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Summary

Peptide and lipid antigens are presented to T cells when bound to MHC or CD1 proteins,
respectively. The general paradigm of T cell antigen recognition is that T cell receptors (TCRS) co-
recognize an epitope comprised of the antigen and antigen presenting molecule. Here we review
the latest studies in which T cells operate outside the co-recognition paradigm: TCRs can broadly
contact CD1 itself, but not the carried lipid. The essential structural feature in these new
mechanisms is a large ‘antigen free’ zone on the outer surface of certain antigen presenting
molecules. Whereas peptides dominate the exposed surface of MHC-peptide complexes, all human
CD1 proteins have a closed, antigen-free surface, which is known as the A” roof. These new
structural models help to interpret recent biological studies of CD1 autoreactive T cells in vivo,
which have now been broadly observed in studies on TCR-transgenic mice, healthy humans and
patients with autoimmune disease.
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Co-recognition

T cell activation occurs after T cell receptor (TCR) co-recognition of peptide- MHC
complexes. The term ‘co-recognition’ emphasizes that TCRs are highly specific for the
peptide antigen and the MHC encoded antigen presenting molecule. TCRs are restricted to a
particular MHC allomorph. The failure if a TCR to distinguish similar peptides can emerge
as molecular mimicry, which drives autoimmunity [1]. The discovery of CD1 presentation of
lipid antigens to ap and & T cells [2] was followed by clear evidence of TCR co-
recognition of CD1-lipid complexes. Typically, glycolipids or phospholipids insert their
aliphatic hydrocarbon chains into CD1 clefts, where phosphate, sugar or other hydrophilic
head groups protrude through a small opening, known as the F* portal [3], to lie on the outer
surface of CD1. TCRs contact these protruding head groups and the outer surface of CD1
itself, providing clear parallels with TCR co-recognition of peptide-MHC [4,5].

Here we review new evidence for autoreactive T cells that function outside the co-
recognition paradigm. Ternary crystal structures provide clear evidence for a CD1-centric
mode of binding in which the carried lipid does not contribute to the TCR epitope, but can
interfere with it. For immunologists whose views are grounded in the principles of co-
recognition, this mode of antigen display translates into surprising outcomes, including a
single TCR showing cross-reactivity among dozens of lipid ligands, and tetramers that are
not loaded with a defined antigen demonstrating binding to TCRs. Further, this review
highlights experimental evidence for direct T cell activation by CD1* antigen presenting
cells (APCs), which invites consideration of the physiological basis for /77 vivo regulation of
CD1 autoreactive responses.

Absence of interference

Early evidence showing that mouse and human CD1 isoforms activate some T cells without
the addition of defined exogenous ligands hinted at a proclivity for autoreactivity in the CD1
system [2]. For MHC-reactive T cells, autoreactivity usually derives from specific TCR
recognition of a defined peptide. Prior to experimental dissection of the molecular basis CD1
autoreactivity, several theoretical mechanisms were highlighted in an early review, including
the direct recognition of CD1 itself [6]. Early studies demonstrated the existence of TCR
corecognition of CD1 and lipid complexes. For example, the NKT cell response to CD1d
and a-galactosylceramide complexes occurs due to extensive TCR contact with the surface
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of CD1d and the protruding galactosyl unit of the carried glycolipid [4,7]. Co-recognition
applies also to T cell responses to gangliosides, phospholipids, sulfatides, and
sphingomyelin bound to CD1d (reviewed in [8,9]), and glucose and glycerol monomycolates
in CD1b [5]. Co-recognition is the presumptive mode of recognition of
didehydroxymycobactin in CD1a [10], and mannosyl-phosphomycoketide in CD1c [11].
These many examples were broadened into a CD1 co-recognition model, which predicts that
1) antigenic lipids have hydrophilic head groups, 2) that such head groups protrude to the
surface of CD1, 3) TCRs contact these head groups, and 4) that such contacts generate high
TCR specificity for the carried lipid.

Initially, evidence for T cells that might function outside the co-recognition paradigm was
indirect and related to patterns of T cell response that do not match these four predictions.
For example, some NKT TCRs bind extensively to CD1d itself and show lower specificity
for the carried lipid ligands, including common phospholipids [12—-14]. Here structural
evidence revealed that such NKT TCRs do make contacts with the carried lipid, but an
exceptionally hydrophobic CDR3p loop drives strong interactions of the TCR with CD1d
itself and low lipid specificity [15,16]. Another observation inconsistent with the specific co-
recognition model was the discovery of T cells that responded to CD1a when present on any
cell or even bound on plates. The response was augmented by squalene, fatty acids or wax
esters, which are small headless lipids that lack phosphate or carbohydrate head groups [17].
A subsequent study, which eluted lipids from CD1a-lipid-TCR complexes, showed that
dozens of different lipids are ‘trapped’ between CD1a and a CD1a-autoreactive TCR [18].

The incongruence between the predictions of the co-recognition model and the observed
patterns of T cell response led to a testable hypothesis. Autoreactivity might involve TCR
contact with CD1 alone, where small and hydrophabic lipids like squalene, fatty acids and
was esters might be buried in the CD1 cleft and function through absence of interference
with the approaching TCR [17,19]. Now, the ternary crystal structures of the 3C8 TCR with
CD1c [20] and the BK6 TCR with CD1a [18] demonstrate that this CD1-centric mode of
recognition does occur. In both cases the TCR makes broad contacts with a closed, flat
portion of CD1 known as the A” roof and little or no contact with carried lipid. Further,
these structures reveal two distinct mechanisms by which lipids avoid TCR contact: buried
ligand and left-right mismatch (Figure 1).

Buried ligand model

All human CD1 proteins have A" and F* pockets, which were named after the A to F
pockets in MHC | (Figure 2). Conventionally, CD1 proteins appear with the A" pocket on
the left and F* pocket on the right. The surface above the A" pocket is closed, forming the
A’ roof. A portal over the F” pocket allows antigens to protrude to the surface (Figure 1).
For the 3C8 TCR bound to CD1c [20] the TCR-a chain sits on the A" roof and the TCRB
chain spans across the F” portal to contact its right margin. CD1c mutagenesis shows that
CD1c residues on the left and right sides of the F* portal are necessary for T cell activation.
Thus, the TCR effectively covers the F” portal, creating a situation in which ligands must be
buried within the CD1c cleft, so as not to block TCR contact with F* portal residues (Figure
1).
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A general prediction of this buried ligand model is that ligand size inversely correlates with
antigenicity and that most types of small ligand would be cross-reactively recognized.
Fulfilling these predictions, CD1c complexes with the 3C8 TCR were subjected to lipid
elution and mass spectrometry, which detected several hundred lipid ligands spanning
dozens of lipid classes. Further, comparison of the types of lipids released from CD1c alone
versus CD1c-TCR complexes show that CD1c-TCR complexes carry smaller ligands, like
monoacylglycerol (MAG) and free fatty acids [20]. The generalizability of the buried ligand
mechanism remains to be tested, but it likely also applies to CD1a. Free fatty acids can be
sequestered in the CD1a cleft [18], and small headless antigens activate CD1a autoreactive T
cells [17].

Left-right mismatch

The left-right mismatch model was established from the structure of the BK6 TCR bound to
CD1a-lysophosphosphatidylcholine (LPC) [18]. The lipid ligand is not fully buried within
CD1a. Instead, the phosphocholine head group exits through the F” portal to rest on the far
right margin of the CD1a surface. The TCR takes a left-sided footprint, leaving an option for
emergence of some hydrophilic head group moieties through the F” portal without TCR-
lipid contact (Figure 1). Because the TCR in the left-right mismatch mechanism does not
fully cover the portal, it does not require full sequestration of the ligand and does not make
strong predictions about lipid ligand size. Currently the buried ligand and left-right
mismatch mechanisms are formally ruled in only for a small number of TCRs [17,18,20].
However, certain conserved aspects of CD1 structure discussed below suggest that such
CD1-centric TCR binding models could be a general mechanism of T cell response to CD1.

v6 T cell response to CD1

Increasing evidence demonstrates V&1* & T cell recognition of CD1d [21] and CD1c
[2,22,23]. Ternary crystal structures show that the TCR known as DP10.7 binds CD1d-
sulfatide [24] and that the 9C2 TCR binds CD1d-a-galactosylceramide [25]. Similarly, a
hybrid 8/ap TCR known as 9B4 binds CD1d-a-galactosylceramide [26]. In all three cases,
the TCRs do not broadly surround the protruding head groups, as seen for NKT TCRs and
other head group specific mechanisms [4]. Instead these three TCRs have left-shifted
footprints in which germline encoded regions of V&1 make contact with CD1d only. The
carried lipid makes some contact with the TCR via the CDR38 (DP10.7), the CDR3y loop
(9C2) or the TCR B chain. In line with the left-right mismatch model, these three TCRs can
be thought of as left shifted, but not so far to the left that they miss the head groups entirely.

It is not yet known if -y6 TCRs show the full left-right mismatch mechanism so that only
CD1 is contacted (Fig. 2). However, such TCRs likely exist since certain -y6 T cell clones
show antigen-independent binding to CD1c [23], autoreactivity to CD1d in the absence of
added antigen, or staining with untreated CD1 tetramers [25]. With increasing evidence that
CDJ1c-specific or CD1d-specific TCRs express V81 chains, a testable hypothesis arises.
Germline encoded regions of the V61" TCR & chains are left shifted. Whether and how TCR
heterodimers contact lipid would be determined by the particular hypervariable sequences
present in the TCR & chain, or the particular TCR -y or B chain present in the TCR
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heterodimer. Determining whether V61" T cells are specialized for CD1-centric or lipid-
specific binding now emerges as a central question: the former suggests a role for CD1in T
cell-APC crosstalk and the latter suggests CD1-mediated antigen display.

CD1 proteins provide a ligand free surface

For MHC-peptide, co-recognition is universal. More than a hundred solved ternary
structures involving MHC | and Il [1] show the now familiar face of antigen complexes. The
peptide runs mostly or all the way across the lateral dimension of the MHC platform, where
it comprises 20 percent or more of the exposed surface area (Figure 2). Despite variance in
the size of TCR footprints, and examples of ectopic, rotated, or even reversed polarity of the
TCR a and B chains [27,28], there are no convincing examples of productive TCR
engagements that do not contact peptide. This outcome derives from the fact that peptides
run across the center of the MHC platform in a way that does not leave a peptide-free
surface that is large enough to support the buried surface area (700-900 A2) usually needed
for productive TCR-MHC interactions (Figure 2).

However, CD1 proteins have interdomain tethers located between the a1 and a2 helices that
form the A" roof, a structure not found in MHC I and I1. These tethers create two zones
across the lateral dimension TCR contact platform, a lipid-inaccessible region on the left (A’
roof) and lipid-accessible regions on the right (F* portal). Six representative examples of
MHC-peptide and CD1-lipid illustrate that exposed lipid ligands are more variable in size
and more ectopically positioned on CD1, as compared to exposed peptides on MHC (Figure
2). For example, CD1c harboring MAG and spacer lipids has effectively no exposed ligand.
LPC, phosphatidylglycerol and a—galactosylceramide vary in the extent to which they are
exposed on the CD1 surface. These images make clear that the extent of TCR contact with
ligand relies on the size of the protruding head group and whether ligands lean right or left
from the F” portal.

CDL1 proteins are non-polymorphic, and this left-right asymmetry is seen in all four human
CD1 isoforms, as well as in mouse and other non-human CD1 crystals solved to date [29].
Thus, the A” roof and the laterally asymmetrical platform represent general architectural
features of the CD1 system. The A’ roof is effectively a broad landing pad for the TCR,
with a surface area larger than a typical TCR footprint. Combined, these observations predict
that all four of the CD1 proteins might use the CD1-centric display mechanisms outlined
here.

On until off T cell response

Co-recognition models emphasize antigen specificity and a regulated “off until on’ mode of
T cell response in which TCRs scan many cellular antigen complexes before contacting the
rare cognate antigen. The extreme lipid polyspecificity in CD1-centric models predict that T
cells do not require a rare, defined autoantigen. Instead T cells are directly activated by any
APC expressing the correct CD1 protein. In addition to the /n vitro studies reviewed above,
evidence for CD1-directed autoreactivity /7 vivo in humans is broadening based on high
frequencies of autoreactive T cells in blood as measured by limiting dilution cloning [30],
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activation assays [31], or tetramers [20]. Further, evidence for CD1 autoreactive T cell
response in autoimmune pathology is emerging, especially for inflammatory skin disease
[32-37]. This suggests that activation can be the default outcome of CD1-TCR interactions.
Thus, many CD1 autoreactive T cells are “on until off,” an observation that raises the
questions of whether and how such responses might be negatively regulated.

CD1-TCR contact as a rare and regulated event

MHC I is expressed on nearly all cells, and MHC Il is broadly expressed on APCs and some
epithelia. In contrast, CD1 proteins are comparatively rare and show regulated expression in
the periphery. The constitutive expression of CD1a, CD1b, or CD1c, is mostly limited to
individual APC types. CD1a is expressed mainly on epidermal Langerhans cells. CD1c is
found on marginal zone B cells and the major population of classical dendritic cells, and
CD1b, while rarely expressed on unactivated cells in the periphery, may be found on
macrophages. Generally however, CD1a, CD1b, and CD1c expression is induced in
inflammatory states [38]. As a natural brake on this process, serum lipids have been shown
to inhibit expression of CD1a, CD1b, and CD1c on monocytes [39]. Once expressed,
alternate decoy receptors may still block CD1-TCR contacts, as Ig-like transcript 4 has been
shown to bind CD1c and CD1d and dampen CD1-dependent T cell activation [40]. These
observations suggest that circulating T cells would come into contact with CD1 proteins
much less often than MHC | and Il proteins. The inducible expression of CD1 by Toll-like
receptor ligands and cytokines could plausibly be a mechanism to restrict autoreactivity to
inflammatory states.

Fine-tuning the ‘on and off’ of CD1 autoreactivity

Certain CD1 ligands block the formation of stable TCR-CD1 complexes, pointing to a
natural mechanism to limit T cell activation [17,18,41]. Such ‘non-permissive ligands’
(sphingomyelin, phosphatidylcholine) generally have head groups that are larger than those
on antigenic ligands (fatty acids, monoacylglycerols, squalene), suggesting that stearic
hindrance of the TCR is the blocking mechanism. However, one structure of CD1a-
sphingomyelin demonstrated that the ligand can interact with a triad of residues in the A’
roof, which alters the TCR binding surface on CD1a [18]. Similarly, cholesterol esters and
other ligands alter the overall shape of CD1 proteins in ways that affect TCR binding
[42,43]. Conversely, a sudden abundance of activating ‘headless’ CD1 ligands in the local
milieu could increase productive CD1-autoreactive TCR contacts. For example, several
recent studies suggest that increased phospholipase activity in viral infection [44] and
autoimmune and allergic skin disease generates an excess of small ligands that activate
CD1-autoreactive T cells [33-35].

The consequences of CD1 autoreactive T cells being turned on or off hinges on the nature of
their responses. While CD1-autoreactive cells produce pro-allergic or pro-inflammatory
cytokines in these disease examples, the predominance in healthy individuals of IL-22
production by CD1a-autoreactive T cells [45] and the killing of CD1c* leukemic cells by
CD1c-autoreactive T cells [46] point to possible homeostatic roles in wound healing and
cellular damage surveillance. Alternatively, there is evidence that CD1 autoreactivity can
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serve an instructive or regulatory role via cross talk with CD1-expressing DCs or B cells
[47-49]. In conclusion, the newly discovered antigen display mechanisms operate outside
the familiar predictions of co-recognition mechanisms. Lower TCR specificity for the
carried antigen puts more emphasis on CD1 expression and the overall balance of activating
versus non-permissive ligands displayed on the surface of the APC.
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Highlights
. Human CD1-autoreactive T cells are common and can mediate autoimmunity
. T cell receptors can bind directly to CD1 without contacting bound lipid

. Lipids can hide buried within the CD1 cleft
. Lipids can emerge toward the edge of CD1 and side step T cell receptors

. CD1 autoreactivity is seen among af*, V&61* and 8/ap™ T cells

Curr Opin Immunol. Author manuscript; available in PMC 2019 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Cotton et al.

Buried ligand

T Cell 3C8
Receptor

Presenting
Molecule

Ligand Buried small ligands

/\‘(} \& ~

Presenting & F
Molecule Q’T\/I
Structure ,AG/‘ ~S;}ace’r I|p|ds
(Y A
Figure 1.

Page 12

Left-right mismatch

Buried Ligand and Left-Right Mismatch models for autoreactive TCRs are based on recently

solved ternary CD1-lipid-TCR structures
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Figure 2. The Exposed Surfaces of MHC-peptide and CD1-Lipid complexes
Peptides are broadly exposed across most of the MHC | platform and across the entire MHC

Il platform. Idealized TCR footprints (black ovals, shown to scale) are difficult to place on
MHC platforms without contacting peptide. In contrast, the A" roof provides a large, ligand-
free landing surface for TCRs on CD1 proteins. Color-coding of exposed antigen surfaces
(red) shows that protruding ligands are more variable and asymmetrically positioned on CD1
platforms as compared to peptides on MHC platforms. The buried ligand mechanism
describes bound lipids that fail to protrude to the surface. In the left-right mismatch
mechanism, TCRs have left shifted footprints (dark grey) and the ligand (red) protrudes
toward the right side of the platform.
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