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Abstract

After two decades of study of lipid antigens that activate CD1-restricted T cells, new studies show
how autoreactive ap TCRs can directly recognize the outer surface of CD1 proteins in ways that
are lipid agnostic. Most recently, this lipid agnosticism has turned to negativity, with the discovery
of natural CD1 ligands that dominantly negatively block autoreactive af TCR binding to CD1a
and CD1d. This review highlights basic differences between positive and negative regulation of
cellular systems. We outline strategies to discover lipid inhibitors of CD1-reactive T cells, whose
roles in vivo are becoming clear, especially in CD1-mediated skin disease.
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The discovery of CD1 recognition by ap T cells broadened immunologists’ views by
showing that lipid antigens exist [1,2] and represent natural targets for T cell response.
Based on the discovery of glycolipid [3,4] antigens, early structural studies of CD1-lipid
complexes [5] and glycolipid-loaded CD1 tetramers [6-8], the field coalesced around a
unitary model of lipid antigen display. This now widely accepted ‘corecognition’ model
emphasizes that TCRs bind both CD1 and lipid antigen, where specific interactions of T
cell receptors (TCR) with the hydrophilic head group of the antigen lead to T cell activation
(Figure 1). Accordingly, CD1-reactive T cells are thought of as an “off until on system,’
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where the default interaction between CD1 and TCR is failure to activate, and T cells

are positively regulated by lipid antigens that appear in rare situations. This corecognition
model, along with activating antigens, has dominated thinking in the CD1 system since the
1990s. However, our current opinion in immunology is that this model is fundamentally
incomplete (Table 1).

We are not proposing that immunologists forget about lipid antigens, but instead to
recognize a separate ‘on until off’ system that is based on two general discoveries playing
out since 2014. The first is lipid-independent direct recognition of CD1, which broadly
occurs in the human CD1a [9,10] and CD1c systems [11]. The second pillar of this new
model is the recent discovery of naturally occurring lipid ligands for CD1a [12] and

CD1d proteins [13,14], which can dominantly negatively regulate CD1-TCR interactions.
For direct recognition the key event is not the appearance of a rare antigen that suddenly
leads to activation, but instead involves autoreactive TCRs with intrinsic recognition of the
CDL1 protein itself. Low level baseline recognition can be modulated upward or downward,
like a rheostat, by activating ligands with small inside CD1 versus larger lipids that block
TCR approach to CD1. Because immunologists usually think of MHC and CD1 ligands

as activators, consideration of the larger ramifications of a dominantly negatively regulated
system requires a kind of unfamiliar ‘reverse’ thinking. As summarized in Table 1, ligand
frequency, default outcomes of CD1-TCR interaction, and mechanisms of T cell selection
and maintenance may be different in systems regulated by inhibitors rather than antigens.

CD1 and Lipid Corecognition

Two models of glycolipid antigen recognition by T cells were simultaneously reported

in 1997: a-galactosyl ceramide (aGalCer) presentation by CD1d [4] and glucose
monomycolate (GMM) presentation by CD1b [3,15]. Functional studies of T cell clones
demonstrated recognition patterns that required the hexose sugar present in the glycolipid
antigen, which was explained through crystal structures of apTCR-lipid-CD1 complexes
[5,16]. The corecognition model takes its name from the fact that the TCR binds extensively
with CD1 and lipid, which is summarized quantitatively in Figure 1 by measures of TCR
footprint size and percent contribution of lipids to TCR epitopes. For GMM and aGalCer,
TCRs contact the antigens’ carbohydrate as it protrudes through a structure known as

the F’ portal (Figure 1), as well as periportal residues on CD1b or CD1d. These dual
interactions regulate /in vivo T cell populations, as shown through CD1d-aGalCer [6-8]

or CD1b-GMM tetramers [15,17,18], which could enumerate and capture polylconal T
cells with reactivity to CD1 and glycolipid. With the subsequent discovery of many other
amphipathic glycolipids, phospholipids, or sulfated lipids that present their hydrophilic
moieties to TCRs [19], the CD1 corecognition model, like MHC-peptide corecognition,
became widely accepted as the main or sole basis of physiological control of T cells.

Lipid Independent Recognition of CD1

Two key features of the corecognition model are the presence of a hydrophilic chemical
epitope (often a sugar) in the antigen and precise TCR affinity for this kind of epitope (Table
1). Surprisingly, De Jong and Cheng discovered CD1a-mediated lipid stimulants in skin that
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lacked both features [20]. They found clonal TCR-mediated cross-reactivity to recombinant
CD1a presenting highly hydrophabic, but structurally unrelated molecules: squalene,
triacylglycerol, free fatty acid and wax ester lipids. The lack of hydrophilic epitopes,

the small molecular size and TCR promiscuity all pointed to a theoretical mechanism
whereby such molecules may not be directly recognized. Instead small ‘headless’ lipids
might nest inside CD1a to free up the outer surface of CD1a for TCR recognition (Table

1). The following year a ternary crystal structure of the BK6 TCR recognizing CD1a-
lysophosphatidycholine (LPC) complex revealed that 99 percent of the TCR footprint was
contributed by CD1a (Figure 1) [10]. Subsequently, the CD1c-autoreactive afp TCR 3C8
was co-crystallized with CD1c presenting a small hydrophobic molecule that likewise lacked
a large or rigid hydrophilic determinant, monoacylglycerol (Figure 1) (MAG) [11].

If an antigen is defined as a molecule that directly contacts a clonotypic immune receptor,
then LPC and MAG are not antigens. However, in activation assays their presence is

often required, and MAG-treated CD1c tetramers capture T cells with functional CD1c
autoreactivity [11]. The original squalene, triacylglycerol, wax ester and fatty acid antigens
have not been co-crystalized within CD1a, so their sequestered nature is still presumptive.
However, other studies confirmed the interior sequestration of small hydrophobic T cell
stimulants, farnesol [21] and urushiol [22], the poison ivy antigen. In CD1a-farnesol
complexes, more than half of the cleft remained without any visible ligand bound, and
both ligands were positioned at a distance from the presumed TCR contact on the A’ roof
(Figure 1, right). Collectively, LPC, MAG, farnesol and urushiol show that small ligands
next inside CD1a and CD1c, establishing a new mode of direct reactivity, whereby TCRs to
contact CD1 proteins themselves.

Lipid ligands are present inside CD1, but their role is limited to ‘absence of interference’
(Table 1). Most evidence for direct reactivity is for CD1la and CD1c, and several studies
show that CD1a, compared to other human CD1 isoforms, more frequently serves as the
target of autoreactive T cells in human blood [23,24] and skin [12,25]. Whether direct TCR
reactivity to small sequestered lipids occurs for CD1b and CD1d is not yet known. However,
important work from Mallevaey and Gapin showed that an NKT TCR can recognize

CD1d with minimal contribution of antigen [26]. CD1b TCRs can have a channel that
allows promiscuous recognition of diverse self-phospholipids independently of the particular
phosphoglycerol headgroup [18,27]. These studies provide examples of TCRs that are less
dependent on or less specific for lipids.

tetramers

CDL1 directly reactive T cells were discovered as clones [9,10,28]. Until recently there has
been little information about their frequency in blood and tissues or clear evidence that

CD1 directly reactive T cells constitute biologically active T cell populations in vivo. This
situation has now changed based on experiments in which the predictions of the direct
recognition model were used to implement an unusual CD1 tetramer approach. In a paper
entitled ‘ Phenotypic Analysis of Antigen specific Lymphocytes,” Altman and Davis reported
that fluorescent MHC | tetramers can enumerate T cells recognizing a peptide antigen of
interest [29]. In contrast, the direct recognition model predicts that the complement of
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diverse endogenous lipids bound to a pool of CD1a proteins allows direct detection of

CD1" cells. Thus, rather than loading CD1a or CD1c tetramers with a defined lipid, CD1
tetramers carrying diverse endogenous lipids from mammalian cells (CD1-endo) were used
to count and isolate CD1a and CD1c autoreactive T cells [11,12,25]. On a practical level,
this approach obviates the need to know the identities of immunodominant lipid antigens

to study CD1-reactive T cells. These experiments showed not only that directly CD1a-

and CD1c-reactive T cells exist as populations in human blood and skin, but also allows
their enumeration in a one-step experiment. Although CD36 serves as a non-TCR ligand of
CDlc [30], false positive CD1 tetramer staining can be efficiently blocked with anti-CD36.
Overall, CD1-endo tetramer* T cells are now well validated to capture T cells with bona fide
functional responses to CD1c or CD1a. Further by treating tetramers with small hydrophobic
antigens, such T cells can show brighter tetramer staining [11,12,25].

Roughly matching precursor frequencies previously determined with laborious RT-PCR and
limiting dilution assays [23,24], CD1a-endo tetramer* cells are in the range of 0.01 to 1 %
of blood T cells [12,25], which is a high frequency for naive TCRs recognizing a single
molecular determinant without disease or antigen-driven expansion. One recent [25] and one
ongoing study (Clark, Van Rhijn, Moody, unpublished, 2023) found that skin T cells assayed
after 3-week culture are ~1 % CD1a-endo tetramer*. Further, five skin donors have shown
very high staining rates with > 10% CD1a tetramer™ T cells. Going beyond clonal analyses,
these measurements show that CD1a autoreactive T cells are an abundant component of

the human ap T cell repertoire. Several studies now suggest a non-redundant, in vivo

role of CD1a autoreactive T cells in human transgenic disease models [22,31], setting the
stage for ex vivo studies in human autoimmune disease using CD1a-endo tetramers. For
example, recent work by Dejong, demonstrates response to CD1a and phosphatidylglycerol
antigens released by symbionts in the human skin microbiome that are associated with
atopic dermatitis (Monnot, Nature Immunology in press, 2023 - the complete reference is in
annotations and full cite will be available before publication of this review).

Regulating autoimmunity

For MHC and CD1, the “off until on’ corecognition provides a straightforward explanation
for the avoidance of autoreactivity: activating antigens may be absent in any given situation.
However, with increasing evidence for ‘on until off” T cells that recognize CD1 in the
absence of added antigen, basic questions arise about negative immune regulation. Unlike
MHC I, CD1 is not ubiquitously expressed, so one possibility is the physical separation

of T cells and CD1-expressing cells [20]. A second general idea is that autoreactivity is
common, but it leads to low level activation IL-22 and other epithelial or T cell maintenance
signals, rather than overt immunopathology [23]. A third possibility is that CD1 captures
lipids that block T cell response. The bar is high for evidence needed to support a working
model of negative regulation of natural response via blockers [20]. Negative regulation in
vivo requires that lipid blockers occur naturally in cells, occupy a substantial fraction of
CDL1 proteins on any given cell, and dominantly negatively block response to CD1 by many
types of TCRs. Therefore, a potentially important advance in CD1 immunology is the clear
identification of natural blocking ligands in the CD1a and CD1d systems that meet all three
criteria.
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Sulfatide inhibitors

While most studies emphasize T cell activation by lipids, De Jong’s studies of CD1a
autoreactive T cells found that both sulfatide and sphingomyelin (SM) can inhibit T cell
response. For sulfatide, crystallography demonstrated that the sulfate moiety disrupts the
TCR recognition surface of CD1a through interactions with three residues in the A’ roof
located near the F’ portal [10]. These studies provide proof of principle for blockade by

a natural self ligand. Since CD1 proteins are non-polymorphic and the affected A’ roof

and periportal regions are common TCR binding sites, sulfatides might now be developed
as pharmacological reagents to inhibit CD1a-specific T cell responses in autoimmunity.
However, as a candidate physiological blocker, sulfatides are rare in cells [32]. Also, our first
efforts to elute natural ligands suggest that sulfatides are uncommon in CD1a eluents [12].
If a substantial fraction of CD1a proteins on a given cell are not occupied with sulfatide,
this molecule acting alone, could not likely cause negative T cell regulation in physiological
states.

Sphingomyelin fine structures

However, SMs are more common in cells [33], and three studies have recently demonstrated
strong negative effects on CD1d- and CD1a-reactive T cells. Melum and Blumberg
hypothesized that sphngomyelinase controls CD1d-mediated NKT response [13]. Taking
broad advantage of in vivo analyses that are possible in mice, they found decreased
selection and function of NKT cells in sphingomyelinase deficient animals. Although
enzyme depletion could affect many activating or inhibitory lipids, a proximal and major
change was the accumulation of SM in cells. Mechanistic studies, including CD1d plate
bound activation studies, identified SM, as being sufficient to block CD1d mediated NKT
cell activation.

Separately, Cotton and Cheng used an unbiased approach to measure which lipids are
selectively captured by CD1a from human cells [12]. Unlike prior approaches to antigen
discovery, this approach used mass spectrometry rather than activation assays, so it was
possible to identify both activating and inhibitory lipids. Lipid eluents of CD1a showed
‘overcapture’ of SMs, especially unsaturated fatty acids with very long chains (C24:1),
rather than the more common self SMs with C16 or C18 fatty acids. CD1a tetramer

studies demonstrated strong blockade of polyclonal binding responses among unrelated
human donors. Crystal structures of CD1a-SM demonstrated that the longer chains found in
blockers allowed the charged choline headgroup to protrude more extensively (~6 angstrom)
from the cleft (Figure 2), where it might sterically hinder the approach of any TCR.

Whereas these two studies independently identified SM blockers, CD1a and CD1d have
differing antigen binding clefts, and the CD1d studies did not focus on the chain length

of captured lipids. However, recent work by Rudolph and Zeissig now shows that CD1d

can overcapture long chain C42 SMs and that such blockers are abundant in cells [14].
Thus, all three studies show remarkably convergent findings, emphasizing long chain length
as a mechanism of favored lipid capture to generate complexes that optimally inhibit T

cell response. Unlike sulfatides, SMs are typically the most abundant sphingolipid in cells.
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Based on these strong overcapture patterns, SMs likely occupy a sizable minority of CDla
or CD1d proteins in any cell, plausibly creating a baseline situation in which autoreactivity
could dampened at steady state. Since overproduction or exogenous addition of long chain
sphingomyelins provides strong negative regulation of polyclonal T cell response in vivo
[13] and ex vivo [12], the emerging model is that CD1 specific TCRs frequently exist that do
not require any given antigen. Instead they respond, or not, to CD1-expressing cells based on
the relative balance of activating and blocking ligands.

Looking forward

Looking ahead, study of autoimmune skin disease remains a priority based on the
demonstrated pro-inflammatory effects of human CD1a transgenesis in mouse skin [22,31],
the high precursor frequencies of CD1a autoreactive cells [12,25]. Human skin provides
ready access to T cells and blister fluids [34], and there is increasing evidence for a role

of CD1a in human skin disease. For example, Ogg’s group showed increased numbers or
effector functions of CD1a autoreactive T cells in psoriasis [35,36], atopic dermatitis [37]
and contact dermatitis [37]. Conversely, antibody [22,31] or lipid blockers of CD1a function
[12] can reduce T cell response or skin inflammation in vivo.

Further, the known ‘headless’ ligands for CD1a and CD1c are plausibly related to T cell
mediated skin disease. LPC is generated by house dust mite, bee and wasp phospholipases
that represent a major cause of atopic dermatitis [34,38]. Farnesol itself, related polyprenols
and urushiol are contact dermatitis antigens [21,22]. Balsam of Peru, which contains small
benzene-based hydrophobe presented by CD1a, is a common additive in commercial skin
creams, where it causes of contact dermatitis [21]. Finally, the CDla-dependent immune
activator, squalene, is a major adjuvant that is widely used in anti-viral vaccines [9].
Augmenting traditional immunological assays, CD1-endo tetramers now provide a one-step
means of estimating the numbers of CD1 autoreactive T cells in any individual, organ or
disease state.

Conclusion

The central message of this review is that afp TCRs can take differing approaches to CD1
proteins that either do or do not involve contact with carried lipids. Recently, y& TCRs have
been shown to bind or recognize all four types of human CD1 proteins, providing a new
facet of CD1 biology. Whereas early studies of CD1d [39,40] and CD1c [41] suggested

that y6 TCRs recognized carried lipids, CD1b [42] and CD1a [43] show lipid-independent
recognition, similar to patterns for af T cells that are discussed here. Moreover unlike

the upright, end-to-end approach of ap TCRs (Figure 1), the first known y6 TCR-CD1a
structure shows a wildly divergent approach, where it contacts the side of the CD1a and p2-
microglobulin [43]. Thus, the new area of CD1-y8TCR interactions likely holds additional
biological surprises as well.
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Direct Recognition Model
lipid independant TCR contact

BK6 TCR

Differing modes of TCR contact with CD1 establish the older corecognition and newly
proposed direct recognition models.
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short chain sphingomyelin  long chain sphingomyelin

Figure. 2.
Sphingomyelins with short alkyl chains allow the choline headgroup to reside inside CD1a,

but longer chain lipids shift the ligand so that the choline headgroup extends ~6 angstroms
above the CD1 roof. Long chain sphingomyelins with blocking properties are selectively
captured by CD1a in human cells.
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Table 1.

Lipids play differing positive and negative regulatory roles in the older corecognition model and the newly
proposed direct recognition model, respectively.

Corecognition Model Direct Recognition Model
TCR Target CD1 and lipid CD1
TCR Epitope periportal CD1 residues and hydrophilic cap of lipid A’ roof and periportal residues of CD1
Activating Ligands amphipathic lipids protrude for TCR contact small lipids reside inside CD1
Abundance of Ligand low high
Mechanism of Activation epitope discrimination absence of TCR interference
Non-activating Lipids amphiphathic lipid protrudes but fails to bind the dominant negative blockade of TCR binding to
TCR the A’ roof
Default Outcome of CD1-TCR non-activation (unless rare antigen present) activation (unless blocker is dominant)
Contact
Ligand-based Therapy activation-based adjuvancy or immunization inhibition of autoimmune response
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