respond to CD1d, CD1a or CD1c

presenting self- and foreign lipid antigens, with structural

support for gd TCR co-recognition of CD1d/lipid

[39,40,41��,42]. An interesting recent report, suggests that

the human Vd1 TCR might bind CD1 via the CDR1-

CDR3 region but may also bind BTNL3–BTNL8 on the

same target cell via the germ-line encoded HV4 region

[43]. Collectively, these studies show that the CD1 sys-

tem provides an opportunity to capture and present lipid-

based antigens to TCR and non-TCR molecules

expressed by T cells. The antigens may be self-lipids

or foreign-lipids implicating roles in defence and inflam-

mation, but also in regulation and homeostasis; and it is

therefore likely that the system will provide opportunities

for prevention and treatment of disease.

MR1
MR1 is a ubiquitously expressed non-polymorphic

MHC class I-like molecule, which presents a unique

family of bacterial-derived metabolites to Mucosal-

associated invariant T (MAIT) cells. Lantz and collea-

gues proposed MR1 as a candidate [44] and later for-

mally demonstrated  MR1 for MAIT selection [45].

Importantly, MAIT cells are frequent in humans, mak-

ing up to 10% of T cells in peripheral blood and up to

50% in the liver, making them one of the most abun-

dant ab T-cell population with a single specificity in

the human immune system.

In 2012 a landmark publication demonstrated that MR1

molecules present intermediates of the vitamin B2 bio-

synthetic pathway to MAIT cells [46]. While folic acid

derivatives were shown to bind and stabilise MR1 mole-

cules through a Schiff base complex, riboflavin intermedi-

ates were shown to be stimulatory, as the ribityl moiety

present only in the riboflavin derivatives can be
Current Opinion in Immunology 2019, 59:121–129
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specifically recognised by the TCR from MAIT cells

[47��]. Because these vitamins are not produced by mam-

mals, they are molecular signatures of microbial infection,

and microbes, lacking the ability to synthesize riboflavins

through functional Rib enzymes (such as Streptococcus
pyogenes or Enterococcus faecalis), are unable to activated

MR1-dependent MAIT cells [48]. Importantly, all the

currently identified ligands bind into the A0 pocket of the

MR1-binding groove; there remains the possibility that

other classes of ligands might extend into the more

exposed F0 pocket.

Combined in silico docking approaches with functional

assays and structural studies have recently broadened the

range of ligands presented by MR1 molecules beyond

riboflavin and folate-based metabolites, by trapping che-

micals including drug and drug metabolites, such as the

anti-inflammatory drug diclofenac and some of its metab-

olites, which were shown to be MAIT cell agonists [49].

These findings suggest a possible link between such

drugs or their metabolites and the function of MAIT

cells and suggesting a possible link between common

intolerances to a drug and modulation of the activity of

MAIT cells.

It has become clearer that MAIT cells can be identified

in all sites where conventional T cells are present.

However, their presence at mucosal sites implies an

important role for these cells in barrier tissue immunity,

supported by mouse models where the deletion of MR1,

and hence MAIT cells, rendered mice more susceptible

to bacterial infections. These included BCG, Francisella
tularensis, Klebsiella pneumoniae and more recently Legio-
nella [50]. Importantly, similarly to earlier findings in

iNKT cells and gd cells, MAIT cells have constitutively

high surface expression of the IL-18 and IL-12 receptors.

They can also be activated in a TCR/MR1-independent

manner, through the stimulatory activity of IL-18 in

synergy with IL-12 or IL-15 or type I IFNs to induce

expression of IFN-g and Granzyme B. Consistent with

these findings, evidence is emerging that MAIT cells are

involved in immune responses to viruses. MAIT cells

contribute to protection against lethal influenza infection

in mouse models [51] and are activated during human

viral infections. Mice and humans contain functionally

distinct populations of MAIT cells. The major popula-

tion of MAIT cells in mice expresses RORgt and

secretes IL-17 upon activation, while a smaller subset

expresses T-bet and produces IFN-g upon activation

[52]. In contrast, while very few MAIT cells from human

blood produce IL-17, MAIT cells from other human

tissues can secrete IL-17. Thus, MAIT cells isolated

from the female genital tract express more IL-17 in

response to microbial stimuli compared to MAIT cells

from peripheral blood [53�] and several studies have

reported a role for IL-17 producing MAIT cells in

autoimmune diseases [54].
Current Opinion in Immunology 2019, 59:121–129 
Although lack of MAIT cells in mouse models makes

them susceptible to several bacterial or viral infections, it

remains unclear as to whether this effect is due to their

ability to lyse infected cells and to secrete proinflamma-

tory cytokines such as IFN-g and TNF, or whether

MAIT cells, similarly to iNKT cells, can also fast track

priming of adaptive immune responses. Recent findings

have provided important insights supporting the latter

possibility by demonstrating that human MAIT cells

rapidly upregulate CD40 L upon activation by the cog-

nate antigens presented by MR1 molecules and instruct

DC maturation in a CD40L-dependent and MR1-depen-

dent manner, resulting in secretion of bioactive IL-12

[55]. These findings pave the way towards the possibility

that MAIT cells could be harnessed in vivo to enhance

immune responses against pathogens and cancer.

Human MAIT cells predominantly express Va7.2 joined

to Ja33, Ja20 or Ja12, and these pair with Vb2 or Vb13.
However, smaller subsets of MR1-restricted Va7.20-T
cells have also been identified in humans [56��]. The high

abundance of MAIT cells in humans likely reflects ongo-

ing exposure to microbial stimuli, which drive oligoclonal

expansion of MAIT cells that have a reduced TCR

repertoire [57]. Consistent with this possibility, recent

findings clarified the timing and dynamics of the MAIT

cell response and TCR usage to bacterial infections by

demonstrating that host exposure to antigen may drive

clonal expansion of MAIT cells with increased functional

avidity. By utilizing samples from a controlled human

infection model of the invasive bacterial pathogen S.

Paratyphi A in healthy volunteers, it was shown that

MAIT cells undergo an adaptive clonal response during

infection [58]. These findings demonstrate that MAIT

cells are at the interface between innate and adaptive

immunity and that lifetime exposure to different micro-

bial infections could impact and shape their TCR

repertoire.

Collectively, HLA-E, CD1 and MR1 illustrate how the

immune system will capture a broad array of antigen types

for presentation to T cells, and we anticipate that more

will emerge. By focussing initially on viral-specific MHC-

class I responses, the field has perhaps incorrectly

assigned these molecules to “non-classical” or “non-con-

ventional” pathways, but recent advances prompt a re-

evaluation, with likely broad relevance to disease patho-

genesis and new approaches to treatment. A common

thread in recent studies of these MHC-like molecules is

their role in bacterial infections: mycobacterial peptides

with MHC-E, bacterial lipids with CD1 and multiple

bacteria generating riboflavin derivatives that bind to

MR1. Given that the range of bacterial exposure is even

greater than with viral and parasitic antigens, these anti-

gen presentation pathways are likely to be as important as

the ‘classical’ MHC-Ia route. Viral and self-epitopes are

not excluded and all could also have roles in cancer
www.sciencedirect.com
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immunity. More attention paid to these pathways in the

future could open up new therapeutic approaches.

Acknowledgements
GO receives relevant support from MRC, Wellcome Trust, Comprehensive
Research Network and Oxford NIHR Biomedical Research Centre. The
views expressed are those of the authors and not necessarily those of the
NHS, the NIHR or the Department of Health. VC receives relevant
support from Medical Research Council (Medical Research Council Human
Immunology Unit), Cancer Research UK (Programme GrantC399/A2291),
Wellcome Trust, the Oxford NIHR Biomedical Research Centre and
Horizon 2020 (Precious Grant). AMcM receives relevant support from the
Bill and Melinda Gates Foundation (OPP1133649) and the Medical
Research Council (K012037/1). The authors are very grateful to Dr
Mariolina Salio for comments on the manuscript and for preparing Figure 2.

References

1. Olieslagers TI, Voorter CE, Groeneweg M, Xu Y, Wieten L,
Tilanus MG: New insights in HLA-E polymorphism by refined
analysis of the full-length gene. HLA 2017, 89:143-149.

2. Hoare HL, Sullivan LC, Clements CS, Ely LK, Beddoe T,
Henderson KN, Lin J, Reid HH, Brooks AG, Rossjohn J: Subtle
changes in peptide conformation profoundly affect
recognition of the non-classical MHC class I molecule HLA-E
by the CD94-NKG2 natural killer cell receptors. J Mol Biol 2008,
377:1297-1303.

3.
��

Blees A, Januliene D, Hofmann T, Koller N, Schmidt C,
Trowitzsch S, Moeller A, Tampe R: Structure of the human MHC-
I peptide-loading complex. Nature 2017, 551:525-528A tour-de-

force study showing the cryo-EM structure of the peptide loading
complex (PLC) and how an HLA-Class I molecule is held in the complex
in association with calreticulin, ERP57, TAP and tapasin, with the scoop
loop of tapasin holding the HLA groove open.

4.
��

Thomas C, Tampe R: Structure of the TAPBPR-MHC I complex
defines the mechanism of peptide loading and editing. Science
2017, 358:1060-1064The crystal structure of the tapasin-related

TAPBPR protein in complex with HLA-A2. This structure shows in detail
how the scoop loop holds the F pocket region of the peptide binding
groove open and receptive for peptide.

5. Doorduijn EM, Sluijter M, Querido BJ, Seidel UJE, Oliveira CC, van
der Burg SH, van Hall T: T cells engaging the conserved MHC
Class Ib molecule Qa-1(b) with TAP-independent peptides are
semi-invariant lymphocytes. Front Immunol 2018, 9:60.

6.
��

Ramsuran V, Naranbhai V, Horowitz A, Qi Y, Martin MP, Yuki Y,
Gao X, Walker-Sperling V, Del Prete GQ, Schneider DK et al.:
Elevated HLA-A expression impairs HIV control through
inhibition of NKG2A-expressing cells. Science 2018, 359:86-
90This paper describes how the level of HLA-E expression is

controlled by whether the signal peptide in HLA-B molecules expresses
threonine or methionine at position -21. VL9 peptide derived from the
former binds HLA-E poorly while the latter binds well. Also the level of
HLA-A expression influences HLA-E levels. These effects are balanced
by HLA molecules that bind to KIR receptors and the combination
influences antiviral innate immunity.

7.
�

van Montfoort N, Borst L, Korrer MJ, Sluijter M, Marijt KA,
Santegoets SJ, van Ham VJ, Ehsan I, Charoentong P, Andre P
et al.: NKG2A blockade potentiates CD8 T cell immunity
induced by cancer vaccines. Cell 2018, 175:1744-1755
e1715Potential anticancer therapy for monoclonal antibodies

specific for NKG2A, releasing NK and T cells from inhibition.

8. Jouand N, Bressollette-Bodin C, Gerard N, Giral M, Guerif P,
Rodallec A, Oger R, Parrot T, Allard M, Cesbron-Gautier A et al.:
HCMV triggers frequent and persistent UL40-specific
unconventional HLA-E-restricted CD8 T-cell responses with
potential autologous and allogeneic peptide recognition. PLoS
Pathog 2018, 14:e1007041.

9. Sullivan LC, Walpole NG, Farenc C, Pietra G, Sum MJW,
Clements CS, Lee EJ, Beddoe T, Falco M, Mingari MC et al.: A
conserved energetic footprint underpins recognition of
www.sciencedirect.com 
human leukocyte antigen-E by two distinct alphabeta T cell
receptors. J Biol Chem 2017, 292:21149-21158.

10. Leavenworth JW, Tang X, Kim HJ, Wang X, Cantor H:
Amelioration of arthritis through mobilization of peptide-
specific CD8+ regulatory T cells. J Clin Invest 2013, 123:1382-
1389.

11. McMurtrey C, Harriff MJ, Swarbrick GM, Duncan A, Cansler M,
Null M, Bardet W, Jackson KW, Lewinsohn DA, Hildebrand W
et al.: T cell recognition of Mycobacterium tuberculosis
peptides presented by HLA-E derived from infected human
cells. PLoS One 2017, 12:e0188288.

12.
�

Prezzemolo T, van Meijgaarden KE, Franken K, Caccamo N,
Dieli F, Ottenhoff THM, Joosten SA: Detailed characterization of
human Mycobacterium tuberculosis specific HLA-E restricted
CD8(+) T cells. Eur J Immunol 2018, 48:293-305Further

characterization of Mtb-specific T cells in humans.

13. Bian Y, Shang S, Siddiqui S, Zhao J, Joosten SA, Ottenhoff THM,
Cantor H, Wang CR: MHC Ib molecule Qa-1 presents
Mycobacterium tuberculosis peptide antigens to CD8+ T cells
and contributes to protection against infection. PLoS Pathog
2017, 13:e1006384.

14.
��

Hansen SG, Wu HL, Burwitz BJ, Hughes CM, Hammond KB,
Ventura AB, Reed JS, Gilbride RM, Ainslie E, Morrow DW et al.:
Broadly targeted CD8(+) T cell responses restricted by major
histocompatibility complex E. Science 2016, 351:714-720The

original description of MHC-E restricted T cells in monkeys vaccinated
with a Rhesus CMV vaccine.

15.
�

Wu HL, Wiseman RW, Hughes CM, Webb GM, Abdulhaqq SA,
Bimber BN, Hammond KB, Reed JS, Gao L, Burwitz BJ et al.: The
role of MHC-E in T cell immunity is conserved among humans,
rhesus macaques, and cynomolgus macaques. J Immunol
2018, 200:49-60Structures of HLA-E with epitope peptides. Also

this paper demonstrates partial folding of HLA-E molecule.

16. Walters LC, Harlos K, Brackenridge S, Rozbesky D, Barrett JR,
Jain V, Walter TS, O’Callaghan CA, Borrow P, Toebes M et al.:
Pathogen-derived HLA-E bound epitopes reveal broad
primary anchor pocket tolerability and conformationally
malleable peptide binding. Nat Commun 2018, 9:3137.

17. Grotzke JE, Harriff MJ, Siler AC, Nolt D, Delepine J, Lewinsohn DA,
Lewinsohn DM: The Mycobacterium tuberculosis phagosome
is a HLA-I processing competent organelle. PLoS Pathog 2009,
5:e1000374.

18. Hardman CS, Chen YL, Salimi M, Jarrett R, Johnson D,
Jarvinen VJ, Owens RJ, Repapi E, Cousins DJ, Barlow JL et al.:
CD1a presentation of endogenous antigens by group 2 innate
lymphoid cells. Sci Immunol 2017, 2 pii: eaan5918.

19. Huang S, Moody DB: Donor-unrestricted T cells in the human
CD1 system. Immunogenetics 2016, 68:577-596.

20.
��

Birkinshaw RW, Pellicci DG, Cheng TY, Keller AN, Sandoval-
Romero M, Gras S, de Jong A, Uldrich AP, Moody DB, Godfrey DI
et al.: Alphabeta T cell antigen receptor recognition of CD1a
presenting self lipid ligands. Nat Immunol 2015, 16:258-266This

important study presents the only TCR-CD1a structures currently
available and supported the concept of permissive and non-permissive
lipid antigens.

21. Gadola SD, Zaccai NR, Harlos K, Shepherd D, Castro-
Palomino JC, Ritter G, Schmidt RR, Jones EY, Cerundolo V:
Structure of human CD1b with bound ligands at 2.3 A, a maze
for alkyl chains. Nat Immunol 2002, 3:721-726.

22. Ly D, Moody DB: The CD1 size problem: lipid antigens, ligands,
and scaffolds. Cell Mol Life Sci 2014, 71:3069-3079.

23. Koch M, Stronge VS, Shepherd D, Gadola SD, Mathew B, Ritter G,
Fersht AR, Besra GS, Schmidt RR, Jones EY et al.: The crystal
structure of human CD1d with and without alpha-
galactosylceramide. Nat Immunol 2005, 6:819-826.

24. McCarthy C, Shepherd D, Fleire S, Stronge VS, Koch M,
Illarionov PA, Bossi G, Salio M, Denkberg G, Reddington F et al.:
The length of lipids bound to human CD1d molecules
modulates the affinity of NKT cell TCR and the threshold of
NKT cell activation. J Exp Med 2007, 204:1131-1144.
Current Opinion in Immunology 2019, 59:121–129

http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0005
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0005
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0005
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0010
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0010
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0010
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0010
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0010
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0010
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0020
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0020
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0020
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0020
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0020
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0020
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0025
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0025
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0025
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0025
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0035
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0035
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0035
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0035
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0035
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0035
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0040
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0040
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0040
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0040
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0040
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0040
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0045
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0045
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0045
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0045
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0045
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0050
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0050
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0050
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0050
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0055
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0055
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0055
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0055
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0055
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0060
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0060
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0060
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0060
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0060
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0065
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0065
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0065
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0065
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0065
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0070
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0070
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0070
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0070
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0070
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0070
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0075
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0075
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0075
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0075
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0075
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0075
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0080
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0080
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0080
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0080
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0080
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0085
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0085
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0085
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0085
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0090
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0090
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0090
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0090
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0095
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0095
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0105
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0105
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0105
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0105
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0110
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0110
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0115
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0115
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0115
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0115
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0120
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0120
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0120
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0120
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0120


128 Special Section on Human immunology
25. Batuwangala T, Shepherd D, Gadola SD, Gibson KJ, Zaccai NR,
Fersht AR, Besra GS, Cerundolo V, Jones EY: The crystal
structure of human CD1b with a bound bacterial glycolipid. J
Immunol 2004, 172:2382-2388.

26. Gras S, Van Rhijn I, Shahine A, Cheng TY, Bhati M, Tan LL,
Halim H, Tuttle KD, Gapin L, Le Nours J et al.: T cell receptor
recognition of CD1b presenting a mycobacterial glycolipid.
Nat Commun 2016, 7:13257.

27. Li D, Hong A, Lu Q, Gao GF, Jin B, Screaton GR, Xu XN: A novel
role of CD1c in regulating CD1d-mediated NKT cell
recognition by competitive binding to Ig-like transcript 4. Int
Immunol 2012, 24:729-737.

28.
��

Lepore M, de Lalla C, Gundimeda SR, Gsellinger H, Consonni M,
Garavaglia C, Sansano S, Piccolo F, Scelfo A, Haussinger D et al.:
A novel self-lipid antigen targets human T cells against CD1c
(+) leukemias. J Exp Med 2014, 211:1363-1377Here the

identification of skin lipids as potential CD1a-autoantigens was
important for the field, and built on previous seminal work by the group
of Branch Moody.

29. de Jong A, Cheng TY, Huang S, Gras S, Birkinshaw RW,
Kasmar AG, Van Rhijn I, Pena-Cruz V, Ruan DT, Altman JD et al.:
CD1a-autoreactive T cells recognize natural skin oils that
function as headless antigens. Nat Immunol 2014, 15:177-185.

30. Van Rhijn I, van Berlo T, Hilmenyuk T, Cheng TY, Wolf BJ,
Tatituri RV, Uldrich AP, Napolitani G, Cerundolo V, Altman JD et al.:
Human autoreactive T cells recognize CD1b and
phospholipids. Proc Natl Acad Sci U S A 2016, 113:380-385.

31. Mansour S, Tocheva AS, Cave-Ayland C, Machelett MM,
Sander B, Lissin NM, Molloy PE, Baird MS, Stubs G, Schroder NW
et al.: Cholesteryl esters stabilize human CD1c conformations
for recognition by self-reactive T cells. Proc Natl Acad Sci U S A
2016, 113:E1266-1275.

32. Shahine A, Van Rhijn I, Cheng TY, Iwany S, Gras S, Moody DB,
Rossjohn J: A molecular basis of human T cell receptor
autoreactivity toward self-phospholipids. Sci Immunol 2017, 2
pii: eaao1384.

33. Wun KS, Reijneveld JF, Cheng TY, Ladell K, Uldrich AP, Le
Nours J, Miners KL, McLaren JE, Grant EJ, Haigh OL et al.: T cell
autoreactivity directed toward CD1c itself rather than toward
carried self lipids. Nat Immunol 2018, 19:397-406.

34. Carbone E, Terrazzano G, Melian A, Zanzi D, Moretta L, Porcelli S,
Karre K, Zappacosta S: Inhibition of human NK cell-mediated
killing by CD1 molecules. J Immunol 2000, 164:6130-6137.

35. Zhao J, Weng X, Bagchi S, Wang CR: Polyclonal type II natural
killer T cells require PLZF and SAP for their development and
contribute to CpG-mediated antitumor response. Proc Natl
Acad Sci U S A 2014, 111:2674-2679.

36. Maricic I, Sheng H, Marrero I, Seki E, Kisseleva T, Chaturvedi S,
Molle N, Mathews SA, Gao B, Kumar V: Inhibition of type I natural
killer T cells by retinoids or following sulfatide-mediated
activation of type II natural killer T cells attenuates alcoholic
liver disease in mice. Hepatology 2015, 61:1357-1369.

37. Van Rhijn I, Gherardin NA, Kasmar A, de Jager W, Pellicci DG,
Kostenko L, Tan LL, Bhati M, Gras S, Godfrey DI et al.: TCR bias
and affinity define two compartments of the CD1b-glycolipid-
specific T Cell repertoire. J Immunol 2014, 192:4054-4060.

38. Van Rhijn I, Kasmar A, de Jong A, Gras S, Bhati M,
Doorenspleet ME, de Vries N, Godfrey DI, Altman JD, de Jager W
et al.: A conserved human T cell population targets
mycobacterial antigens presented by CD1b. Nat Immunol 2013,
14:706-713.

39. Luoma AM, Castro CD, Mayassi T, Bembinster LA, Bai L, Picard D,
Anderson B, Scharf L, Kung JE, Sibener LV et al.: Crystal
structure of Vdelta1 T cell receptor in complex with CD1d-
sulfatide shows MHC-like recognition of a self-lipid by human
gammadelta T cells. Immunity 2013, 39:1032-1042.

40. Uldrich AP, Le Nours J, Pellicci DG, Gherardin NA, McPherson KG,
Lim RT, Patel O, Beddoe T, Gras S, Rossjohn J et al.: CD1d-lipid
antigen recognition by the gammadelta TCR. Nat Immunol
2013, 14:1137-1145.
Current Opinion in Immunology 2019, 59:121–129 
41.
��

Mangan BA, Dunne MR, O’Reilly VP, Dunne PJ, Exley MA,
O’Shea D, Scotet E, Hogan AE, Doherty DG: Cutting edge: CD1d
restriction and Th1/Th2/Th17 cytokine secretion by human
Vdelta3 T cells. J Immunol 2013, 191:30-34This important work

identified distinct regions of the TCR that could engage with CD1 and
with butyrophilins

42. Roy S, Ly D, Castro CD, Li NS, Hawk AJ, Altman JD, Meredith SC,
Piccirilli JA, Moody DB, Adams EJ: Molecular analysis of lipid-
reactive Vdelta1 gammadelta T cells identified by CD1c
tetramers. J Immunol 2016, 196:1933-1942.

43. Melandri D, Zlatareva I, Chaleil RAG, Dart RJ, Chancellor A,
Nussbaumer O, Polyakova O, Roberts NA, Wesch D, Kabelitz D
et al.: The gammadeltaTCR combines innate immunity with
adaptive immunity by utilizing spatially distinct regions for
agonist selection and antigen responsiveness. Nat Immunol
2018, 19:1352-1365.

44. Tilloy F, Treiner E, Park SH, Garcia C, Lemonnier F, de la Salle H,
Bendelac A, Bonneville M, Lantz O: An invariant T cell receptor
alpha chain defines a novel TAP-independent major
histocompatibility complex class Ib-restricted alpha/beta T cell
subpopulation in mammals. J Exp Med 1999, 189:1907-1921.

45. Treiner E, Duban L, Bahram S, Radosavljevic M, Wanner V, Tilloy F,
Affaticati P, Gilfillan S, Lantz O: Selection of evolutionarily
conserved mucosal-associated invariant T cells by MR1.
Nature 2003, 422:164-169.

46. Kjer-Nielsen L, Patel O, Corbett AJ, Le Nours J, Meehan B, Liu L,
Bhati M, Chen Z, Kostenko L, Reantragoon R et al.: MR1 presents
microbial vitamin B metabolites to MAIT cells. Nature 2012,
491:717-723.

47.
��

Patel O, Kjer-Nielsen L, Le Nours J, Eckle SB, Birkinshaw R,
Beddoe T, Corbett AJ, Liu L, Miles JJ, Meehan B et al.:
Recognition of vitamin B metabolites by mucosal-associated
invariant T cells. Nat Commun 2013, 4:2142Work demonstrating

the potential of MR1 to capture chemically diverse scaffolds and how
this impacts on MAIT cell function.

48. Chen Z, Wang H, D’Souza C, Sun S, Kostenko L, Eckle SB,
Meehan BS, Jackson DC, Strugnell RA, Cao H et al.: Mucosal-
associated invariant T-cell activation and accumulation after
in vivo infection depends on microbial riboflavin synthesis and
co-stimulatory signals. Mucosal Immunol 2017, 10:58-68.

49. Keller AN, Eckle SB, Xu W, Liu L, Hughes VA, Mak JY, Meehan BS,
Pediongco T, Birkinshaw RW, Chen Z et al.: Drugs and drug-like
molecules can modulate the function of mucosal-associated
invariant T cells. Nat Immunol 2017, 18:402-411.

50. Wang H, D’Souza C, Lim XY, Kostenko L, Pediongco TJ,
Eckle SBG, Meehan BS, Shi M, Wang N, Li S et al.: MAIT cells
protect against pulmonary Legionella longbeachae infection.
Nat Commun 2018, 9:3350.

51. Wilgenburg BV, Loh L, Chen Z, Pediongco TJ, Wang H, Shi M,
Zhao Z, Koutsakos M, Nussing S, Sant S et al.: MAIT cells
contribute to protection against lethal influenza infection in
vivo. Nat Commun 2018, 9:4706.

52. Koay HF, Gherardin NA, Enders A, Loh L, Mackay LK, Almeida CF,
Russ BE, Nold-Petry CA, Nold MF, Bedoui S et al.: A three-stage
intrathymic development pathway for the mucosal-associated
invariant T cell lineage. Nat Immunol 2016, 17:1300-1311.

53.
�

Gibbs A, Leeansyah E, Introini A, Paquin-Proulx D, Hasselrot K,
Andersson E, Broliden K, Sandberg JK, Tjernlund A: MAIT cells
reside in the female genital mucosa and are biased towards IL-
17 and IL-22 production in response to bacterial stimulation.
Mucosal Immunol 2017, 10:35-45This paper demonstrates that

MAIT cells upregulate CD40L and mature DC in a CD40L-dependent
and MR1-dependent manner.

54. Rouxel O, Da Silva J, Beaudoin L, Nel I, Tard C, Cagninacci L,
Kiaf B, Oshima M, Diedisheim M, Salou M et al.: Cytotoxic and
regulatory roles of mucosal-associated invariant T cells in
type 1 diabetes. Nat Immunol 2017, 18:1321-1331.

55. Salio M, Gasser O, Gonzalez-Lopez C, Martens A, Veerapen N,
Gileadi U, Verter JG, Napolitani G, Anderson R, Painter G et al.:
Activation of human mucosal-associated invariant T cells
induces CD40L-dependent maturation of monocyte-derived
and primary dendritic cells. J Immunol 2017, 199:2631-2638.
www.sciencedirect.com

http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0125
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0125
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0125
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0125
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0130
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0130
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0130
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0130
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0135
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0135
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0135
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0135
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0140
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0140
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0140
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0140
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0140
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0140
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0140
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0145
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0145
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0145
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0145
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0150
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0150
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0150
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0150
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0155
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0155
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0155
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0155
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0155
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0160
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0160
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0160
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0160
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0165
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0165
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0165
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0165
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0170
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0170
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0170
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0175
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0175
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0175
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0175
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0180
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0180
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0180
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0180
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0180
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0185
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0185
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0185
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0185
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0190
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0190
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0190
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0190
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0190
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0195
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0195
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0195
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0195
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0195
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0200
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0200
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0200
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0200
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0205
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0205
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0205
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0205
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0205
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0205
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0210
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0210
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0210
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0210
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0215
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0215
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0215
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0215
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0215
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0215
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0220
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0220
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0220
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0220
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0220
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0225
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0225
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0225
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0225
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0230
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0230
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0230
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0230
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0235
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0235
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0235
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0235
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0235
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0235
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0240
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0240
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0240
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0240
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0240
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0245
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0245
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0245
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0245
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0250
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0250
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0250
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0250
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0255
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0255
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0255
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0255
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0260
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0260
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0260
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0260
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0270
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0270
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0270
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0270
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0275
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0275
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0275
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0275
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0275


Capturing the antigen landscape: HLA-E, CD1 and MR1 Ogg, Cerundolo and McMichael 129
56.
��

Lepore M, Kalinichenko A, Calogero S, Kumar P, Paleja B,
Schmaler M, Narang V, Zolezzi F, Poidinger M, Mori L et al.:
Functionally diverse human T cells recognize non-microbial
antigens presented by MR1. Elife 2017, 6This work demonstrates

that MAIT cells undergo an adaptive clonal response during infection

57. Ben Youssef G, Tourret M, Salou M, Ghazarian L, Houdouin V,
Mondot S, Mburu Y, Lambert M, Azarnoush S, Diana JS et al.:
www.sciencedirect.com 
Ontogeny of human mucosal-associated invariant T cells and
related T cell subsets. J Exp Med 2018, 215:459-479.

58. Howson LJ, Napolitani G, Shepherd D, Ghadbane H, Kurupati P,
Preciado-Llanes L, Rei M, Dobinson HC, Gibani MM, Teng KWW
et al.: MAIT cell clonal expansion and TCR repertoire shaping
in human volunteers challenged with Salmonella Paratyphi A.
Nat Commun 2018, 9:253.
Current Opinion in Immunology 2019, 59:121–129

http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0280
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0280
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0280
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0280
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0280
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0285
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0285
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0285
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0285
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0290
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0290
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0290
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0290
http://refhub.elsevier.com/S0952-7915(19)30002-0/sbref0290

	Capturing the antigen landscape: HLA-E, CD1 and MR1
	Introduction
	HLA-E
	CD1
	MR1
	Acknowledgements


