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Donor-unrestricted T cells in the human CD1 system
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Abstract The CD1 and MHC systems are specialized for
lipid and peptide display, respectively. Here, we review evi-
dence showing how cellular CD1a, CD1b, CD1c, and CD1d
proteins capture and display many cellular lipids to T cell
receptors (TCRs). Increasing evidence shows that CD1-
reactive T cells operate outside two classical immunogenetic
concepts derived from the MHC paradigm. First, because
CD1 proteins are non-polymorphic in human populations, T
cell responses are not restricted to the donor’s genetic back-
ground. Second, the simplified population genetics of CD1
antigen-presenting molecules can lead to simplified patterns
of TCR usage. As contrasted with donor-restricted patterns of
MHC-TCR interaction, the donor-unrestricted nature of CD1-
TCR interactions raises the prospect that lipid agonists and
antagonists of T cells could be developed.
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Donor-unrestricted T cells

The major histocompatibility complex (MHC) contains poly-
morphic genes that encode antigen presenting proteins
(Neefjes et al. 2011). MHC I and II proteins fold in three
dimensions to form antigen-binding grooves that capture
processed peptides and display them to αβ T cells. Due to
extremely high polymorphism in MHC genes, the full collec-
tion of peptide antigen display platforms expressed by all
members of the human species is extraordinarily diverse
(Suri et al. 2006; Rossjohn et al. 2015). MHC polymorphism
likely represents an evolved function that confers advantages
by allowing T cells to respond to nearly any microbial patho-
gen, including viruses that the host has never previously
encountered.

T cell receptor (TCR) expression within genetically identi-
cal populations, such as inbred mouse strains, can show sim-
plified and recognizable patterns (Nikolich-Zugich et al.
2004). However, in considering outbred human populations,
the interdonor variation of MHC proteins creates extreme
complexities in the patterns of peptide antigens displayed on
antigen-presenting cells (APCs) (Trowsdale and Knight
2013). This interdonor complexity makes it difficult to define
immunodominant antigens for any given type of infection or
autoimmune disease in human populations. Also, in consider-
ing the responding TCR repertoires, the variable (V) and join-
ing (J) genes present in the favored TCRs used by any given
patient, even in response to the same pathogen, can differ
substantially (Nikolich-Zugich et al. 2004; Rossjohn et al.
2015). Likewise for human diseases in which T cells are known
to play a central role, stereotyped patterns of TCRs on expanded
populations of T cells are difficult to identify at the population
level. Because most research on αβ T cells focuses on their
MHC-encoded targets, these complex patterns of TCR expres-
sion and donor-restricted antigen recognition are sometimes
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viewed as general properties of αβ Tcells. However, αβ Tcells
also recognize CD1, MR1, HLA-E, and other proteins, which
are encoded by non-polymorphic genes (Sullivan et al. 2006;
Hansen et al. 2007; Van Rhijn et al. 2015a). As contrasted with
Doherty and Zinkernagel’s groundbreaking experiments that de-
fined donor restriction of MHC-presented viral antigens
(Zinkernagel and Doherty 1974), T cell response to non-
polymorphic antigen-presenting molecules is not restricted to
the genetic background of the donor. These basic observations
lead to the immunogenetic concept of donor-unrestricted Tcells.
The most widely known examples are NKTcells that respond to
CD1d (Bendelac et al. 1995; Kawano et al. 1997), and mucosal-
associated invariant T (MAIT) cells that recognize MR1
(Porcelli et al. 1993; Treiner et al. 2003; Huang et al. 2005).

Beyond public TCRs

TCRs are considered Bpublic^ when several donors share
a certain MHC allele and are infected with the same kind
of pathogen that expresses an immunodominant antigen
(Venturi et al. 2008). Outside of superantigen-reactive T
cells, we know of no pattern of MHC-restricted TCR con-
servation that is expressed among the majority of humans
studied. Thus, the concept of MHC-restricted TCRs is
invoked in the particular situation of shared antigen expo-
sure and matched MHC genes, which is not the usual
setting of T cell activation in disease. In contrast, the V
and J rearrangements that define NKT and MAIT TCRα
chains are conserved broadly across most humans or
mice, based on their recognition of a universally
expressed antigen-presenting molecule (Porcelli et al.
1993; Tilloy et al. 1999; Huang et al. 2005; Van Rhijn
et al. 2015a; Van Rhijn and Moody 2015; Boudinot et al.
2016). These invariant TCRs are much more public than
any MHC-restricted TCR and can be thought of as uni-
versal in a species. Here, we review the diversity of cellular
ligands captured and presented by human CD1 proteins to
human TCRs. Looking beyond CD1d and NKT cells, this
review considers the question of whether human CD1a,
CD1b, and CD1c also present lipid ligands to donor-
unrestricted T cells and whether the responding T cells show
interdonor TCR conservation that is public or universal
(Cox et al. 2009; Huang et al. 2011; de Jong et al. 2014).

Human CD1 gene polymorphism

CD1 proteins are often described non-polymorphic antigen-
presenting molecules. The term ‘non-polymorphic’ is not liter-
ally true, as limited single-nucleotide polymorphisms (SNPs) in
theα1 domain (Aruffo and Seed 1989; Zajonc et al. 2005a) and
non-coding regions (Seshadri et al. 2014) of humanCD1a genes

are known. Also, some donor-specific differences have also
been deduced from non-synonymous mutations from the exon
2 of CD1a and CD1d genes (Han et al. 1999). Therefore, inter-
individual differences in CD1 expression and function could, in
the future, be found to influence immunologic diseases and host
response. However, because CD1 SNPs are uncommon in
human populations, human CD1 proteins can be considered
functionally monomorphic for most key aspects of their func-
tion. This immunogenetic feature of the CD1 system represents
amajor distinction from theMHC system.MHCpolymorphism
controls rejection of transplanted solid organs and bone marrow
and donor-specific patterns of antigen response (Ayala Garcia
et al. 2012).MHC polymorphism generates highly diverse TCR
usage by differing donors in response to a single pathogen or
protein antigen (Nikolich-Zugich et al. 2004). Therefore, a
major question for non-polymorphic proteins that mediate Tcell
activation, including CD1, MR1, and HLA-E, is whether the
lack of polymorphism actually translates into simplified patterns
of TCR usage and antigen response among genetically diverse
humans. For CD1d and NKT cells, highly similar TRAV10+
TCRs are polyclonally expanded in nearly all humans
(Bendelac et al. 1995; Kawano et al. 1997; Rossjohn et al.
2012; Zajonc and Girardi 2015), but the TCR patterns in the
larger repertoire selected by CD1a, CD1b, and CD1c are just
beginning to be explored (de Jong et al. 2010; de Lalla et al.
2011; Kasmar et al. 2011; Kasmar et al. 2013; Ly et al. 2013;
Van Rhijn et al. 2013; Van Rhijn et al. 2014).

TCR co-recognition of CD1-lipid

Like MHC I, CD1 heavy chains bind β2-microglobulin
(β2M) and fold to form two anti-parallel α-helices, which
create side walls located above a β-sheet floor (Zeng et al.
1997). The hollow groove is accessed by one or more
narrow portals so that lipids are seated such that they are
positioned both within and outside the outer surface of CD1
(Fig. 1). The simplest and oldest model of lipid antigen
recognition can be described as TCR co-recognition of
CD1-lipid complexes. Here, αβ TCRs contact one hybrid
surface comprised of the outer walls of the α1- and α2-
helices as well as elements of the bound lipid that protrude
between the helices to lie on the outside of CD1 proteins.
This mode of antigen recognition (co-recognition) was long
predicted and then ruled in by a ternary crystal structure of
CD1d-α-galactosyl ceramide-TCR (Borg et al. 2007) and
several ternary CD1d-lipid-TCRs that followed (Wang
et al. 2010; Mallevaey et al. 2011; Pellicci et al. 2011).

In its most basic elements, this ternary interaction can be
compared to the classical mechanism by which TCRs contact
peptide-MHC (Fig. 1). In TCR co-recognition, both the antigen
and the antigen-presentingmolecule contact the TCR and control
Tcell response.Whilemost studies of CD1 have emphasizedαβ
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TCR response, the earliest study of human CD1 proteins in vitro
demonstrated γδ T cell recognition of CD1c by an unknown
mechanism (Porcelli et al. 1989). Recent reports have demon-
strated that human polyclonal Vδ1+ γδ Tcells can contact CD1d
or CD1c using their TCRs to co-recognize CD1 in complex with
α-galactosyl ceramide, sulfatide, and phosphopmycoketide anti-
gens (Bai et al. 2012; Luoma et al. 2013; Uldrich et al. 2013; Roy
et al. 2016). The following sections detail the basis of CD1-lipid
and CD1-lipid TCR interactions, defining key contrasts with the
peptide-MHC model and setting the stage for understanding im-
portant exceptions to the general co-recognition model that have
arisen recently.

Promiscuous lipid anchoring versus precise peptide
anchoring

Certain basic differences in the biochemical nature of peptide
and amphipathic lipids lead to distinct modes of antigen

capture and display. In MHC I, non-amer peptides usually
represent the optimal fit to the width of the groove
(Hansen et al. 2010; Blum et al. 2013), whereas the ends
of the MHC II groove are not blocked and so bind longer
peptides (>14 mers) that extend beyond the platform as
Bragged ends^ (Mohan and Unanue 2012; Blum et al.
2013). Peptides are anchored by charge-charge and
hydrogen-bonding interactions that result from precisely
positioned residues on the walls and floor of MHC
ligand-binding grooves, which interact with spatially
defined residues in the peptide sequence. These highly
specific and position-dependent interactions have allowed
the definition of anchor residues from antigenic peptides
and their binding pockets from MHC-encoded antigen-
presenting molecules (Madden et al. 1991; Miley et al.
2004; Jones et al. 2006). In this way, TCRs bind to and
discriminate the amino acid sequences so they are directly
recognizing products of genetic codes, which are subject
to mutation, selection, and rapid evolution.
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Fig. 1 Tcell receptor binding toMHC I-peptide, CD1a-lipid, and CD1d-
lipid complexes. a A TCR binding to HLA-A2 (Garboczi et al. 1996)
takes a typical footprint located near the center of the MHC I platform. b
The CD1a autoreactive TCR BK6 binds on the left side of CD1a protein,
where it contacts the A’ roof of CD1a but not the bound lipid ligand

(Birkinshaw et al. 2015). c An invariant NKT TCR takes an extreme
rightward approach to CD1d, where the TCR α chain contacts the
protruding galactose and the TCR β chain extends past the CD1d
platform (Borg et al. 2007)
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In contrast, the inner surface of the CD1 cavity is lined with
non-polar residues that mediate relatively non-specific hydro-
phobic interactions with the lipid tails of bound antigens (Zeng
et al. 1997; Rossjohn et al. 2012; Zajonc and Girardi 2015).
The aliphatic hydrocarbons present in the alkyl and polyketide
tails of antigens are comprised of repeating methylene units
(Moody et al. 2005; Van Rhijn et al. 2015a). Thus, hydropho-
bic surfaces in CD1 can interact similar to the proximal, center,
or distal ends of alkyl chains, so there is no equivalent of
residue-specific motifs or anchor motifs as discovered for
MHC molecules (Stern and Wiley 1994; Hansen et al. 2007).

This more promiscuous, position-independent mode of
binding results in more diverse positioning of alkyl chains
within CD1 proteins. For example, the same kind of antigen
can take a clockwise or counterclockwise orientation within
the toroidal A’ pocket of CD1d (Wu et al. 2006; Li et al. 2010;
Birkholz et al. 2015). Lipid ligands show flexible lipid posi-
tioning and association of multiple lipids within one CD1
molecule, especially for CD1b, which has an unusually large
cavity with four interconnected pockets that has been de-
scribed as a Bmaze for alkyl chains^ (Gadola et al. 2002)
(Fig. 2). Although the aliphatic hydrocarbon chains are ex-
tremely flexible, clefts and individual pockets within CD1
proteins place an upper limit on the size of lipid antigens as
reviewed previously (Ly and Moody 2014). Lipids are the
products of enzymes rather than genes so are not subject to
rapid change by mutation and instead change slowly over
evolutionary time.

Deep CD1 lipid-binding clefts

A second basic difference between MHC and CD1
antigen-presenting molecules is the depth of the groove
and the extent to which antigens penetrate to the interior
of the CD1 protein (Fig. 2). For example, the peptide-
binding grooves in MHC proteins are typically 4–6 Å
deep, as measured vertically from the top of the α-
helices to the β-sheet floor. Thus, for HLA-A2-TAX and
H-2Kb-dEV8 complexes, TAX and dEV8 peptides are
seated in a position that is largely atop the MHC protein
(Garboczi et al. 1996; Garcia et al. 1996). As first noted
by Wilson and colleagues, the broken α2 helix and other
features cause the mouse CD1d α-helices to ride higher
above the β-sheet floor of CD1, creating a deep cleft
(Zeng et al. 1997; Moody et al. 2005). The larger vertical
depth of CD1 clefts was subsequently found among all
four of the human CD1 antigen-presenting molecules
(Gadola et al. 2002; Zajonc et al. 2005a; Scharf et al.
2010). Depending on the CD1 isoforms and positions of
measurement, the depth of the groove ranges up to 12 or
even 19 Å (Fig. 2). Thus, CD1 clefts are deeper and

therefore more spacious (1280–2200 Å3) than MHC
grooves.

CD1a, CD1c, and CD1d clefts are somewhat similar to the
interior volume (1280–1780 Å3) and are defined as having two
pockets, A’ and F’, which correspond in position to the A and F
pockets of MHC I (Zeng et al. 1997; Moody et al. 2005;
Rossjohn et al. 2012; Zajonc and Girardi 2015). In contrast,
CD1b is much larger with an interior volume approximating
2200 Å3. CD1b has four defined pockets, A’, F’, C’, and the T’
pocket, which is named for its Btunneling^ function at the bot-
tom of the CD1b groove (Fig. 2). In summary, peptides sit
between the α-helices of MHC I and II; lipid antigens reside
more substantially within the globular head of CD1 proteins.

The binding clefts present in the four types of human CD1
proteins differ in their volume and architecture (Fig. 2).
Detailed reviews of CD1 cleft architecture have been published
recently (Brennan et al. 2013; Ly and Moody 2014; Salio and
Cerundolo 2015; Van Rhijn et al. 2015a), so this review high-
lights only key distinguishing features of each CD1 isoform.
Mouse and human CD1d have similar structures. CD1d pro-
vides the archetype in which the A’ and F’ pockets sit side by
side below the raised position of the bent α2 helix (Fig. 1c).

The most obviously distinct cleft is that present in CD1b,
which is notable for its large size and division into four (rather
than two) named pockets. The A’ pocket is connected with F’
pocket through C’ pocket and the T’ tunnel. The highly inter-
connected nature of the four pockets led to its description as a
maze for alkyl chains (Gadola et al. 2002). The ATF
superchannel, which is unique to CD1b, allows capture of the
very long-chain (∼C72–C54) mycolic acids, which wind their
way through the channel (Batuwangala et al. 2004). In contrast,
the F’ pocket of CD1a is connected only to theA’ pocket, which
unlike other CD1 proteins, abruptly terminates rather than
encircling the A’ pole to form a complete toroid. Thus, the
CD1a cleft is shaped like a J-shaped tube with one entrance
and no secondary exit to the outer surface of the protein.
Because there is only one path through the interior of the
CD1a protein, it has been proposed to act as a Bmolecular ruler^
to select alkyl chains of a defined length (Zajonc et al. 2003).
CD1c is notable for its open, accessible, and flexible architec-
ture. Whereas all CD1 proteins have an entry point over the F’
pocket, ligands can enter the CD1c cavity at any of several
points, known as the D’, E’, and F’ portals (Scharf et al.
2010; Mansour et al. 2016). Upon binding to cholesteryl lipid
ligands, the CD1c protein undergoes a marked overall confor-
mation change that has been compared to a venus fly trap
swallowing its prey (Mansour et al. 2016).

Narrow portals versus wide grooves

A third basic difference betweenMHC and CD1 cavities is the
extent to which the interior of the protein communicates with
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the outer surface, where TCR interactions occur. MHC cavi-
ties are known as grooves because they are long, narrow, and
open at the top, allowing peptides to be exposed for recogni-
tion acrossmost of the width of the protein (Figs. 2 and 3). The
openings in CD1 proteins that allow lipids to protrude are
often called grooves, but considering the actual physical
shape, Bgroove^ is a misnomer. Grooves are usually under-
stood as being are longer than they are wide, and they are open
at the top. The CD1 clefts located between the α-helices are
neither long nor fully open at the top. Instead, CD1 proteins
are partially closed, creating small, rounded openings which
are called portals.

The A’ roof

The partially closed nature of the CD1 platform results from
the presence of a structure called the A’ roof, which is so
named because it protects the contents of the interior of the
A’ pocket from directly contacting the outer surface of CD1
proteins (Fig. 3). This roof structure is formed by amino acids
on the α1-helices, which reach across to residues on the α2
helix to form interdomain tethers. For CD1b, experiments
suggest that these tethers can be interrupted through the effects
of low pH, which protonates acidic residues, thereby releasing
charge-charge interactions with basic residues on the contra-
lateral helix (Relloso et al. 2008). This release of interdomain
tethers is thought to reduce steric hindrance for ligands

entering the groove, because tether mutations allow CD1b
binding of larger lipids, increased rates of lipid loading and
increased rates of lipid unloading (Relloso et al. 2008). Thus,
unlike the sides of the clefts that form from rigid secondary
structural elements (the α1- and α2-helices), the A’ roof is a
tenuous structure with a regulatory function. Highlighting the
weak structural nature of the A’ roof, binary crystal structures
of CD1a-sphingomyelin complexes show that sphingomyelin
can penetrate the A’ roof by disrupting a triad of residues that
form interdomain interactions (Birkinshaw et al. 2015). The
A’ roof is present in CD1a, CD1b, CD1c, and CD1d, and
it has no equivalent in MHC I or MHC II structures.
Thus, the A’ roof can be considered a distinct architec-
tural feature that defines CD1 clefts as being distinct
from other antigen-presenting molecules (Fig. 3)
(Gadola et al. 2002; Zajonc et al. 2003; Zajonc et al.
2005b; Scharf et al. 2010; Mansour et al. 2016).

TCR contact with hydrophilic head groups

Most CD1 ligands are amphipathic lipids that carry polar or
charged head groups comprised of one or more carbohydrate
units, a peptide, a sulfate ester, or a phosphate ester.
Typically, the polar and rigid head groups are not fully
inserted into the CD1 cavity. Instead, amphipathic lipids are
positioned with their fatty acyl, sphingosine, polyketide, or
cholesteryl moieties residing within the CD1 pockets,
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A’
F’

T’

A’

F’C’

A’ F’

13.8Å 19.1Å

15.6Å

5.1Å

A’

F’

14.6Å

hCD1b

Ganglioside GM2

hCD1a

Sulfatide

1280 Å3 2200 Å3

1650 Å31780 Å3

Fig. 2 Human CD1 clefts are larger than MHC grooves. Cutaway views
of human CD1a (Zajonc et al. 2003), CD1b (Gadola et al. 2002), CD1c
(Mansour et al. 2016), and CD1d (Zajonc et al. 2005b) structures are
shown in comparison to the transparent structure of HLA-A2 protein

(Garboczi et al. 1996). The depth of ligand-binding grooves (black
dashed line) is represented by a measurement of distance between atoms
on roofs and floors, and the calculated volumes of ligand-binding clefts
are shown in blue
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allowing the hydrophilic head groups to protrude upwards
toward the surface of CD1. More specifically, the lipid an-
chors typically transition to the hydrophilic head groups at
the top of the F’ pocket, near a structure known as the F’
portal, which connects the interior of the groove to the outer
surface of CD1 (Figs. 2 and 3). In most cases, the hydro-
philic head groups extend to the outer surface of CD1 and
contribute to the TCR contact surface. For example, exten-
sive studies of CD1d-α-galactosyl ceramide-TCR, the α-
anomerically linked galactose unit protrudes through the F’
portal and lies near the right edge of the CD1d platform,
where it is positioned underneath the binding footprint of the
NKT TCR (Borg et al. 2007).

In agreement with the co-recognition model, early work on
glycolipids presented by CD1b and CD1d showed marked
specificity for the protruding glucose or galactose head groups
on glucose monomycolate or α-hexosyl ceramides (Kawano
et al. 1997; Moody et al. 1997; Borg et al. 2007). In contrast, T
cells could recognize lipid analogs with changes in the length
and structure of the lipid tails. Thus, the most basic model of
amphipathic lipid display emphasizes a CD1 anchoring func-
tion of lipid tails, leading to presentation of carbohydrate,

peptide, phosphate, or sulfate moieties, which interact in a
highly specific manner with TCRs (Rossjohn et al. 2012;
Zajonc and Girardi 2015). This classical co-recognition model
now dominates thinking about the mechanism of T cell acti-
vation by CD1-lipid (Fig. 1) (Cox et al. 2009; Huang et al.
2011; de Jong et al. 2014). The following sections emphasize
that certain CD1-lipid complexes diverge from the typical
TCR co-recognition mechanism. In particular, recent studies
of T cell autoreactive response to CD1a proteins or self lipids
have provided evidence for dominant negative control of T
cell response by certain non-permissive lipid ligands, as well
as T cell activation by mechanisms in which the lipid appears
to be ignored (de Jong et al. 2014; Birkinshaw et al. 2015).
Combining these unexpected structural and functional find-
ings, alternate models of CD1 recognition by TCRs are
emerging.

Lateral asymmetry of CD1 antigen display platforms

The A’ roof creates a kind of lateral asymmetry in the CD1
antigen display mechanism, which is readily apparent from

Groove

Portal
Portal

Portal Portal

hCD1b

Ganglioside GM2

hCD1a

Sulfatide

hCD1d

Sulfatide

hCD1c

Lauric, stearic acids

A’ Roof A’ Roof

A’ Roof A’ Roof

HLA-A2

TAX peptide

Fig. 3 CD1 antigen display platforms are laterally asymmetric. Portals in
human CD1a (Zajonc et al. 2003), CD1b (Gadola et al. 2002), CD1c
(Mansour et al. 2016), and CD1d (Zajonc et al. 2005b) are located on
the right side of CD1 antigen display platform. The A’ roofs are located at
the left sides of the CD1 platforms. This organization of the display

platform creates a situation in which approaching TCRs encounter CD1
surfaces on the left and protruding antigen on the right. In contrast,
classical MHC molecules like HLA-A2 protein (Garboczi et al. 1996)
bind peptides in a laterally symmetric way so that the antigen is accessible
on both sides of the midline
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inspection of the α-helical surface of CD1 (Fig. 3, red and
white). By convention, CD1 proteins are shown with the A’
roof on the left and the F’ portal on the right. Since antigens
emerge from the F’ portal, their origin on the platform is
shifted to the right of center. Unlike the broad span of peptides
across the lateral dimension ofMHC proteins, the head groups
of many CD1 antigens are more vertically oriented and so
occupy a smaller area of the platform. Thus, the final position
of head groups, which emerge from the right side of the plat-
form, is determined by whether they lean right or left as they
exit the portal. Thus, considering all binary CD1-lipid struc-
tures solved to date, the antigen footprints on the CD1 surface
skew rightward (Rossjohn et al. 2015; Van Rhijn et al. 2015a).
The left side of the platform is formed by the A’ roof, so the
exposed surface is mostly CD1 itself, without overlying li-
gand. The situation in which the CD1 antigen display platform
is closed on the left (Fig. 3, red) and open to antigen on the
right (Fig. 3, white) raises a new hypothesis. If TCRs can bind
using left- or right-sided footprints, then left-sided TCRs
would more extensively contact the unliganded surface of
CD1, and right-sided footprints would more extensively con-
tact antigen (Fig. 1b, c).

Certain aspects of the left-right binding model have been
experimentally ruled in. All human CD1 platforms are asym-
metric (Fig. 3), and not all CD1 reactive TCRs bind near the
center of the platform. For example, one invariant NKT TCR
binds near the right edge of the CD1 platform, such that the
TCR α chain mostly contacts the protruding galactose (Borg
et al. 2007). The TCR β chain takes an extreme rightward
position (Fig. 1c). The first TCR footprint on CD1a, shown
using the clone BK6, demonstrates a left-shifted footprint such
that the TCR sits down on the A’ roof of CD1a (Fig. 1b). In fact,
the BK6 TCR fails to contact the lipid ligand or ligands in the
cleft (Birkinshaw et al. 2015). Thus, despite the relatively small
number of TCR footprints on CD1 solved to date, extreme right
and left skewing is already demonstrated to occur. This left-
right shift model emphasizes that left-skewing TCRs may be
more autoreactive, but it does not seek to explain all self or non-
self interactions in terms of lateral translation of TCRs. Near the
middle of the platform, TCRs and antigens interact in different
ways. For example, CD1d-reactive αβ and γδ TCRs bind
nearer the middle of CD1d, contacting both CD1 protein and
bound lipid (Mallevaey et al. 2011; Rossjohn et al. 2012;
Luoma et al. 2013; Uldrich et al. 2013).

T cell autoreactivity to CD1

Attention usually focuses on the subset of foreign lipid li-
gands, which are considered antigens because they activate
T cells through direct contact with TCRs. Regulatory func-
tions of CD1-restricted T cells in inflammatory diseases and
cancers supports the existence of self-lipid antigens (Godfrey

and Kronenberg 2004; Dellabona et al. 2015). CD1
autoreactivity was identified in the first report of T cell re-
sponse to CD1 proteins, as shown by the CD1a-dependent
lysis of target cells by the cytotoxic αβ T cell line BK6
(Porcelli et al. 1989; Porcelli et al. 1993). The mechanisms
of self lipid presentation have been clearly observed for CD1a
(de Jong et al. 2010; de Lalla et al. 2011), CD1b (Van Rhijn
et al. 2015b), and CD1d (Brossay et al. 1998; Mattner et al.
2005; Brigl et al. 2006; Mallevaey et al. 2011). Several studies
suggest that CD1a autoreactivity is particularly common as
compared with autoreactive T cells recognizing CD1b,
CD1c, or CD1d (de Jong et al. 2010; de Lalla et al. 2011; de
Jong et al. 2014). Although few CD1b-autoreactive T cells
have been seen in patient studies, recent studies have identi-
fied CD1b autoreactivity in transgenic mice and humans, pro-
viding evidence that phosphatidylgycerol is a self antigen
(Shamshiev et al. 1999; De Libero et al. 2005; Van Rhijn
et al. 2015b). A potentially important CD1c-presented self
lipid antigen is methyl-lysophosphatidic acid, which is pre-
sented by CD1c to activate T cells that kill acute leukemia
cells (Lepore et al. 2014). Exogenous α-galactosylceramide
was described from marine sponge and so was considered to
be a foreign antigen (Kawano et al. 1997). However, α-
glycosylceramides were also recently identified from mam-
malian cells (Kain et al. 2014).

In vitro, CD1 autoreactivity can be demonstrated when T
cell activation is dependent on the presence of cellular or plate
bound CD1 protein but occurs in the absence of an added
foreign antigen (de Jong et al. 2014). Autoreactivity is often
considered to be explained by TCR recognition of chemically
defined self antigens. That is, the TCR is thought to contact
bound lipid antigen and specifically discriminate its structure.
However, in theory, autoreactivity could also be explained by
TCR contact with the antigen-presenting molecule itself,
using a mechanism in which no bound ligand is contacted.
Such a model is infrequently invoked for peptide-MHC in
autologous systems, perhaps because bound peptides broadly
occupy the antigen display platform and there is little room on
the surface for TCRs to bind in a manner that does not contact
peptide. However, the A’ roof structure, which is present
among all four CD1 antigen-presenting molecules and absent
in MHC I and II, could create a large antigen-free landing pad
for CD1-reactive TCRs (Fig. 3).

An alternate model: absence of interference

Direct TCR recognition of the CD1 surface received indirect
support from functional data showing that CD1a autoreactive
T cell clones were activated by squalene, wax esters, and free
fatty acids (de Jong et al. 2014). These T cell agonist lipids
lack any hydrophilic head groups that usually comprise TCR
epitopes. Instead, these lipids are relatively small and
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hydrophobic, and they were recognized in a cross-reactive
fashion by T cell clones. These observations raised the hy-
pothesis that such lipids might not directly contact the TCR
but instead nest deeply within CD1a and do not interfere with
direct TCR-CD1a contact. In this absence of interference
model, the activating property of the lipid comes not from
contacting the TCR but instead from not contacting the
TCR. The lipid takes on the role of a permissive ligand, which
displaces other non-permissive ligands that might block TCR
contact with CD1a.

Structural proof for the absence of interference mechanism
was obtained through the CD1a-lipid-TCR studies published
last year (Birkinshaw et al. 2015). The BK6 TCR binds on the
left side of the CD1a platform, over the A’ roof (Fig. 1b). In
this mode of binding, the TCR exclusively contacts CD1a and
fails to bind lysophosphatidylcholine or fatty acids sitting
within in the cleft. Further, the purification of TCR-CD1a
complexes demonstrated that many dozens of self lipids with
varying mass and polarity can be bound in CD1-TCR com-
plexes. This suggests that the TCR ignores the bound self
lipid. However, the lipids might contribute in an indirect
way to TCR activation even in the absence of TCR contact.
Lipids can alter the surface of the CD1 protein by pushing
outward on key residues or closing up loose ternary structures
(Garcia-Alles et al. 2006; McCarthy et al. 2007; Garcia-Alles
et al. 2011; Mansour et al. 2016).

The absence of interference model also relies on the exis-
tence of non-permissive lipids that block CD1-TCR contact.
Mass spectrometry studies have identified lipids with large
head groups, including globosides, gangliosides, and
sphingomyelin, which bind to CD1a and CD1d, and block T
cell activation (Cox et al. 2009; Rossjohn et al. 2012; de Jong
et al. 2014; Birkinshaw et al. 2015). The large head groups
could sterically inhibit the approach of TCRs to CD1. A sec-
ond mechanism of T cell inhibition is suggested by the struc-
ture of CD1a sphingomyelin (Birkinshaw et al. 2015). Here,
the choline head group pushes through the A’ roof of CD1a to
alter a triad of tethering residues, directly demonstrating roof
disruption by a non-permissive ligand. Overall, these alterna-
tivemodels emphasize direct contact of TCRs with CD1 itself,
where stimulatory or inhibitory lipids play indirect roles in
activation by taking positions below or to the side of the
TCR-CD1 contact zone. As outlined below, the chemical
identification of non-permissive ligands might offer an ap-
proach to selective inhibition of T cell responses in vivo.

Cellular control of CD1-lipid complex formation

CD1-presented antigens were discovered in bacteria, and most
studies of T cell response emphasize a role of lipid antigen
recognition in host defense (Brennan et al. 2013; Van Rhijn
et al. 2015a). However, CD1 proteins also capture self lipid

ligands as they transit the secretory and endosomal pathways
of cells (Cox et al. 2009; Yuan et al. 2009; Huang et al. 2011;
de Jong et al. 2014). A self lipid ligand eluted from mouse
CD1d1 was identified as a glycosylphosphatidylinositol (GPI)
and described as the Bthe^ CD1d ligand (Joyce et al. 1998).
Thus, early studies considered the possibility that membrane
phospholipids related in structure to phosphatidylinositol
dominate other lipid types in their occupancy of CD1 clefts.
However, the CD1 system has no known lipid equivalent of
the class II invariant chain-derived peptide (CLIP) that binds
in the groove of MHC II proteins (Denzin and Cresswell
1995). Instead, most evidence now argues against the idea that
one specialized lipid uniformly occupies the cleft of most CD1
proteins until exogenous antigens are encountered. For exam-
ple, several mass spectrometry studies of natural ligands elut-
ed from cellular CD1 proteins have demonstrated many clas-
ses of phospholipids, di- and triacylglycerols, glycolipids,
glycophospholipids, sphingolipids, and terpene lipids (Cox
et al. 2009; Yuan et al. 2009; Huang et al. 2011; Facciotti
et al. 2012; Zeissig et al. 2012; de Jong et al. 2014). Further,
recently developed quantitative lipidomics methods can reli-
ably count the number of both named and unnamed lipids that
are detected at equivalent mass and retention time in replicate
elution experiments (Huang et al. 2011; de Jong et al. 2014).
Quantitative methods indicate that at a minimum, many hun-
dreds of distinct molecular species of self lipid are captured by
CD1a, CD1b, CD1c, and CD1d proteins when expressed in
human cells. Thus, the CD1 system is capable of broad survey
and display of the cellular lipids.

Dynamic lipid ligand capture

Increasing evidence suggests that while CD1 proteins can
promiscuously bind most types of cellular lipids, includ-
ing those with straight chains or ringed structures (Van
Rhijn et al. 2015b; Mansour et al. 2016), APCs have
mechanisms that edit the spectrum of lipids display. For
example, proteins that influence lipid entry into cells or
access to the hydrophobic clefts of CD1 molecules control
the efficiency of cellular antigen display. Extracellular
lipid-binding proteins such as apolipoprotein B augment
lipoprotein particle uptake by myeloid dendritic cells (van
den Elzen et al. 2005; Moore and Tabas 2011). Cell sur-
face lectins, including the mannose receptor (Prigozy
et al. 1997), langerin (Hunger et al. 2004), and SigLecs
(Kawasaki et al. 2014), influence the uptake of glyco-
lipids and their delivery to the endosomal network.
Intracellular lipid transfer proteins, including saposins
and microsomal triglyceride transfer protein (Brozovic
et al. 2004; Kang and Cresswell 2004; Winau et al.
2004; Zhou et al. 2004b; Dougan et al. 2005; Dougan
et al. 2007b), promote the transfer of lipids from a bilayer
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or other aggregated states to lipid-protein complexes,
which allow insertion of a single lipid into the cleft of
CD1 proteins (Zeissig et al. 2010; Salio et al. 2013).

The loading and unloading of lipids into the cleft is also
controlled by the effects of pH on CD1 structure. The pH of
loading and unloading interactions is in turn controlled by the
extent to which each CD1 protein traffics through the
secretory pathway at neutral pH versus acidic compartments
of the endosomal network. This complex topic has been sep-
arately reviewed (Sugita et al. 1999; Jayawardena-Wolf et al.
2001; Moody and Porcelli 2003; Brigl and Brenner 2004). In
summary, CD1b, CD1c, and CD1d proteins have tyrosine-
based motifs in their cytoplasmic tails, which bind adaptor
protein (AP) complexes and promote trafficking of CD1 pro-
teins to late endosomes and lysosomes (Jackman et al. 1998;
Chiu et al. 2002; Sugita et al. 2002; Lawton et al. 2005).
Human CD1a lacks the tyrosine motif and so resides predom-
inantly at the cell surface and in early endosomal compart-
ments, where it can directly capture many lipids at neutral
pH (Sugita et al. 1999; Manolova et al. 2006). At the other
extreme, human CD1b binds twoAP complexes (AP-2, AP-3)
and most prominently traffics to lysosomes (Jackman et al.
1998; Briken et al. 2002). CD1b cannot accept large lipids
when present at the surface, but its trafficking to lysosomes
promotes loading and unloading of small lipids, as well as the
selective capture of lipids with very long alkyl chains (C80)
(Moody et al. 2002). To a lesser extent, the low pH of lyso-
somes promotes lipid exchange and exogenous antigen cap-
ture by human CD1c and CD1d, which bind to AP-2 and
localize somewhat specifically to LAMP1+ compartments
(Briken et al. 2000; Sugita et al. 2000).

Low pH influences CD1 structure directly through several
mechanisms, including anionic residues at positions 80 and 86
in CD1b that form interdomain tethers that connect across
from α1- to α2-helices to enclose lipids within CD1b
(Relloso et al. 2008). Acidic pH promotes protonation of the
tethering residues, which likely releases the interdomain
tethers, which is thought to dilate the entry portal to allow
increased lipid access and release. A second mechanism fa-
voring lipid turnover in lysosomes is the acid-mediated cleav-
age and activation of saposins, which bind and transfer mem-
brane lipids into the groove of CD1 proteins (Kang and
Cresswell 2004; Winau et al. 2004; Zhou et al. 2004b; Leon
et al. 2012; Salio et al. 2013). Increased lipid binding and
release from CD1d has also been observed in cells (Bai et al.
2009; Im et al. 2009). These molecular mechanisms suggest a
model for CD1b, CD1c, and CD1d proteins in which newly
transcribed CD1 proteins normally capture endogenous self
lipids. After trafficking to the acidic compartments in the
endocytic network, they become particularly receptive to ex-
ogenous lipids acquired by phagocytosis, fluid phase endocy-
tosis, or receptor mediate capture. In contrast, CD1a resides
mainly at the cell surface or early endosomes, where it

captures lipids without a strong influence of acid-driven
mechanisms (Moody and Porcelli 2003; Manolova et al.
2006; Cernadas et al. 2010).

CD1 and the problem of size

The MHC system uses a global and easily understood sizing
mechanism to match peptide antigens to the volume of MHC
grooves. ForMHC I, the proteasome and other peptidases trim
full-length proteins into 8–10 mer peptides that match the
volume of the groove (Hansen et al. 2010; Blum et al.
2013). MHC II uses endosomal peptidases that generate lon-
ger and more varied peptides that can sit in several different
registers within the open-ended groove of MHC II (Suri et al.
2006; Blum et al. 2013).

Experimental data regarding the optimal sizing of self lipid
ligands in CD1 clefts derive from two sources: crystallograph-
ic studies of CD1-lipid complexes generated in vitro and lipids
loaded onto CD1 proteins in cells. Crystal studies provide
detailed information regarding the seating of lipids within
CD1 grooves, but the complexes are necessarily produced
from homogenous lipid preparations favored by the experi-
mentalist. For crystallography, lipids are loaded onto CD1
proteins under artificial, acellular conditions that involve cat-
alyzed protein folding or treatment with detergents and other
loading cofactors. In contrast, cellular studies involve natural-
ly occurring and heterogenous lipids within cells but do not
directly assess lipid positioning in the cleft. In recent years,
these two techniques, which have complementary strengths
and weaknesses, are converging to produce a coherent picture
of lipid display by all four CD1 proteins and a specialized
mode of lipid display that is unique to the large cleft present
in human CD1b proteins.

As highlighted above, lipid ligands sit more completely
within the globular head of CD1 proteins with narrow portals
that control their entry and exit (Figs. 2 and 3) (Zeng et al. 1997;
Gadola et al. 2002; Zajonc et al. 2005a; Scharf et al. 2010).
Ligands of CD1 proteins can range from 12 carbons (C12) with
GMM to an intermediate length of C56 or to long-chain
mycolyl lipids that exceed C80 (Beckman et al. 1994; Moody
et al. 1997; Moody et al. 2002; Moody et al. 2005; Cheng et al.
2006; Layre et al. 2009). If lipids are not trimmed to fit the CD1
cleft volume, then the general question arises as to how diverse,
biologically occurring lipids of differing chain length are sized
to fit the cleft. Interestingly, the main answer seems to be that
the cleft volumes of CD1a, CD1c, and CD1d are optimized to
capture the common membrane lipids without chemical
modification of lipid anchors prior to loading. Particularly large
lipids up to C80 can be captured by the groove of CD1b, and
small lipids can bind together with chaperone lipids such that
two or more ligands fill the groove (Fig. 4). The following
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sections highlight cellular lipid capture and new insights into
two types of chaperone lipids: spacers and scaffolds.

Spacers and scaffold lipids

Carbohydrate head groups of some glycolipids do un-
dergo enzymatic trimming to reveal epitopes (Prigozy
et al. 2001; Zhou et al. 2004a; de la Salle et al.
2005). However, aliphatic hydrocarbon chains are chem-
ically inert, and even enzymatic digestion of lipid
chains would require specialized enzymatic interactions,
such as cycles of β-oxidation in dendritic cells (Pearce
and Everts 2015). Accordingly, to date, there are no
clear examples of lipid anchors that undergo trimming
as part of the antigen-loading process. In fact, one
particularly large ∼C80 GMM antigen was proven not
to undergo lipid shortening prior to loading onto CD1b
(Cheng et al. 2006). Instead, it appears that lipids bind
with unmodified lipid anchors. In fact, the volumes of
CD1a, CD1c, and CD1d grooves (1280–1780 Å3) are a good
match to the size of the lipid anchors present in common
diacylglyerides and sphingolipids present in cells (∼C32–
C46) (Lazzarini et al. 2015).

However, the volume of CD1b (2200 Å3) is much larger,
raising the question of which kinds of endogenous self lipids
might bind. Few self lipids exist, which posses the combined
lipid length (∼C76) that is needed to fill the CD1b groove.
Increasing functional and crystallographic evidence suggests
that CD1b can bind two or more endogenous lipids so that
their combined length occupies the full groove (Gadola et al.
2002; Garcia-Alles et al. 2006; Garcia-Alles et al. 2011;
Huang et al. 2011). In particular, crystal structures indicate
that amphipathic antigens bind in the Bupper chamber^ of
CD1b comprised by the A’ and F’ pockets. Highly hydropho-
bic lipids with no hydrophilic head groups, such as

diacylglycerides and dideoxyceramides (Huang et al. 2011),
sit deeply within the CD1b groove, such as the T’ tunnel.
Based on their location at the bottom of the groove and their
apparent positioning to provide Bupward support^ to the anti-
genic lipid, they are known as so scaffold lipids (Fig. 4).

An early observation in the CD1b antigen processing
system was that short-chain antigens can load into CD1b,
when it is present at the surface of APCs. However, special-
ized reactions occurring in lysosomes are needed to load lipids
with long alkyl chains (Moody et al. 2002). Combining these
older observations on ligand size with the newer discovery of
scaffold lipids, a new and integrated hypothesis can explain
both findings. That is, two functionally distinct chambers may
be present in CD1b. Loading of small (∼C32) lipids might
require ejection of the amphipathic lipid from the upper cham-
ber, comprised of the A’ and F’ pockets, whereas loading of
long-chain lipids (∼C80) might require pH-mediated ejection
of this lipid and the spacer lipid to clear both the upper and
lower chambers (Ly and Moody 2014). Experimental data
using chain length analogs and diacylglyerides provide proof
of principle support for this model (Huang et al. 2011), but it
has not yet been tested on the broader range of self and foreign
lipids for the CD1b system.

In addition to the specific idea that scaffold lipids push
upwards on antigenic lipids (Fig. 4), a more general Bspacer^
function of lipid chaperones is inferred from the study of
in vitro generated CD1-lipid complexes. Crystal structures
involving CD1a, CD1b, CD1c, and CD1d show examples of
single chain or other small lipids that do not fill the entire cleft,
as well as electron densities that sit beside the antigen (Gadola
et al. 2002; Zajonc et al. 2005a; Zajonc et al. 2005b; Garcia-
Alles et al. 2011; Birkinshaw et al. 2015). Such spacer lipids
include free fatty acids and may have a more general role in
allowing lipids of differing length to bind CD1 proteins
(Birkinshaw et al. 2015). Moving from consideration of cel-
lular mechanisms of antigen capture, the following discussion

T’

A’

F’C’

T’

A’

F’C’

hCD1b
Glucose Monomycolate (C80)

hCD1b
Ganglioside GM2

Fig. 4 CD1b can bind large or small antigens. The transparent surface of
CD1b proteins (Gadola et al. 2002; Batuwangala et al. 2004) shows the
different orientation of associated ligands, a C80 glucose monomycolate
(green, left panel) or a smaller ganglioside (green, right panel) bound

with two detergent molecules (pink and blue). In the CD1b-glucose
monomoycolate structure, one lipid fills the groove. In the ganglioside
structure, the antigenic lipid protrudes through the F’ portal, but the
scaffold and spacer lipids are confined to the interior of the groove
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highlights the known types of donor-unrestricted T cells,
starting with the well known NKT cells and moving to more
recently discovered T cell types.

Invariant NKT cells

Invariant NKT cells (also known as type I NKT cells) were
identified in mice based on the conserved use of TCR β chains
(Fowlkes et al. 1987). Subsequent studies identified the other
two key aspects that now comprise the modern definition of
NKT cells: strict TCR α sequence conservation and CD1d re-
activity (Imai et al. 1986; Bendelac et al. 1995; Kawano et al.
1997). In vivo, NKT cells expand as populations of similar but
non-clonal TCRs with nearly identical TCR α sequences. In
humans the TCR α chain is typically encoded by TRAV10
joined to TRAJ18, and a biased usage of TCR β genes, often
TRBV25 (Brennan et al. 2013). NKT cells are proven to be
positively selected by CD1d proteins in mice and presumably
a similar mechanism occurs in humans (Chiu et al. 2002).

NKT cells respond to synthetic α-linked hexosyl
ceramides identified from synthetic compound libraries
(Kawano et al. 1997). Most glycosyl sphingosines in mam-
mals show a β-anomeric linkage, so the α-linkage emerged
as a key chemical feature of NKT cell antigens, which deter-
mines their recognition and denotes them as artificial or for-
eign lipids. However, recent studies have identified small
amounts of α-linked hexosyl ceramides present in the gut
flora or in human tissues, suggesting that α-linked
sphingolipids are present at low levels in mammals. Also,
natural glycolipid antigens have been identified in non-
pathogenic sphingomonas species (Kinjo et al. 2005;
Mattner et al. 2005; Rossjohn et al. 2015) and bacteroides
species that live in the gastrointestinal tract and self mamma-
lian tissues (Wieland Brown et al. 2013; An et al. 2014;
Olszak et al. 2014; Telesford et al. 2015). However, the
chemical identification of any single positively selecting lipid
antigen or the sources of the antigen or antigens that control
in vivo response remains controversial.

NKT cells have a number of characteristic secondary fea-
tures, including expansion of cell numbers in the gastrointes-
tinal tract, high rates of cytokine production, expression of
promyelocytic leukemia zinc finger (PLZF), and transcrip-
tional programs that overlap with those seen in NK cells
(Savage et al. 2008; Cohen et al. 2013; Kim et al. 2015).
The deletion of NKT cells in mice by knockout of CD1d- or
TCR-joining regions results in many altered immunological
outcomes in vivo in mice, a topic that has been reviewed in
detail (Barral and Brenner 2007) and considered in another
chapter of this issue (Crosby and Kronenberg 2016).
Invariant NKT cells are less abundant in humans as compared
to mice, but their activation and function has been examined
by the use of α-galactosyl ceramide analogs in pre-clinical

cancer studies. For example, α-galactosylceramide was
broadly used to design various therapeutic methods, including
lipid injection, transfer of pulsed antigen-presenting cells, and
in vitro activated NKT cells, which have achieved limited
success (Salio et al. 2014). NKT cells have been implicated
in human asthma (Akbari et al. 2006) and mouse models
(Akbari et al. 2003) of asthma, although the number
of NKT cells in humans with asthma has been
questioned (Thomas et al. 2006; Thomas et al. 2010).

Diverse NKT cells

Diverse NKTcells (also known as type II NKTcells) express a
more variable αβ TCR repertoire and do not recognize α-
galactosylceramide. For example, the existence of CD1d re-
active T cells that lack the stereotyped TCR present in invari-
ant NKT cells has been long known (Chiu et al. 1999; Tatituri
et al. 2013). The oligoclonality and antigen-specific nature of
diverse NKT cells has also been shown with mouse TRAV7
and TRAV9 encoded TCRs recognizing CD1d and the self-
glycolipid known as sulfatide (Chiu et al. 1999; Arrenberg
et al. 2010). Staining of human diverse NKT cells with
CD1d-β-glycosylceramide or glycosylsphingosine tetramers
has been observed (Nair et al. 2015). Although showing a
relatively diverse TCR repertoire, type II NKT cells share
similar phenotypic and functional features with iNKT cells,
including high autoreactivity (Gumperz et al. 2000; Brigl
et al. 2006), PLZF-dependent development (Zhao et al.
2014), and rapid secretion of a wide range of cytokines after
stimulation (Zhao et al. 2014). Many diverse NKT cells show
an activated or memory phenotype, consistent to the rapid
activation and secretion of cytokines (Zhang et al. 2011).
Diverse NKT cells appear to be more abundant in humans
than invariant NKT cells, as shown with CD1d tetramer or
dimer staining (Chang et al. 2008; Nair et al. 2015). In addi-
tion to sulfatide and glycosylceramide species, other self and
exogenous lipids, includingmammalian, bacterial, and pollen-
derived phospholipids, have also been identified as antigens
for diverse NKTcells as reviewed recently (Macho-Fernandez
and Brigl 2015; Bandyopadhyay et al. 2016).

NKT cells in vivo

In addition to the functions of NKT cells in cancer, infection
and autoimmunity models, which have been previously
reviewed (Viale et al. 2012; Taniguchi et al. 2015), recently
published data implicate the role for NKT cells in metabolism
through their actions in adipose tissue and the liver. Although
invariant NKT cells are present in relatively low numbers in
human blood, they are present in very large numbers in adi-
pose tissues (Ji et al. 2012; Lynch et al. 2012; Schipper et al.
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2012). Further, the number of NKT cells in adipose tissues of
lean individuals is higher than that of fat individuals (Lynch
et al. 2012). Invariant NKT cells appear to be protective
against obesity and insulin resistance, which occurs through
secreting anti-inflammatory cytokines (Ji et al. 2012; Lynch
et al. 2012; Schipper et al. 2012). Cytokines have downstream
influence on the functions of macrophages and regulatory T
cells (Ji et al. 2012; Lynch et al. 2014).

Notably, NKT cells are also enriched in microvascular
compartments of the liver and play important roles in an-
titumor defenses (Seino et al. 2006), and antiviral
responses and pathogenesis of chronic liver diseases as
detailed below. Invariant NKTs were protective in viral
hepatitis by secreting IFN-γ to inhibit the proliferation of
hepatitis B and C virus in liver cells (Sprengers et al. 2008;
Ye et al. 2009). This protective function of iNKT cells is
induced by the stimulation of CD1d-presented host
lysophospholipids (Zeissig et al. 2012). In liver inflamma-
tion, invariant NKT cells were described as pathogenic for
chronic injury but potential protective to acute injury (Gao
et al. 2009; Bandyopadhyay et al. 2016). For example, the
iNKT-deficient mice develop less alcohol-induced
steatosis with reduced neutrophil infiltration (Cui et al.
2015). The administration of an anti-CD1d-blocking anti-
body significantly suppresses this pro-inflammatory cas-
cade and ameliorates alcohol-induced steatosis (Mathews
et al. 2016). Interestingly, sulfatide-activated diverse NKT
cells can dampen liver inflammation and suppress the pro-
inflammatory responses induced by invariant NKT cells in
mouse alcoholic liver disease (Maricic et al. 2015).
Similarly, autoimmune hepatitis is associated with IL-17
producing iNKT cells, which can also be antagonized by
diverse NKT cells (Takeda et al. 2000; Halder et al. 2007).
The opposing roles and interplay between invariant and
diverse NKTs in liver inflammation suggests that the spec-
ificity of lipid antigens and sequences of TCR can be im-
portant for functional outcomes (Bandyopadhyay et al.
2016). Therefore, future diagnostic or therapeutic applica-
tions based on NKT cells in liver diseases likely require
further determination of CD1d-presented lipid antigens
and better understanding of the apparently distinct func-
tions of invariant or diverse NKT cells (Zeissig et al. 2012;
Maricic et al. 2015).

TCR-defined T cell types

The two most widely known human T cell subtypes that are
defined by stereotyped TCRs are NKT cells, which are
discussed above, and mucosa-associated invariant T (MAIT)
cells, which recognize MR1. MR1-reactive T cells that ex-
press nearly invariant TCR α chains, typically with TRAV1-
2-TRAJ33 junction (Tilloy et al. 1999; Martin et al. 2009;

Dusseaux et al. 2011). NKT cells and MAIT cells share three
key features: recognition of non-polymorphic antigen-pre-
senting molecules, expansion of similar but non-clonal
TCRs within one individual (intradonor TCR conservation),
and expansion of similar but non-clonal TCR in most or all
humans (interdonor TCR conservation). Until recently, NKT
cells and MAIT cells were considered to be the only two
specialized carve out subtypes that are distinguished from
the larger αβ T cell repertoire based on TCR expression.

However, this immunogenetic concept of TCR-defined
T cell compartments of the human αβ T cell repertoire is
now expanding in two ways (Van Rhijn et al. 2015a).
First, for T cells that recognize the CD1d-α-galactosyl
ceramide (Kawano et al. 1997; Borg et al. 2007) or
MR1-5-(2-oxopropylideneamino)-6-D-ribitylaminouracil
complexes (Kjer-Nielsen et al. 2012), new V and J gene
combinations are being described that are similar to but
do not formally meet the usual definitions of invariant
NKT cell and MAIT cell TCRs. For example, the TCR
β chain repertoire of MAIT cells was defined as typically
using TRAV1-2 rearranged to TRAJ33. However, MAIT
cells with TRAJ20 or TRAJ12 are now described (Patel
et al. 2013; Reantragoon et al. 2013). A recent study
shows that MR1-reactive T cells can express TCRs not
encoded by TRAV1-2, which is an immunogenetic feature
previously thought to be essential for MR1 recognition
(Gherardin et al. 2016). Also, NKT cells expressing the
atypical V gene, TRAV13, can bind to CD1d-α-galactosyl
ceramide (Uldrich et al. 2011). These discoveries were
enabled by bypassing the conventional TCR-based exper-
imental methods and instead using CD1d and MR1 tetra-
mers to more broadly ask which kinds of TCRs bind an-
tigen complexes. Such atypical TCRs recognizing typical
antigens are incrementally expanding the definitions of
so-called invariant TCRs. The extent to which these rep-
resent physiologically distinct responses, which are differ-
ent from the classical TCR definitions, is not yet known.

A second expansion of the concept of TCR-defined T cell
types is based on the fact that non-polymorphic antigen-pre-
senting molecules other than CD1d and MR1 are widely
expressed in humans, including HLA-E, CD1a, CD1b, or
CD1c, yet the extent to which they might activate T cells with
intradonor and interdonor stereotyped TCRs has not been
widely investigated (Van Rhijn et al. 2015a). T cells showing
both of these properties would become candidates for new
TCR-defined components of the human immune system.
Several recent studies set the stage for work in this area,
including work by Van Rhijn showing that TCR β chains
can be broadly conserved among half or more of donors
studied (Van Rhijn et al. 2015b). Also, human CD1a,
CD1b, and CD1c tetramers bound to Mycobacterium
tuberculosis-derived lipids have been recently validated
for use in tuberculosis patients (Kasmar et al. 2009;
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Kasmar et al. 2011; Kasmar et al. 2013; Ly et al. 2013;
Van Rhijn et al. 2015b). Tetramer-based studies of poly-
clonal T cells in the ex vivo state have allowed for discov-
ery of new TCR-defined T cell types in the CD1b-reactive
human T cell repertoire.

GEM Tcells express TRAV1-2

Early, small-scale surveys of TCRs expressed on T cells rec-
ognizing group 1 CD1 proteins bound to various lipid anti-
gens failed to identify stereotyped patterns of V or J gene
usage (Grant et al. 1999), leading to the idea that CD1a,
CD1b, and CD1c proteins might stimulate T cells that are
fundamentally more diverse in their TCR usage, as contrasted
with invariant NKT cells. However, when CD1b tetramers
were loaded with one kind of mycobacterial GMM antigen,
two patterns of intradonor and interdonor TCR conservation
were readily observed among genetically unrelated latent tu-
berculosis patients. TCRs comprised of nearly invariant se-
quences derived from TRAV1-2 joined to TRAJ9, with some
apparent bias for expression of TRBV6-2-encoded TCR β
chains, were identified in genetically unrelated donors.
Based on their reliance on germline-encoded TCRs, relative
lack of N-region additions, and specificity for mycobacterial
lipids, these T cells were named germline-encoded mycolyl
reactive (GEM) T cells (Van Rhijn et al. 2013).

GEM TCRs show high affinity (∼1 μM) binding to
CD1b-GMM and secrete interferon-γ and TNF, when
stimulated (Van Rhijn et al. 2013). Their possible role
in human host response to M. tuberculosis infection is
now being investigated. GEM TCRs share the properties
of intradonor conservation, interdonor conservation, and
recognition of non-polymorphic antigen-presenting mol-
ecules, so they can be considered an invariant TCR type
in the human repertoire. However, the earliest studies of
their functions suggest an immunological role that is
distinct from the immunoregulatory properties of
MAIT cells and NKT cells. The latter two T cell types
are expanded to large numbers in peripheral blood, and
they express activation markers at baseline and respond
rapidly in large numbers to purified antigen or patho-
gens that express key antigens (Brennan et al. 2013;
Van Rhijn et al. 2013; Gold et al. 2014). In contrast,
GEM T cells recognize a foreign antigen and appear to
be less abundant in the blood of healthy blood donors
in the absence of infection (Van Rhijn et al. 2013).
Small-scale human studies suggest GEM T cells might
be a kind of extremely public donor unrestricted T cell
involved in human host response to a defined foreign
antigen from mycobacteria, rather than an innate T cell
type recognizing self lipids.

LDN5-like T cells

Shortly after the discovery of GEM T cells, CD1b-GMM
tetramers also isolated T cells from latent tuberculosis ex-
pressing lower affinity TCRs with TCR β chains encoded
by the TRBV4-1 V gene (Van Rhijn et al. 2014). These
polyclonal T cells from genetically unrelated donors show
TCR patterns that were also seen two decades prior in a T
cell clone known as LDN5, which was isolated from an
Mycobacterium leprae-infected skin lesions. Thus, what
was previously viewed as a unique TRAV17-TRAJ9-
encoded TCR α chain paired with a TRABV4-1-encoded
β chain might be more typical of a polyclonal response of
relatively low affinity TCRs binding CD1b-GMM from two
related mycobacterial pathogens. Therefore, these newly
discovered polyclonal T cells were designated LDN5-like
T cells. Taken together, identification of GEM T cells and
LDN5-like T cells document the existence of two
interdonor-conserved TCRs recognizing one foreign glyco-
lipid. The atypical NKTcell and MAITcell TCRs discussed
above show some variations in V and J gene usage but still
possess key aspects of the dominant TCR motif. In contrast,
these two TCR types are entirely unrelated in their V and J
gene usage yet recognize the same kind of antigen complex.
Given the speed and ease with which stereotyped TCRs
could be identified in the CD1b-reactive repertoire, the
study of the relatively uncharted field of CD1a and CD1c-
reactive TCRs might also reveal interdonor TCR conserva-
tion in the future.

Role of CD1a, CD1b, and CD1c in disease

In addition to the proposed role of NKT cells and CD1d in
human disease discussed above, the widespread expres-
sion of CD1a, CD1b, and CD1c in human tissues
(Dougan et al. 2007a), as well as increasing evidence for
the activation of polyclonal T cells recognizing these CD1
isoforms (de Jong et al. 2010; de Lalla et al. 2011; Van
Rhijn et al. 2015b), now raise the possibility that CD1a-,
CD1b-, or CD1c-restricted T cells might be involved in
human disease. Although mice lack CD1a, CD1b, and
CD1c, the development of human CD1 transgenic mice
(Felio et al. 2009; Kobayashi et al. 2012; Zhao et al.
2015) as well as guinea pigs (Hiromatsu et al. 2002) rep-
resent viable models for disease-focused investigation.
Considering humans as a model for study of disease, the
most intensive investigation of the disease-relevant CD1-
restricted T cells has focused on the infections of
M. tuberculosis and other bacteria.

T cells from asymptomatic latent tuberculosis patients
significantly respond to mycobacterial lipid antigen prep-
arations, in comparison to minimally detectable or absent
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responses from active tuberculosis prior to chemotherapy
(Moody et al. 2000; Gilleron et al. 2004; Layre et al. 2009).
Development of tetramer or dextramer reagents have recently
detected the existence of polyclonal mycobacterial lipid-
reactive T cells in patients with latent tuberculosis (Kasmar
et al. 2011; Kasmar et al. 2013; Ly et al. 2013; Kasprowicz
et al. 2016).

Future question: a network of invariant Tcell types?

Among the many known ligands and antigens for the group 1
CD1 system, GMM is the only antigen that has been system-
atically investigated for conserved human TCR patterns (Van
Rhijn et al. 2015a). However, the discovery of two TCR
motifs with one antigen supports future efforts to charac-
terize TCR usage in the repertoires of T cells responding
to CD1a, CD1b, and CD1c. A large number of lipids bind
to cellular human CD1 proteins (Cox et al. 2009; Huang
et al. 2011; de Jong et al. 2014). The combinatorial nature
of CD1-lipid complex formation suggests that currently
unknown antigen complexes exist and the possibility of
identifying further invariant TCRs is real. CD1a and CD1c
tetramers have been recently validated (Kasmar et al. 2013; Ly
et al. 2013; Roy et al. 2014; Roy et al. 2016). Early reports of
CD1c-mediated T cell response document possible overex-
pression of TRBV7-8 and TRBV7-9 among responding T
cells, which might represent an incipient motif for TCRs
responding to CD1c (Roy et al. 2014). Thinking beyond
MAIT cells, NKT cells, and GEM T cells, it is possible to
consider a model in which the combinatorial interactions of
CD1 and lipids to form structurally diverse complexes on the
surface of DCs and B cells could support a network of
interdonor-conserved TCRs in humans.

Future applications

Turning to practical applications, the simplified population
genetics of CD1 proteins and the responding TCRs raises a
new possibility. Is the CD1 system Bdruggable^ such that
lipid ligands might be designed that optimally bind to CD1
proteins and thereby block or activate interdonor-conserved
T cells? In concept, antigen-specific therapy is highly de-
sirable because it could bypass the many side effects com-
mon to general blockers or activators of T cell response,
such as cyclosporine or anti-CD3 monoclonal antibodies.
However, peptide antigen therapy has not advanced
significantly due in part to a key immunogenetic barrier:
design of peptides that bind equivalently to allelic
variants is complex, and with some exceptions, is not
feasible (Lalvani and Pareek 2010). This barrier is lacking
in the CD1 system due to the nearly uniform expression of

CD1 proteins in humans. Second, whereas NKT cells and
MAIT cells are activated in many situations, the stereotyped
TCRs present on GEM and LDN5-like T cells recognize a
pathogen-specific antigen, raising the possibility that detec-
tion of the TCR expansions could be used for diagnosis of
mycobacterial disease (Van Rhijn et al. 2013).

The known phenotypic characteristics and activating li-
gands of invariant NKT cells and MAIT cell might allow
design of lipid or small molecule therapies. NKT cells have
a pre-activated phenotype that might allow bypassing of neg-
ative regulatory pathways found in MHC-restricted T cells, so
therapeutic design of lipid activators might take advantage of
the observed quick response phenotype. For example, α-
galactosylceramide-stimulated invariant NKT cell provides
adjuvant effect, while co-administered with peptide antigens
for better stimulating conventional Tcell responses (Fujii et al.
2003; Silk et al. 2004; Salio et al. 2014). Considering the more
recently described lipid antigens, the CD1a-presented skin
lipid, squalene (de Jong et al. 2014), is a widely used adjuvant
known as MF59, which enhances the efficacy of vaccines
(Fox and Haensler 2013). Last, whereas design of T cell acti-
vators requires detailed knowledge of the responding TCRs,
design of T cell blocking ligands could be accomplished
through CD1-lipid binding assays using lipids with large head
groups. For example, sphingomyelin has been observed to
block CD1-mediated T cells in several contexts and so might
be developed as a T cell inhibitor (de Jong et al. 2014;
Birkinshaw et al. 2015). In these ways, the simplified immu-
nogenetic structure of the CD1 system supports new ap-
proaches to T cell-focused therapies.
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