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Summary

While the prime function of classical MHC I molecules is to present peptide antigens to pathogen-

specific cytotoxic T cells, non-classical MHC-I antigens perform a diverse array of functions in 

both innate and adaptive immunity. In this review we summarize recent evidence that non -

classical MHC molecules are not only recognized by pathogen-specific T cells but that they also 

serve as immunoregulatory molecules by stimulating a number of distinct non-conventional T cell 

subsets.

Introduction

The highly polymorphic “classical” or “class Ia” MHC molecules serve an integral role in 

adaptive immunity by presenting peptides to cytotoxic T cells. However, there are also a 

number of “non-classical” or “class Ib” MHC molecules that, while structurally similar to 

class Ia molecules, frequently have quite distinct functions. Class Ib molecules are typically 

far less polymorphic than their classical counterparts, can have a more limited pattern of 

expression and in some cases bind non-peptide ligands (for a review see [1]). MHC class Ib 

molecules have a diverse range of functions, including in the presentation of lipid antigens 

(CD1d) for recognition by natural killer T (NKT) cells, as ligands (MR1) for mucosal-

associated invariant T (MAIT) cells and serving as dual ligands for both NK cell and αβ T 

cell receptors (HLA-E and Qa-1b). A rapidly expanding body of literature highlights the 

diverse roles played by class Ib molecules in pathogen recognition, virus-induced 

autoimmune disease, tumor immunosurveillance and regulation of autoimmunity. Here, we 

summarize recent key work in these areas.
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MHC Class Ib as Innate Pathogen Recognition Molecules

Specific MHC class Ib molecules serve as ligands for T cells expressing “semi-invariant” T 

cell receptors (TCR). These cells operate early in the course of an immune response and 

may modulate the subsequent differentiation of the adaptive response [1,2]. From this 

perspective, these MHC Ib-restricted T cells constitute components of the cellular innate 

immune response and their TCRs may arguably be regarded as pattern recognition receptors.

The non-MHC encoded CD1d molecule can present lipid antigens, such the marine sponge 

derived alpha-galactosylceramide (α–GalCer), to NKT cells. These cells express a semi-

invariant TCR consisting of a fixed TCRα-chain (Vα14 in mice, Vα24 in humans) that can 

pair with a limited number of TCRβ-chains (Vβ11 in humans, Vβ8.2, Vβ7 or Vβ2 in mice). 

Interestingly, while the CDR3α of the NKT cell TCR is completely fixed, the CDR3β 

regions are highly diverse. Recent evidence suggests that variability in the TCRβ chain of 

NKT cells may play a role in the specificity for distinct lipid ligands [3*,4]. For example, 

while the CDR2β region is critical for recognition of α–GalCer, both the CDR1β and 

CDR3β also contribute to recognition of isoglobotriaosylceramide (iGb3). Therefore, it 

appears that although the NKT cell TCR may have a common mode of docking on CD1d, 

specific beta chain residues may impart distinct fine specificities for different glycolipids.

Recognition of CD1d by NKT cells can result in the production of both Th1 and Th2 

cytokines, as well as various chemokines [5]. These factors can then orchestrate the 

activation of other cells of the immune system, including dendritic cells (DCs), natural killer 

(NK) cells, and lymphocytes. While many studies and even clinical trials have utilized α-

GalCer to efficiently activate NKT cells, the relative importance of more physiological 

ligands remains a subject of intense interest. In this connection, pathogen-derived 

glycolipids such as α-galacturonosylceramide (α–GalACer) from Sphingomonas and α-

galactosyldiacylglycerol (α–GalDAG) from Borrelia burgdorferi have been shown to bind 

to CD1d and activate NKT cells [6]. In addition, TLR ligation during bacterial infections 

can drive the synthesis of endogenous glycosphingolipids (GSLs), such as iGb3 that can also 

be presented to NKT cells by CD1d [6-8]. Moreover, the repertoire of CD1d-bound ligands 

may be further modulated during infection as TLR signaling through the MyD88 adaptor 

molecule blocks lysosomal α-galactosidase A–mediated degradation of iGb3 [9*]. Taken 

together, these data are consistent with a model in which stimulation of innate pattern 

recognition receptors by bacterial products leads to upregulation of iGb3, elevated CD1d 

ligand density, and activation of NKT cells.

The ability of NKT cells to produce both Th1 and Th2 cytokines makes these cells attractive 

targets for manipulating adaptive immune responses. Several studies have shown that NKT 

cells vary in the profile of cytokines produced in response to alterations in the structure of α-

GalCer [10-15]. Im et al. [16*] recently reported that derivatives of α-GalCer that drive Th2 

responses can directly bind CD1d on the cell surface. In contrast, α-GalCer and derivatives 

that produce mixed Th1/Th2 responses require lipid transfer factors to load them onto CD1d 

in an endosome. As a result, these CD1d:glycolipid complexes take longer to appear on the 

cell surface. Thus the endosomal loading process itself may force association of 

CD1d:glycolipid complexes with molecules that direct them to lipid rafts within the 
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immunological synapse, whereas glycolipids that directly bind cell surface CD1d are 

excluded from lipid rafts. This difference in cell surface localization of CD1d may be 

responsible for the distinct cytokine profiles elicited by different glycolipid ligands.

Another specialized T cell population with a semi-invariant TCR utilizes a fixed TCRα 

(Vα19-Jα33 in mice and Vα7.2-Jα33 in humans) that pairs with a limited repertoire of 

TCRβ chains [17]. These cells, simultaneously identified in mice and humans [18], are 

found in the circulation and intestinal lamina propria [19], and therefore have been termed 

„mucosa-associated invariant T cells’ or MAIT cells. MAIT cells are largely CD4−CD8− or 

CD8αα+ are selected in the thymus and seed the intestinal mucosa [20], where they expand 

upon encounter with B cells expressing the MHC class Ib molecule MR1. Gut bacterial flora 

is an additional essential determinant for the expansion of MAIT cells in intestinal mucosal 

tissues, as MAIT cells are absent in germ free mice [19]. MR1 is highly conserved 

genetically and functionally in mammals, with ~90% identity in the predicted amino acid 

sequences of mouse and human α1-α2 domains and evidence for cross-species TCR-MR1 

interaction [21**,22]. Earlier work suggested that the MR1-associated ligand may be an α-

mannosyl ceramide [23]. Based on this, Shimamura tested a series of α-mannosyl ceramide 

derivatives and found that certain sphingosine glycolipids such as (α-Man)2-PI and α-Man-

α-GlcNH2-PI preferentially stimulated murine MAIT cells [24]. Interestingly, depending on 

the type of lipid moiety used, MAIT cells, like NKT cells, variably produced IFN-γ and 

IL-4, raising the possibility that specific glycolipids could be used to direct MAIT cells in 

order to skew CD4 T cell responses.

Recent investigations into the intracellular pathways for MR1 antigen uptake and processing 

suggest that MAIT cells contribute to host anti-bacterial immunity. Antigen presentation by 

mouse MR1 is independent of TAP and the MHC class I peptide-loading complex, but 

facilitated by the MHC class II chaperone HLA-DM, and dependent on the MHC class II 

chaperone Ii. Confocal and cryoimmunoelectron microscopy studies have shown MR1 to be 

present in late endosomes, raising the possibility that antigens including endocytosed 

microbial products may be acquired from this compartment [25]. Circulating MAIT cells in 

healthy individuals recognize antigens derived from Mycobacterium tuberculosis (Mtb) in 

an MR1-dependent manner, providing evidence that microbial antigens are presented by 

MR1 [26]. Moreover, Le Bourhis et al. demonstrated that mouse MAIT cells recognize cells 

infected by unrelated strains of bacteria and yeast in an MR1-dependent manner and that 

these T cells mediate protection from certain bacterial infections in vivo [27**]. Taken 

together, current evidence implicates MAIT cells as important participants in host microbial 

immunity of the gut and respiratory mucosa.

Adaptive Immune Recognition of MHC Class Ib Molecules

Although a number of MHC class Ib molecules are ligands for receptors expressed by innate 

immunocytes, recent literature points toward an important role for these molecules in 

adaptive immune responses to pathogens. Class Ib-restricted αβ TCR-expressing CD8 T 

cells have been identified as participants in the overall adaptive T cell response in a number 

of mouse disease models [28-30], and have been shown to be protective in vivo in the case 

of Qa-1b- and H2-M3-restricted responses to Listeria monocytogenes [31-33], an H2-M3-
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restricted response to Mtb [34], and a class Ia-independent CD8 T cell response to a mouse 

γ-herpesvirus [35]. Swanson et al. recently defined a protective antiviral CD8 T cell 

response directed toward an oligopeptide derived from the mouse polyomavirus (MPyV) 

presented by Q9, a murine Qa-2 family member [36,37**]. As Q9 is nonpolymorphic, we 

have been able to generate Q9-restricted MPyV-specific CD8 T cell responses across MHC 

class Ia haplotype barriers (ARH and AEL, unpublished data). The finding that class Ib-

restricted CD8 T cells mediate protection against a mouse viral infection will hopefully spur 

efforts to identify additional microbe-specific class Ib-restricted T cell responses in humans 

that might be effective across a range of different HLA haplotypes.

The existence of viral immunoevasins that impair expression of class Ib molecules also 

implies a role for these MHC molecules in host defense. Renukaradhya et al. provided 

evidence that the matrix protein of vesicular stomatitis virus (VSV) downregulates mouse 

CD1d expression in a p38 MAPK-dependent manner, implying that VSV has devised tactics 

to offset immunity conferred by NKT cells [38]. Similarly vaccinia virus inhibits CD1d 

expression [39], indicating that this molecule, and possibly its human homolog, are 

recognized by immune effector cells involved in surveillance of this viral infection. While 

the function of human class Ib molecule HLA-G is unclear, Park et al. recently showed that 

the US10 protein of human cytomegalovirus (HCMV) downregulates its expression [40], 

suggesting that HLA-G may have a role in anti-HCMV immunity. Taken together, these 

studies argue that elucidation of class Ib-specific responses to viral infections could provide 

new insights for viral vaccine development.

Qa-1b/HLA-E: double duty MHC Class Ib molecules

As ligands for both inhibitory and activating receptors, Qa-1b and its human ortholog HLA-

E have diverse immunological roles (Figure 1). The peptide-binding groove of Qa-1b is 

predominantly occupied by the highly conserved Qa-1b determinant modifier (Qdm) 9mer 

peptide that is derived from the signal sequence of class Ia molecules [41,42]. The 

Qdm:Qa-1b complex is the ligand for CD94-NKG2A [43] an inhibitory signaling receptor 

on NK cells and CD8 T cells, as well as activating receptors such as CD94-NKG2C [44]. 

Similarly, the peptide-binding groove of its human ortholog, HLA-E, is also largely 

occupied by conserved peptides derived from other HLA-class I molecules [45] and 

recognition by CD94-NKG2 receptors is acutely dependent on the sequence of such peptides 

[46]. CD94-NKG2A appears to operate as a sensor for the expression of MHC class Ia 

molecules and the functional integrity of the antigen processing machinery [47,48] both of 

which can be impaired in neoplastic cells or targeted by immunoevasins expressed by a 

variety of pathogens.

While the function of the activating isoforms of the CD94-NKG2 family are only beginning 

to be understood, it is believed they may have a role in the control of pathogen infection, 

particularly HCMV. For example, positive serology for HCMV is strongly associated with 

high proportions of CD94-NKG2C expressing NK cells [49]. Similarly, co-culture of NK 

cells with HCMV-infected fibroblasts results in the expansion of CD94-NKG2C positive 

NK cells [50].
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Antiviral CD8 effector T cells can also express CD94-NKG2A, which can act to balance 

anti-viral immunity with virus-associated immunopathology. Inhibition of virus-specific 

cytotoxic effector activities is critical in situations of widespread viral antigen expression by 

parenchymal cells as well as expression by valuable nonrenewable somatic cells. In the 

MPyV infection model, high load infection is associated with protracted expression of 

CD94-NKG2A by antiviral CD8 T cells, which serves to dampen antigen-specific 

cytotoxicity. For MPyV, the unwitting consequence of this host defense against excessive 

cell death is a high set point of persistent viral load and the elevated risk for polyomavirus-

induced tumors [51]. Similarly, Zhou et al. [52] showed that Qa-1b:CD94-NKG2A 

engagement negatively regulates TNF-α production by influenza virus-specific CD8 effector 

T cells that, in turn, limits pulmonary immunopathology. Alternatively, herpes simplex 

virus-specific CD8 T cells in proximity to latently infected trigeminal ganglion cells express 

CD94-NKG2A, which engages Qa-1b expressed by neurons and thereby protects infected 

neurons from CD8 T cell-mediated cytotoxicity [53]. From these models of CD94-NKG2A-

mediated inhibition of effector CD8 T cells, it is also apparent that this receptor regulates 

discrete effector activities and may do so in a manner that controls virus replication without 

destruction of virus-infected host cells [54]. Because IFN-γ upregulates Qa-1b:Qdm 

expression [55], it is also possible that IFN-γ produced by activated NK cells and T cells 

serves to modulate the strength of CD94-NKG2A signaling and the range of effector 

activities that are inhibited.

In a recent important study, Oliveira et al. showed that Qa-1b also binds a diverse array of 

peptides derived from improperly processed housekeeping proteins that are generated by 

impairments in antigen processing [56**]. These peptides replace Qdm and are 

immunogenic for a novel population of Qa-1b-restricted CD8 T cells that mediate 

cytotoxicity against target cells expressing these antigens. Importantly, these Qa-1b-

restricted T cells are readily detected in the immune response to tumors deficient in antigen 

processing. This study raises the exciting possibility that humans may possess a similar 

population of HLA-E-restricted CD8 T cells in their T cell repertoire that could be harnessed 

for tumor immunotherapy.

A sizeable body of literature shows that Qa-1b and HLA-E operate in host microbial 

adaptive immune responses. In humans, HLA-E-restricted CD8 T cell responses to 

Mycobacterium tuberculosis (Mtb), Salmonella typhi and HCMV have been observed 

[57-59]. Interestingly, presentation of Mtb-derived antigens by HLA-E but not class Ia 

molecules was shown to be largely resistant to cycloheximide treatment of APC, suggesting 

that HLA-E can capture peptide antigens from distinct intracellular compartments, possibly 

utilizing recycled HLA-E [60**].

The UL40 protein of HCMV encodes a sequence that mimics the leader sequence of most 

HLA-C alleles. Consequently UL40 may facilitate the interaction between HLA-E and 

CD94-NKG2A following HCMV-infection. However in individuals in whom the UL40-

derived peptide differs from self-encoded HLA-C sequences as a result of HLA 

polymorphism, HCMV infection results in a robust UL40-specific, HLA-E restricted T cell 

response. These responses do not appear to be subdominant to class Ia-restricted HCMV 

responses and in some individuals comprise in excess of 20% of the CD8 T cell population 
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[61,62]. Such populations in the setting of HLA-C-mismatched transplantation, could 

negatively impact graft survival as the UL40 sequence is identical to that found in most 

HLA-C alleles. To this end, we have recently identified expansions of HLA-E restricted T 

cells in lung transplant recipients at various stages post-transplant (LCS and AGB, 

unpublished data).

Qa-1b also serves as a restriction element for a population of CD8 T cells that control 

autoreactive CD4 T cells. Expression of Qa-1b is transiently upregulated on activated CD4 T 

cells, which can be loaded with peptides derived from TCR Vβ chains and recognized by 

these CD8 regulatory T cells (Treg). Because these CD8 Treg may also express CD94-

NKG2A, there is an opportunity for dynamic interplay between activating and inhibitory 

receptors depending on the relative occupancy of Qdm or Vβ peptides by Qa-1b (Figure 1). 

This dynamic regulation was investigated in an elegant paper by Lu et al. [63*] utilizing the 

murine experimental autoimmune encephalomyelitis (EAE) model for multiple sclerosis. By 

using two different mutations in Qa-1b, D227K, which disrupts binding of Qa-1b to CD8 

(mitigating TCR engagement), and R72A, which disrupts Qa-1b binding to NKG2A, this 

group was able to distinguish the impact of these two interactions on CD8 Treg control of 

autoreactive CD4 T cells. Transgenic mice expressing the D227K mutation exhibited 

increased susceptibility to EAE, while those transgenic for the R72A mutation were EAE-

resistant [64]. Kumar and colleagues [65] recently described a population of CD8αα+ 

TCRα+ Treg cells which recognize Qa-1b-associated TCR peptides presented by dendritic 

cells that have ingested apoptotic CD4 T cells. This cross-presentation was driven by 

inflammatory stimuli. These CD8 Treg were shown to suppress EAE and apparently do so by 

killing myelin basic protein-reactive CD4 T cells. This study raises the possibility that 

“tolerogenic” DCs may be harnessed to ameliorate autoimmune diseases by eliciting such 

Qa-1b/HLA-E-restricted CD8 Treg effectors.

The identification of a non-Qdm peptide that enables CD8 Treg cells to recognize 

autoreactive T cells suggests that Qa-1b/HLA-E-restricted responses may be put to 

therapeutic use to control autoimmunity or enhance vaccine efficiency. In a series of papers 

exploring this possibility [66-68], the Chess and Jiang group determined that intermediate 

affinity T cells that expand following exposure to nominal antigens preferentially express 

Qa-1b bearing the signal peptide from heat shock protein 60 (Hsp60sp), the ligand for a 

novel population of CD8 T cells with immunoregulatory capability. Qa-1b:Hsp60sp-specific 

CD8 T cells appear to constrain the expansion of intermediate affinity T cells, which include 

those that cross-react with self antigens, while sparing high affinity T cells specific for 

cognate antigen. Importantly, Hsp60sp peptide vaccination induced these Qa-1b-restricted 

CD8 T cells that then mediated cross protection in two autoimmune disease models [69*]. 

Thus, Qa-1b:Hsp60sp is a common structure expressed by activated T cells having TCRs of 

intermediate affinity for self, which allows these potentially autoreactive cells to be 

recognized by a generic population of Qa-1b-restricted regulatory CD8 T cells (Figure 1). 

While there is evidence that HLA-E can bind an Hsp60-derived peptide [70], whether or not 

this is expressed by T cells bearing TCRs with intermediate affinity for self antigens and is 

similarly recognized by such class Ib-restricted CD8 Treg remains to be determined.
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Conclusions

In summary, it is increasingly evident that MHC class Ib molecules can act as restricting 

elements for effector T cells which can limit the spread of pathogens. Consequently, given 

the limited polymorphism in these genes, particularly in humans, pathogen-derived peptides 

that bind these molecules may represent attractive vaccine candidates. However, molecules 

such as CD1d, MR1, HLA-E and Qa-1b also appear to have distinct roles in immunity 

through the stimulation of specialized T cell populations that can both orchestrate the quality 

of the immune response and regulate auto-reactive T cell responses. Further insights into the 

antigens presented by these molecules, the mechanisms by which they acquire such antigens 

and the way in which they are recognized by T cells may provide novel approaches to 

improving pathogen-specific responses and ameliorating autoimmune disease.
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Figure 1. Different peptide:Qa-1b ligands trigger varied responses by Qa-1b-specific CD8 T cells
Left, CD8 T cells expressing TCRs specific for pathogen-derived peptide bound to Qa-1b are 

stimulated to employ anti-pathogen effector activities. Middle, Dynamic interplay between 

TCR activation and CD94-NKG2A inhibition on a CD8 Treg determines the fate of the 

autoreactive CD4 T cell. Here, TCRs of CD8 Treg cells recognize a peptide from the TCR-

Vβ of an autoreactive CD4 T cell presented by Qa-1b. Qa-1b also presents Qdm peptide that 

engages inhibitory CD94-NKG2A receptors. Right, TCR mediates CD8 Treg recognition of 

a peptide derived from the signal sequence of Hsp60 presented by Qa-1b. The CD8 Treg is 

signaled to control an intermediate-affinity, potentially self-reactive CD4 T cell.
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