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CD1a selectively captures endogenous cellular lipids
that broadly block T cell response

Rachel N. Cotton?*®, Marcin Wegrecki>**@®, Tan-Yun Cheng?®, Yi-Ling Chen®®, Natacha Veerapen®®, Jéréme Le Nours**@®, Dennis P. Orgil’®,
Bohdan Pomahac’®, Simon G. Talbot’®, Richard Willis®*°@®, John D. Altman®>°@®, Annemieke de Jong"'@®, Ildiko Van Rhijn?®, Rachael A. Clark?@®,
Gurdyal S. Besra®®, Graham Ogg®®, Jamie Rossjohn>*3@, and D. Branch Moody?®

We optimized lipidomics methods to broadly detect endogenous lipids bound to cellular CD1a proteins. Whereas membrane
phospholipids dominate in cells, CD1a preferentially captured sphingolipids, especially a C42, doubly unsaturated
sphingomyelin (42:2 SM). The natural 42:2 SM but not the more common 34:1 SM blocked CD1a tetramer binding to T cells in
all human subjects tested. Thus, cellular CD1a selectively captures a particular endogenous lipid that broadly blocks its
binding to TCRs. Crystal structures show that the short cellular SMs stabilized a triad of surface residues to remain flush with
CD1a, but the longer lipids forced the phosphocholine group to ride above the display platform to hinder TCR approach.
Whereas nearly all models emphasize antigen-mediated T cell activation, we propose that the CDla system has intrinsic
autoreactivity and is negatively regulated by natural endogenous inhibitors selectively bound in its cleft. Further, the detailed
chemical structures of natural blockers could guide future design of therapeutic blockers of CD1a response.

Introduction

CD1 proteins are monomorphic antigen-presenting molecules
that bind self and foreign cellular lipids for display to T cells
(Calabi and Milstein, 1986; Salio et al., 2014; Van Rhijn et al.,
2015). Newly synthesized CD1 proteins fold in the endoplasmic
reticulum, where they capture lipids and traffic as CD1-lipid
complexes through the secretory pathway (Briken et al., 2002;
Kang and Cresswell, 2002; Park et al., 2004) to the cell surface
and bind to af and y8 TCRs (Borg etal., 2007; Luoma et al., 2013;
Uldrich et al, 2013). Among human CD1 antigen-presenting
molecules, only CDla lacks any known reinternalization motif
in its cytoplasmic tail (Sugita et al., 1999). Thus, more so than
CD1b, CDlc, and CD1d, which efficiently traffic to the endoly-
sosomal network to capture exogenous lipids, CDla is thought to
acquire self lipids in the secretory pathway for presentation to
T cells (Moody and Cotton, 2017).

In agreement with the hypothesis that self lipids dominate in
the control of CDla-mediated T cell response, the frequency of

CDla autoreactive T cells in the blood is higher than for T cells
that recognize CD1b, CDlc, and CD1d when measured by activation
or limiting dilution assays (de Jong et al., 2010; de Lalla et al., 2011).
CDla autoreactive T cells colonize human skin, where CDla
tetramer-binding T cells are ~100-fold more frequent than CD1b
tetramer-binding T cells and account for ~1% of total T cells
(Cotton et al., 2021). Likewise, CDla proteins are expressed at high
density in skin, where they are found on myeloid dendritic cells
and at particularly high density on Langerhans cells (LCs; Dougan
et al., 2007). Self-antigens for CDla are extracted from skin in
larger amounts than from other tissues, and CDIa autoreactive
T cell clones respond to lipids that normally accumulate in skin,
including squalene, which is the main component of sebum, as
well as wax esters and free fatty acids (de Jong et al., 2014).

The abundance of CDla autoreactive T cells, CDla, and CDla-
presented antigens raises basic questions about possible mech-
anisms of inhibition of CDla autoreactivity, which might
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otherwise result in autoimmune disease. Indeed, recent studies
suggest that CDla autoreactive T cells are present at higher
levels in human skin involved with atopic dermatitis and pso-
riasis compared with skin from healthy donors or noninvolved
skin (Cheung et al., 2016; Subramaniam et al., 2016). Allergens
that contain phospholipase activity generate lysolipids that
contribute to T intradermal cell response (Bourgeois et al.,
2015; Cheung et al., 2016; Subramaniam et al., 2016). Further,
human CDla transgenic mice display markedly augmented skin
immune responses to the contact dermatitis antigen urushiol
and the contact sensitizer imiquimod, a widely used model of
psoriasiform skin inflammation (Kim et al., 2016).

CDla has the smallest cleft among the four types of human
CD1 antigen-presenting molecules (Moody et al., 2005) and is
composed of two named pockets: A" and F'. The first CDla-lipid
structure solved was CDla-sulfatide: the sphingosine chain resides
in the A’ pocket, with the acyl chain in the F’ pocket and the sulfo-
sugar protruding through the F' portal (Zajonc et al, 2003).
Subsequent CDla-lipid structures show that lipopeptides (Zajonc
et al., 2005), lysophospholipids (Birkinshaw et al., 2015), urushiol
(Kim et al., 2016), and farnesol (Nicolai et al., 2020) each show
distinct positioning within CDla. These structural studies raise
questions about the extent of the natural diversity of lipid ligands,
suggesting that CDla might bind to chemically diverse lipids or, at
the extreme, nearly every type of endogenous cellular lipid.

In this study, we used comparative mass spectrometry (MS)
of lipids bound to CDla to ask a fundamental question, which to
our knowledge has not been addressed previously. Do CDla
proteins randomly bind nearly all types of lipids present in the cell
in which it is expressed, or does the size and shape of the CDla
cleft guide capture specific classes of cellular lipids? By comparing
the spectrum of lipids bound in CDla to all lipids present in
the cell, we found that sphingolipids, especially certain
molecular subspecies of sphingomyelins (SMs), were markedly
over-represented in CDla eluents. The preferentially captured
SMs are normally expressed in cells and tissues that express
CDla, and they are potent and broadly acting blockers of
CDla-TCR binding. The detailed molecular mechanism of TCR
blockade was solved through three crystal structures of CDla pro-
teins bound to SMs that do or do not have inhibitory properties.

CD1a T cell autoreactivity is particularly common in blood (de
Jong et al., 2010; de Lalla et al., 2011) and skin-derived (Cotton
et al., 2021) T cells, and a recent study showed how polyclonal
T cell autoreactivity to CDla can occur through lipid-
independent contact of TCRs on the surface of CDla (Cotton
et al., 2021). Opposite to most views that emphasize antigen-
driven T cell activation, here we used an unbiased cell screen
to discover endogenous lipids that are selectively captured by
CDla proteins in cells and provide information about how their
structures confer binding to CDla and act broadly as a dominant
negative control of polyclonal TCR binding.

Results

Lipidomic analysis of cells versus CDla

We used three parallel MS approaches to detect ligands bound to CD1
proteins expressed in cells. Nano-electrospray ionization-MS
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shotgun MS provides a highly sensitive method to broadly but
nonquantitatively detect ionizable ligands eluted from CD1 pro-
teins recoverable from cells (Cox et al., 2009; Huang et al., 2011;
Joyce et al, 1998; Yuan et al, 2009). In contrast to shotgun
methods, preseparation of compounds by HPLC-time of flight
(ToF)-MS limits ionization cross-suppression by chemically dis-
similar ions, allowing sensitive and quantitative detection even on
a microscale needed for detection of trace lipids eluted from
proteins. The high mass resolution of ToF-MS allows reliable as-
signment of chemical formulas (Cotton et al., 2021; Wun et al.,
2018). Normal-phase chromatography separates lipid classes,
where retention time (RT) correlates with polarity, and RT com-
parisons to lipid standards are possible (Layre et al., 2011). Last,
quadrupole ToF (QToF)-MS detects fragments corresponding to
functional groups and neutral loss of components that allow
identification of key unknowns.

We recently demonstrated that CDla complexes formed in
cells with endogenous lipids can be sensitively detected and are
heterogeneous (Cotton et al., 2021). However, it is currently
unknown if CDla randomly surveys membrane and other lipids
present in the cells in which it is expressed or instead has
mechanisms for selective capture of specialized lipid classes.
Therefore, we performed comparative lipidomics of all ionizable
lipids in chloroform and methanol extracts of HEK293T cells
compared with the cohort of lipids eluted from CDla proteins
expressed in this cell line. CD1a proteins carrying endogenous
lipids (CDla-endo) from HEK293T cells were previously shown
to bind TCRs, so both CDla protein folding and capture of a co-
hort of ligands with physiological T cell reactivity were validated
(Cotton et al., 2021). Prior studies also indicated that detergent
extraction of transmembrane CD1 proteins displaces lipid li-
gands from CD1 clefts, a problem that is bypassed by engineering
transmembrane domain-truncated constructs that traverse the
secretory pathway for lipid capture in detergent-free conditions
(Cox et al., 2009; Huang et al., 2011; Yuan et al., 2009). Originally
developed to profile unlimited amounts of lipids present from
cells (Layre et al., 2011), new microscale methods of normal-
phase HPLC broadly separate and detect the lipids present in
eluents of 20-50 pg of CD1 protein (Cotton et al., 2021; Wun
et al., 2018). Multiple ligands in CD1 eluates can be detected
over a broad dynamic range with low rates of false positivity
compared with eluents of MHC proteins (de Jong et al., 2014;
Huang et al., 2011).

We compared total lipids from HEK293T cells to the spectrum
of endogenous lipids eluted from CDla, focusing on the most
intense ions. We tentatively identified lipids when their elution
time and m/z values matched those of authentic standards for
sulfatides, ceramides, hexosyl ceramides, diacylglycerols, phos-
phatidylinositols, SMs, and phosphatidylcholines (PCs) as de-
tailed previously (Cotton et al., 2021). Then, key compounds
were confirmed using collision-induced dissociation MS and
coelution of standards. For example, the ion at m/z 760.59
matched the expected mass of PC, whose two fatty acyl units
combined for 34 methylene groups and one unsaturation (34:1 PC).
Another ion of m/z 813.68 matched the expected mass of SM,
where the combined fatty acyl and sphingosine base contained 42
methylene units and two unsaturations (42:2 SM; Fig. 1 A).
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PC and SM are structurally related lipids that both contain
phosphocholine head groups and showed the diagnostic frag-
ment of phosphocholine (m/z 184.07; Fig. 1 A). Next, we counted
and assigned the molecular variants within each lipid class based
on total chain length and unsaturations. Considering ions re-
leased from CDla that nearly coelute with 34:1 PC (20.4 min-21.5
min), we deduced 15 additional PC variants ranging from C34 to
C42 with up to five unsaturations (Fig. 1 B, blue). Using the same
approach, we identified five additional SMs eluting from CDla
that nearly coeluted with 42:2 SM (Fig. 1 B, red). The names,
formulas, and experimental mass errors for the 22 distinct PCs
and SMs are detailed in Table S1. Overall, mass-based detection
revealing molecular heterogeneity of chain length and lipid
unsaturation within each class was detected.

Quantitation of cellular lipids on the microscale with MS

To quantitate lipids in cells or eluted from CDla, we determined
the MS response factors for injections of PC and SM standards
lipids (Fig. 1 C). The signal was directly related and highly cor-
related to the mass injected for PC and SM up to 10 million
counts, and the response factors were quite similar, as expected
based on their equivalent head groups, which typically control
ionization efficiency (Fig. 1 C). The nearly linear relationship
and equivalent response factors for PC and SM create a situation
in which MS intensity measurements, quantitated from the area
under the HPLC-MS curve, approximate the relative molar
amount of compounds, allowing ranking of compounds as a
measure of relative abundance (Fig. 1D, insets). In cells, the most
abundant PC species, 34:1 PC, was approximately eightfold more
intense than the most abundant 34:1 SM (Fig. 1 D, upper). This
finding is in agreement with prior reports, where PC is a major
structural component of membrane bilayers, and SM is a less-
abundant lipid with specialized roles in lipid rafts, signaling, and
other processes (Fahy et al., 2005; van Meer, 2005).

CD1la-bound lipids versus cellular lipids

Comparison of triplicate lipidomic profiles from HEK293T cells
to lipid eluents of CDla proteins expressed in HEK293T cells
generated two striking findings. First, whereas PCs dominated
in cells, SM species showed much higher signals in CD1a eluents,
representing an inversion of the PC/SM ratio (Fig. 1 D, red and
blue). This strong effect was quantitatively validated by sepa-
rately determining chromatogram areas for the six most abun-
dant molecular species in each class in triplicate, allowing for
statistical comparisons (Fig. 1 E). Second, the SMs bound to CDla
skewed toward longer and more unsaturated alkyl chains com-
pared with the cellular pool of SMs (Fig. 1, D and E). Among
cellular SMs, a shorter 34:1 SM species was predominant, with
the ion chromatogram area measuring 7.5-fold more than 42:
2 SM, which was scarcely detectable (P = 0.0002; Fig. 1 D, inset,
red). Conversely, in CDla eluents, 34:1 SM was so low in inten-
sity that it was not initially picked up by the automated peak-
picking software. By manually searching for this specific mass
and integrating the peak area, we found that 34:1 SM was de-
tectable only at trace levels: 44-fold lower than 42:2 SM in CDla
eluents (P = 0.0054). Overall CD1a selectivity for 42:2 was clearly
evident, such that the molecule was scarcely detectable in total
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cells but was the most abundant molecule eluting from CDla
among the PCs and SMs tested (Fig. 1 E). Considering the PC:SM
inversion and the SM length and saturation preference together,
relative enrichment was conservatively estimated to exceed
100-fold. Both a C8 longer chain length and a second unsatura-
tion correlated with preferential capture.

Extraction of cellular lipids is a simple, one-step process that
provides quantitative yield. In contrast, the necessary design
and handling of CD1 proteins before generating lipid eluents is
more complex and might have influenced the spectrum of lipids
detected. For example, longer chain lipids might remain pref-
erentially bound to CDIa proteins during extracellular protein
purification. However, whereas CDla preferentially captured
and released longer SMs, the profiles of PCs seen in whole cells
and on CDla were similar, suggesting that CDla protein purifi-
cation was not causing bias for long chain length in a general
way (Fig. 1 D, blue inset; and Fig. 1 E). Further, we analyzed
capture patterns in triplicate from three independently pro-
duced batches of group 1 CD1 proteins in HEK293T cell lines,
CDla, CD1b, and CDIc (Fig. 1 F). This second CDla protein batch
confirmed prior findings, as SMs were greater than PCs, and 42:
2 SM was the most abundant CDla-associated SM species, fol-
lowed by 42:1 and 42:3 SM variants. In CD1b and CDlc, detectable
skewing toward longer SMs was seen, but it was much weaker
than for CDla, and the short-chain 34:1 SM remained the pre-
dominant SM released from CDlc.

Lipid elution profiles from three CDla preparations with a
different protein production system or cell type (HEK293S,
HEK293T), which were generated in different laboratories,
confirmed the SM predominance and the strong skewing to
longer 42:2 SM (Fig. S1). In one preparation, somewhat higher
34:1 SM eluted from CD1a, but this effect did not reproduce in a
second experiment using the same proteins or in a separately
prepared CDla batch (Fig. S1). Overall, the selective 42:2 SM
capture was reproducible among cell lines with independently
engineered CD1 proteins and purification methods in two labo-
ratories. The chain length effect was only found for the partic-
ular combination of CDla and SM, and it was strong, where
sphingolipids bound preferentially compared with phospholi-
pids, and among SMs, one unsaturation in the alkyl chain and C8
added length correlated with increased capture. We interpret
the over-representation of lipids in the CDla eluent as prefer-
ential capture or retention in CDla proteins traversing the se-
cretory pathway.

Molecular analysis of natural and synthetic SMs

To determine the molecular basis of SM capture by CDla, we
assembled a panel of synthetic SMs, which differed only in alkyl
chain length and saturation. Electrospray ionization-MS pro-
vides high sensitivity for the microanalysis of ligands, and it
could reliably establish molecular formulae (Fig. 1) but not
the complete structures of SM species (Fig. 2 A). For example,
the total number of methylene units and unsaturations in the
combined sphingosine and alkyl chains can be reliably inferred,
but assigning the position and stereochemistry of unsaturations
is indirect and relies on analogies to known compounds.
Sphingosine, also known as D-erythro-sphingosine or (E)-
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Figure 1. Targeted HPLC-MS analysis of CD1 monomer eluents and cellular lipids. (A) Collision-induced dissociation-MS analysis for CDla ligands
matching the expected m/z of 34:1 PC and 42:2 SM identified the phosphocholine groups, allowing assignment of the overall length and unsaturation states of
the alkyl chains. The position and Z or E stereochemistry are inferred from known lipid structures but cannot be established by MS. (B) Chain length and
saturation variants identified within the same lipid class have equivalent RTs that match those of SM and PC standards. The m/z values allowed deduction of
the combined chain length of the acyl chain and sphingosine units that vary by an integer number of methylene units (X) or unsaturations (Y), shown as X:Y. We
identified 16 molecular variants of PC (blue points) and six SMs (red points), which were seen in two datasets analyzed. (C) Response factors for SM and PC
were highly similar and nearly linear based on MS intensity measured as a function of the mass input for two synthetic standards, 34:1 PC AND 42:2 SM.
(D) Mass chromatograms of the six most abundant PC and SM family members eluted from the CD1a monomer (bottom) and in the total lipid extract from
matched CDla-producing HEK293T.TPM cells (top). (E) PCs and SMs quantified as integrated area under the curve (counts) for each lipid chain variant detected
in triplicate (+ SEM) at a diagnostic m/z value and RT window. P values were calculated using Welch’s corrected t test. (F) PCs and SMs, eluted from CD1a,
CD1b, and CD1c protein monomers, quantified as integrated area under the curve for each lipid chain variant detected in triplicate at a diagnostic m/z value and
RT window. Error bars indicate SD from the mean. For D and E, results are representative of three experiments, and for F, results are representative of more

than three experiments with interexperimental replication shown in Fig. S1. [M+H]*, mass of the molecular ion plus a proton adduct.

sphing-4-enine in reference to the trans unsaturation at the
fourth carbon (abbreviated d18:1), is the most common sphingoid
base in mammalian cells, and so the sphingosine base un-
saturation is somewhat reliably inferred (Merrill, 2011). The true
location of the fatty acyl unsaturation is unknown and might be
varied. Also, for any single ion predicting a total length of two
chains is C42, the actual composition might contain isobaric
lipids, where incremental increases in the sphingosine base are
matched to shorter fatty acyl units and vice versa (Fig. 2 A). In
contrast, the actual length as well as the position and stereo-
chemistry of unsaturations in pure synthetic molecules is
known. Accordingly, we studied synthetic SMs with the d18:1 A4
trans unsaturated sphingosine base (18:1 SM) with varied amide-
linked fatty acids up to C24:0 (42:1 SM) or C24:1 cis unsaturation
at the indicated position (42:2 SM; Fig. 2, A and B).

SM influence on CD1a-TCR binding
We considered the immunological implications of selective
capture of long-chain unsaturated SMs on T cell activation.
Sphingolipids, like the natural killer T cell (NKT) agonist
a-galactosylceramide (Kawano et al., 1997), are antigens in the
CD1d system, but to our knowledge SM has not been promi-
nently identified as a CD1-restricted T cell antigen, and in one
study, SM was able to block activation of a CDla autoreactive
clone (de Jong, 2015). To search for 42:2 SM-specific T cells, we
tetramerized 42:2 SM-treated CDla monomers and stained
polyclonal skin-derived T cells (Fig. 2 C). CD3*CD4* T cells
staining a control CDla tetramer that carried endogenous lipids
(CDla-endo) derived from the cellular expression system for CD1
was readily detectable (0.67%) as a discrete, brightly staining
population. 42:2 SM treatment of CDla-endo tetramers blocked
rather than augmented this staining. Recent studies have found
that CDla-endo tetramers frequently and reproducibly stain
T cells expressing TCRs that bind to the outer surface of CDla
but ignore the carried lipids, so are said to be CDla specific
(Birkinshaw et al., 2015; Cotton et al., 2021). Here, treatment of
CDla tetramers with 42:2 SM strongly blocked staining of both
bright and dim tetramer* cells (Fig. 2 C). This result in one
subject was inconsistent with the idea that 42:2 SM might be an
immunodominant antigen and pointed to a possible blocking
function, which was tested further.

Prior screening for CDla antigens in vitro had hinted at SM as
an antagonist of CDla-mediated T cell activation (de Jong et al.,
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2014), a result that was confirmed and broadened in recent
studies of polyclonal NKT cells recognizing CD1d (Melum et al.,
2019). Therefore, we next considered that 42:2 SM might act as
an inhibitor of CDla-autoreactive T cell clones in which the
CDla-autoreactive TCRs are known: BC2 (de Jong et al., 2014)
and clone 36 (Cotton et al., 2021). Clone 36 stains brightly with
the CDla-endo tetramer, and treating CDla with synthetic 42:
2 SM reduced tetramer staining intensity (mean fluorescence
intensity [MFI]) by 90-fold (Fig. 2 D). Furthermore, when we
treated plate-bound CDla proteins with synthetic 34:1 SM or 42:
2 SM and co-cultured with the CDla-autoreactive T cell clone
BC2 (Fig. 2 E; de Jong et al., 2014), increasing concentrations of
synthetic 42:2 SM reduced T cell IFN-y production. This effect
was unlikely to be attributable to general toxicity because it was
not seen with 34:1 SM, and the plate assay uses a pulse format in
which antigens, although used at high concentrations, are not
coincubated with T cells. Overall, three observations with syn-
thetic SMs of known structure suggested T cell inhibition.

Molecular fine mapping of CD1a-TCR blockade
Sphingosines can be signaling molecules that might have
blocked functional T cell response through general effects on
APCs, CDla, or T cell viability. However, the inhibition of CDla
tetramer staining and T cell activation by plate-bound CDla both
pointed toward a specific mechanism whereby SM binds CDla
and blocks TCR contact. The cellular basis of sphingolipid cap-
ture by CDla remained unknown and might have occurred
through delivery of sphingolipids to CDla or lipid-loading co-
factors, like saposins and microsomal triglyceride transfer pro-
teins, which play key roles in endogenous lipid loading,
especially for CD1d in late endosomes (Brozovic et al., 2004;
Dougan et al., 2005; Kang and Cresswell, 2004; Zhou et al.,
2004). However, tetramer loading with exogenous lipids onto
CDla is independent of cellular cofactors. Therefore, the nearly
identical patterns of endogenous (Fig. 1) and exogenous (Fig. 2)
loading based on lipid saturation and chain length provided a
hint that the patterns were determined by intrinsic properties of
CDla proteins. We therefore hypothesized that long chain length
and unsaturation directly promote the efficiency of CDla-SM
complex formation.

To test this hypothesis, CDla monomers were treated with
candidate blockers ranging from C34 to C42 SM with one or two
unsaturations, tetramerized, and used to stain human T cell lines
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regard to known or inferred aspects of structure. (B) Synthetic SM variants differ in the length and saturation of the fatty acyl unit (red). (C) Polyclonal skin
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with partially characterized or known TCRs: clone 36, DermT2
(TRBV2*01 TRBJ1-5*01, TRAV8-6 TRAJ20*01), and line 30 (>90%
VB22*; Fig. 2, B and F). These three T cell lines were chosen for
their low (line 30; MFI = 1,542), intermediate (clone 36; MFI =
11,473), or high (Derm T2; MFI = 44,026) staining with CDla-
endo tetramers, creating a range of baseline values from which
each line might show differing sensitivity to increased or de-
creased staining with alternatively loaded tetramers (Fig. 2 F).
We used two controls: CD1b-endo tetramers, which are not ex-
pected to bind to CDla autoreactive lines, and CDla tetramers
treated with lysophosphatidylcholine (LPC), which is a small C18
ligand that does not generally block CDla-specific TCRs
(Birkinshaw et al., 2015; de Jong, 2015) or CD1c-TCR interactions
(Wun et al., 2018).

CDla tetramers formed with shorter-chain lipids, including
LPC, 18:1 SM, 24:1 SM, 34:1 SM, and 36:2 SM, stained lines at a
similar or slightly higher MFI than the heterogeneously loaded
CDla-endo tetramers (Fig. 2 F). For line 30, the LPC and smaller
SMs up to C36 in length clearly augmented staining compared
with CDla-endo. In contrast, both 42:1 and 42:2 SM ligands
blocked CDla staining for all lines tested. The doubly unsatu-
rated 42:2 SM blocked tetramer binding 50-100-fold, nearly to
the background levels seen with CD1b tetramers. The molecular
patterns of tetramer staining blockade matched those conferring
CDla capture in cells: a C6-8 increment of increased chain length
and a second unsaturation separately conferred increased bio-
logical effects, again suggesting that these features of natural
SMs are binding determinants for CDla. The opposite biological
effects of short- and long-chain SMs could have occurred either
as a differential extent of binding to CDla or as formation of
CDl1a-SM complexes that are structurally distinct in ways that
affect TCR binding.

Structural basis of CD1a presenting different classes of SM
To determine how different SMs might fine-tune CDla-lipid
complex architecture, we aimed to solve binary crystal struc-
tures of a CDla bound to 34:1 SM, 36:2 SM, 42:1 SM, and 42:2 SM.
Our initial attempts to load 34:1 SM onto CDla proved chal-
lenging: crystals formed, but they diffracted to 2.7 A resolution
with no clearly defined electron density corresponding to a
single lipid in the binding pocket, which is consistent with either
low occupancy of a single lipid or occupancy with diverse lipids
from the expression system. (Fig. 3 A and data not shown). Thus,
the poor in vitro loading efficiency of exogenous 34:1 SM again
matches patterns seen in capture of endogenous cellular SMs
(Fig. 1), whereby the 34:1 SM showed the highest MS intensity
among SM species in cells, yet was the least abundant form
eluted from recombinant cellular CDla proteins (Fig. 1).
Isoelectric focusing (Fig. 3 A) of CDla treated with 36:2 SM,
42:1 SM, or 42:2 SM showed markedly reduced band heteroge-
neity, suggesting high loading efficiency into CDla. All three
binary complexes crystallized, leading to crystal structures of
CD1a-42:1 SM, CDla-42:2 SM, and CDla-36:2 SM, resolved to 2.4
A, 2.0 A, and 2.1 A resolution, respectively (Fig. 3, B and C; and
Table S2). In all three structures, we observed a clear unbiased
electron density in the cleft of CD1a, leading to the unambiguous
assignment of the lipid ligand position. The CDIa cleft has two
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pockets, A’ and F’, which connect to the outer surface of CDla
via the F’ portal. The internal volume of CDla measured from
prior crystal structures is 1660 + 220 A3 and corresponds to a
chain length capacity of ~C34-C39 (Zajonc et al., 2005; Zajonc
etal., 2003). Therefore, the combined fatty acyl and sphingosine
chains in these three SM molecules of C36-42 plus the molecular
volume of the choline head group were expected to just fill or
perhaps overfill the CDla cleft and protrude through the F’
portal.

Indeed, for C42:1 SM and C42:2 SM complexes, 16% and 17%,
respectively, of the ligand protrudes and is solvent exposed on
the outer surface of CDla. In contrast, the 36:2 SM is sequestered
within CDla so that only 4% is solvent exposed (Fig. 3 C). The
simplest structural explanation might be that the C6 length in-
crement creates protrusion on a size basis of otherwise similarly
seated molecules, pushing the phosphocholine groups through
the F’ portal toward the surface. However, while there is some
size effect contributing to the protrusion, comparative analysis
of the C42 and C36 CDla-SM structures show marked differ-
ences in lipid seating within CDla, revealing both lipid and CDla
remodeling after binding different SMs.

An ionic platform stabilizing CD1a

Both 42:1 SM and 42:2 SM bound to CDla in a manner that is
similar to each other and to the mechanism observed previously
for CD1a-SM (Protein Data Bank: 4X6F; Birkinshaw et al., 2015).
Both lipid tails enter the F’ pocket and run in parallel until the
shorter, C18 sphingosine unit ends near V12, while the longer
C24 acyl tail turns around F70 and terminates deep inside the A’
pocket (Fig. 4 A). Both chains fully occupy the cleft and establish
an extensive network of mostly hydrophobic interactions with
apolar residues of CDla (Table S3).

However, for 36:2 SM, the sphingosine and fatty acyl chains
orient nearly antiparallel: here, the acyl chain turns around F70
and anchors deep inside the A’ pocket near V28 (Fig. 4 B). Its
reduced length results in a clear movement of the phosphate
group, which in this case sits ~7 A deeper in the F' pocket
compared with that of the 42 SMs, significantly decreasing the
remaining volume of the binding cleft (Fig. 4 B and overlay).
Consequently, the sphingosine unit cannot adopt similar ori-
entation to the one observed in CD1a-42:2 and CDla-42:1 SM, as
it would sterically clash against F70. Instead, it induces remod-
eling at the bottom of the pocket. Namely, the side chain of W14
flips 180° and orientates toward V12, creating an open space that
accommodates a segment of the sphingosine chain, which then
sharply turns toward the F’ portal, where it is further coordi-
nated by a stretch of apolar residues (Fig. 4 B), similar to the
previously solved sulfatide-bound CDla structure (Zajonc et al.,
2003). The orientation of the lipid tail within the F’ portal area is
unlikely to have an important role in the CD1a-TCR interaction
because it is enclosed within CD]la.

As compared to 42:2 SM and 42:1 SM, the shorter acyl chain
in 36:2 SM positions the phosphate group ~7 A deeper into CDla
(Fig. 4, A and B). This lower position buries the phosphocholine
group of SM within CDla, where the phosphate group makes
ionic interactions with R73 and R76, as well as a hydrogen bond
between the oxygen on the acyl chain and R73 (Fig. 4 B). These
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chains lying parallel in the A’ pocket, where the fatty acyl unit encircles an internal structure known as the A’ pole (Moody et al., 2005) formed by F70 and V12,
with the position of the unsaturation in the 42:2 SM shown with a cyan arrow. W14 at the bottom of the A’ pocket floor is flipped toward the F” pocket. (B) In
contrast, 36:2 SM is seated 7 A lower within the CD1a cleft, and its two chains are oriented antiparallel. W14 is bent toward the A" pocket so that it lies between
the acyl chain in the A" pocket and the sphingosine chain in the F’ pocket. Unlike CD1a-42:2 SM, R76 and R73 stabilize the phosphate group to bend the SM
back toward the cleft. The hydrogen bonds and electrostatic interactions are marked with a dashed line. (C) Superimposed top-down views of the CD1a roof
for CDla-42:1 SM and CD1a-42:2 SM complexes, indicating positioning of CDla F’ portal adjacent residues R73, R76, and E154, in which R76 and the SM head
group orient vertically to protrude above the CD1a platform for CD1-42:2 SM. (D) For the CD1a-36:2 SM complex, R76 and the phosphate in the choline group

of SM are positioned near the plane of the CD1a platform.

three charge-charge interactions create a stable network, lock-
ing 36:2 SM more deeply inside CDla within the neck of the
portal to the F' pocket. The smaller alkyl chains do not merely
allow lower seating of the whole lipid, but instead these three
defined interactions bend the phosphocholine head group back
toward the CDla platform so that it runs parallel to and below
the presumed CD1a-TCR contact surface (Fig. 4 B).

In contrast, the longer C24 acyl chains in 42:1 SM and 42:2 SM
push these ligands higher in the cleft so R73 does not interact
with SM, and the oxygen on the SM sphingosine chain forms a
hydrogen bond with R76 (Fig. 4 A). Therefore, the phospho-
choline unit protrudes substantially through the F’ portal so that
16-17% of its surface area is solvent exposed. Also, this higher
position disrupts the R73-E154-R76 salt bridge and the margin
of the A’ roof (Fig. 4, A-C). The bulky phosphate group is

Cotton et al.
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positioned close to the side chain of E154 and forces R76 to
orient vertically. This kind of lipid-induced molecular ar-
rangement was previously proposed to negatively impact the
recognition of CD1a by the BK6 TCR and illustrates the situation
in which an inhibitory ligand renders a surface epitope of CDla
unavailable to TCR binding (Birkinshaw et al., 2015). In con-
trast, when CD1a harbors the shorter 36:2 SM ligand, the A’ roof
integrity is maintained (Fig. 4 D): the lipid does not signifi-
cantly impact the surface of CDla or extend above CDla, which
would then allow the autoreactive TCRs to dock, as suggested
by the permissive ligand scenario.

Role of acyl chain unsaturation
Next, we focused on the acyl chain Al5 cis unsaturation present
in 42:2 SM but absent from 42:1 SM, as this unsaturation
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increased capture by CDla but blocked CDla-SM staining of
T cell lines by SM (Fig. 2 F). Both 42:1 and 42:2 SM have es-
sentially identical seating. An observable difference is that the
electron density of the acyl moiety is slightly weaker in the case
of 42:1 SM, which might point toward a higher degree of flexi-
bility, as expected for saturated versus unsaturated fatty acid
chains. The unsaturation is sequestered deeply within the A’
pocket and distant from any TCR contact surface, so its strong
effect in augmenting tetramer blockade is unlikely to involve
TCR contact (Fig. 4 A, cyan arrow). Instead, the cis unsaturation
bends the lipid to curve around the outer toroidal wall of the A’
pocket to encircle the A’ pole, formed by F70 and V12. Thus, the
cis unsaturation provides a covalent constraint that could
plausibly stabilize the bent lipid and could thereby plausibly
increase binding and account for the increased biological effects
of 42:2 SM (Fig. 1, Fig. 2, and Fig. 3 A).

Analysis of SMs in cell lines and human skin

Next, we asked whether the lipid blockers (Fig. 1 and Fig. S2)
also exist in cell types with roles in CDla autoreactivity. CDla is
expressed in the thymus and on dermal dendritic cells, but the
highest CD1a expression is seen in skin on epidermal LCs (Furue
et al., 1992). Further, CDla autoreactive T cells are enriched in
healthy (Cotton et al., 2021) and diseased human skin (Cheung
et al, 2016; Jarrett and Ogg, 2016; Jarrett et al, 2016;
Subramaniam et al., 2016). Mass spectra (Fig. S2 A) were con-
verted to SM profiles, where the overall number of CH2 units
and unsaturation were reported for model cell lines used in the
study of CDla autoreactivity (HEK293 cells, CIR cells, K562 cells,
and THP-1 cells; Fig. S2 B). We also studied skin T cells,
in vitro-derived LCs (Bourgeois et al., 2015), and full-thickness
skin biopsies as more physiologically relevant cell types. We
separately detected all SMs in each cell type (Fig. 5 A and Fig. S2)
and calculated the ratio of total 42 SMs to 34 SMs (42/34 ratios;
Fig. 5 B), which correlates with expected blocking potential. 42/
34 SM ratios from three genetically modified HEK293 sublines
(Fig. 5 A) were <1 and similar in magnitude to one another and to
our prior results (Fig. 2). Otherwise, 42/34 SM ratios varied by
cell type, with higher ratios in skin-resident cell types, including
T cells, in vitro-generated LCs, and skin from breast, abdomen,
and scalp (Fig. 5 B; and Fig. S2, A and B). Thus, the inhibitor is
broadly expressed among cells and tissues and appears to be
overexpressed in skin, where CDla is also present.

Inhibitory ligands are very long-chain fatty acyl SMs

The chain-length profiles and the higher-expression in skin
sources suggested a specific biochemical origin of inhibitory
lipids via biosynthesis pathways involving very long-chain fatty
acids (VLCFAs). Lipids are normally produced in alkane series,
whereby each species typically differs by two CH2 units, but
here, the profiles show a C6-8 gap in length between inhibitory
and noninhibitory SMs (Fig. 1, Fig. 2, and Fig. 3). These ob-
servations could be explained if all SMs contain the same kind of
d18:1 sphingosine unit. Then, the 34:1, 34:2, 36:1, 36:2, and re-
lated weak agonist SMs would be composed of LCFAs, which are
C16-18 (Sassa and Kihara, 2014), whereas the inhibitory 42 SMs
would be composed of VLCFAs. VLCFAs are typically C24 in

Cotton et al.
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length and are made by distinct fatty acyl elongase isoforms that
show tissue-specific expression, including overexpression in
healthy (Ohno et al., 2010) skin and altered expression in dis-
eased skin (Tawada et al., 2014).

To directly determine fatty acyl length, collisional MS of
natural 34:1 SM and 42:2 SM was completed. We identified the
d18:1 sphingosine chain in ester linkage with a fragment (Hsu
and Turk, 2000) derived from VLCFAs (Fig. 5 C) or LCFAs (Fig.
S2 C), respectively, which ruled in this hypothesis. Specifically,
MS* of 42:2 SM eluted from CDla matched the spectrum of the
42:2 standard with a d18:1 sphingosine chain, with a key ion of
m/z 390.5 directly identifying the C24:1 VLCFA-derived frag-
ment (Fig. 5 C). Therefore, we no longer refer to agonists or
antagonists as short or long in general terms; instead, antago-
nists could be formally defined as VLCFA-SMs, and the short
agonistic molecules are LCFA-SMs (Fig. 5 A).

Blockade among polyclonal skin-derived CD1a autoreactive

T cells

Having seen blockade of tetramer staining in T cell lines (Fig. 2),
we next asked if VLCFA and LCFA SMs have effects on poly-
clonal CDla autoreactive T cells from seven unrelated donors
measured ex vivo. This experiment was possible based on the
implementation of a 3-dimensional culture system, whereby
viable T cells passively crawl into collagen matrices in the
presence of T cell growth factors (Clark et al., 2006a, 2006b;
Cotton et al., 2021). We focused on CD4* T cells based on their
high rates of CDla autoreactivity measured previously (Cotton
et al., 2021; de Jong et al., 2014). As with the individual lines
(Fig. 2 F), untreated CDla-endo tetramers achieved an inter-
mediate intensity of staining on 0.1% to 13% of T cells from each
donor, allowing assessment of whether SMs augment or block
CD1a-TCR interaction at the polyclonal level.

Regardless of whether each individual started with high or
low rates of CDla-endo binding to T cells, all seven donors
showed similar effects with SM treatment. The 36:2 SM-treated
CDla tetramers stained a greater frequency of CD3*CD4*CD8a"*8
cells than did CDla-endo tetramers in six of seven subjects (P =
0.0313; Fig. 6). Prior measurements demonstrated the presence
of >90 mixed lipids with agonist and blocking properties in
untreated CDla-endo complexes (Cotton et al., 2021), so this
finding was consistent with short-chain SM displacement of
endogenous CDla ligands with a weak agonist, such that net
TCR-CD1a binding was increased. Similar to results from T cell
lines (Fig. 2 F), 42:1 SM treatment provided strong but partial
blockade of staining among polyclonal cells, detecting cells at a
frequency ~10-fold lower than CDla-36:2 SM tetramers. Strik-
ingly, CDla-42:2 SM tetramer staining was blocked nearly to
baseline levels of CDlb-endo staining (P = 0.0156) in all seven
individuals (Fig. 6, A and B), implicating 42:2 SM as a strong and
broadly acting inhibitor of CDIa interactions with diverse CDla
autoreactive TCRs.

Discussion
The classical understanding of af§ T cell function emphasizes
antigen-mediated T cell activation. Namely, T cell response
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predominantly C24:1 (m/z 390.5) acyl chain and C18:1 sphingosine chain in the synthetic standard and CD1a-eluted molecule. Similar analysis of the 34:2 SM
demonstrated a C18 sphingosine chain and a C16 fatty acyl unit (Fig. S2). Thus, chain length variation is determined mainly or exclusively in the fatty acyl unit,
so that 42 SMs are formed from VLCFAs and 34 SMs and 36 SMs are made from LCFAs. The position and Z or E stereochemistry are inferred from known lipid

structures but cannot be established by MS.

occurs through TCR contact with an exposed region of the
peptide, lipid, or small molecule that generates an epitope on
MHC, CD1, or MR1 proteins, respectively (Borg et al., 2007;
Garboczi et al., 1996; Patel et al., 2013). Antigenic epitopes are
formed in specific situations and interact with a very small
percentage of TCRs, so the default outcome of TCR encounter
with most cellular antigen complexes is no activation. However,
for CD1a autoreactive T cells, lipid-derived epitopes are not re-
quired because TCRs frequently bind on the unliganded “roof” of
CDla without contacting carried lipids (Birkinshaw et al., 2015;
Cotton et al., 2021; Cotton et al., 2018; Van Rhijn et al., 2015).
Accordingly, increasing evidence points to binding or activation
as the default outcome of contact of CDla with CDla-autoreactive
TCRs, especially in human skin, where both CDla-autoreactive
T cells and CDla* LCs are common (Cheung et al., 2016; Cotton
et al., 2021; de Jong et al., 2010; de Lalla et al., 2011; Jarrett et al.,
2016; Subramaniam et al., 2016). Thus, whereas prior models
have emphasized antigen-regulated “off until on” mechanisms,
studies of CDla autoreactivity increasingly point to an “on until
off” mode of regulation (Cotton et al., 2018). Emerging studies
suggest a similar situation may occur for autoreactive CDlc-
restricted T cells (Wun et al., 2018).

This new perspective supports the search for constitutively
active inhibitory mechanisms for CDIa autoreactive T cells, es-
pecially since most approaches have discovered CD1 ligands
using add-back assays where antigenic lipids induce T cell ac-
tivation. Using MS as an unbiased method for detection of CD1
ligands without regard to their activating properties, we iden-
tified endogenous cellular lipids that are bound to CDla in
cells. We found that CDla does not randomly survey the pool
of self lipids, but rather specifically captures sphingolipids,
especially VLCFA-SMs, in preference to membrane phos-
pholipids. These preferred ligands broadly inhibit CD1a-TCR
interactions among polyclonal T cells. The detection of
nonactivating ligands raises comparisons to class II invariant
chain peptide (Cresswell et al., 1990; Teyton et al., 1990),
which is an endogenous peptide ligand that binds newly
folded MHC II proteins, protecting their grooves from pre-
mature capture of endogenous self-peptides before arrival in
the endosomal network (Cresswell, 1994).

Unlike class II invariant chain peptide, 42:2 SM does not
universally occupy clefts in a cohort of CDla-endo complexes
and therefore does not completely block TCR binding to CDla. In
this and prior studies (Birkinshaw et al., 2015; Cotton et al., 2021;
de Jong et al., 2014), the spectrum of cellular CDla-endo com-
plexes includes weak agonists and blockers (including 34:1 SM
and 36:2 SM) that cause moderate activation and, when
formed into tetramers, generates moderately bright staining
of large numbers of polyclonal CDla-reactive T cells, ranging
from 0.1% to 13% of skin T cells. Thus, we propose that 42:2 SM
and potentially other yet-to-be-discovered blockers do not
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“protect” all CDla clefts, but instead act constitutively to
generate a mid-range set point for CDla-TCR interactions
from which the mixtures of natural lipid agonists and in-
hibitors in tissues can tune T cell activation. Our model di-
verges fundamentally from antigen-driven off until on
activation models because it emphasizes negative regulation
and the spectrum of ligands present, rather than rare, strongly
activating antigens.

We are unaware of other chemically defined lipid blockers
that are selectively captured by CD1 proteins from the pool of
self lipids or broadly acting blockers that act on a constitutive
basis in cells. However, a related mechanism is the active reg-
ulation of nonstimulatory lipids so that altered cellular lipid
levels can influence T cell response. In the CD1d system, deletion
of glycolipid degradative enzymes (Gadola et al., 2006), includ-
ing acid sphingomyelinase that degrades SM, induces over-
expression of nonantigenic lipids in ways that strongly inhibit
both NKT development and activation (Melum et al., 2019). Al-
though our data point to constitutive capture of 42:2 SM, its
regulated expression could likewise influence CD1a autoreactive
T cells. Although we could readily detect 42:2 SMs in all cells
tested, including cells and tissues that normally express CDla,
the ratio of inhibitory to activating SMs was highest in LCs and
skin-derived cells. Among SMs, the switch from low to high
capture and from weak T cell agonism to strong inhibition both
derive from the C6-8-length increment that distinguishes nat-
ural LCFAs from VLCFAs.

Thus, incorporation of VLCFAs into SM could regulate the
T cell response
Fatty acyl chain length is controlled by regulated and tissue-
specific expression of individual isoenzymes in the elongation
of very long (ELOVL) fatty acid family (Ohno et al., 2010).
ELOVLI and ELOVL4 prefer the longer substrates needed for
VLCFA biosynthesis. VLCFAs are enriched in skin, where they
likely account for the skin-specific expression of VLCFA-SMs
observed here, and VLCFAs contribute to maintaining water
retention and barrier function (Ohno et al., 2010; Sassa and
Kihara, 2014). Further, ELOVL enzymes are biologically regu-
lated. ELOVL1 and VLCFAs are down-regulated by IFN-y in vitro
in human keratinocytes and cultured epidermis, as well as in
psoriatic skin disease and atopic dermatitis (Tawada et al., 2014),
and ELOVL3 is down-regulated in psoriasis (Gudjonsson et al.,
2010). Also, VLCFAs are abundant in the stratum corneum
(Ohno et al., 2010; Sassa and Kihara, 2014). Thus, the regulation
and microlocalization of 42:2 SM inhibitors in cells and tissues
could control CDla response during immune response or in
monitoring skin integrity.

CD1a has a broad roof structure that allows TCRs to sit down
on the surface of CDla (Birkinshaw et al., 2015), ignoring lipids
in the cleft (Cotton et al., 2021). This molecular mechanism
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Figure 6. CDla-SM tetramer staining of polyclonal skin T cells. (A and B) Polyclonal T cells from seven donors were stained with CD1a or CD1b tetramers
treated with the indicated lipids and shown as flow cytometry plots (A) and as summary data and statistics (B). Individual patients were tested on different
days using the same method. *, P < 0.05; Wilcoxon matched-pairs signed rank test.

predicts that lipids binding in the cleft is not sufficient to block
TCR binding to the CDla roof. Therefore, it is notable that CDla
cocrystalized with 42:1 and 42:2 SM shows two specific mecha-
nisms to block roof-specific autoreactive T cells. The longer acyl
chains position R76 and the phosphocholine unit high above the
CDla platform, allowing steric interference of TCRs. Also, the
phosphate in SM disrupts the R73-E154-R76 salt bridge to alter
the intrinsic roof structure. These two effects, which were not
seen for 36:2 SM, alter the surface of CDla near the center of the
platform, which can account for the observed blockade of pol-
yclonal roof-specific TCRs (Cotton et al., 2021). Further, CDla-
SM crystal structures provide plausible mechanisms for the
observed preferential 42:2 SM capture, whereby the longer
chains favor parallel insertion into the A’ pocket, and the A15 cis
unsaturation promotes curvature around the A’ pole. The cis
unsaturation is predicted to provide a covalent constraint to
stabilize the bent lipid conformation, which could promote re-
tention of 42:2 SM in CDla. These two mechanisms, discovered
with endogenous lipids, provide a chemical basis for future
design of exogenous lipids that could be used as therapeutic
antagonists of CDla based on altered chain length and un-
saturation. Lipid blockers could be applied topically on the skin
in psoriasis, contact dermatitis, and other diseases linked to
CDla autoreactivity (Bourgeois et al., 2015; Cheung et al., 2016;
Jarrett et al., 2016; Kim et al.,, 2016; Nicolai et al., 2020;
Subramaniam et al., 2016).

Finally, these results may explain the mechanism of action of
recently identified small lipids that act as natural agonists for
CDla-reactive T cells. These include skin-derived squalene and
wax esters (de Jong et al., 2014), poison ivy-derived urushiol
(Kim et al., 2016), and lysolipid products of endogenous phos-
pholipases (Bourgeois et al., 2015; Cheung et al., 2016; Jarrett
et al., 2016; Subramaniam et al., 2016), as well as farnesol and
benzyl cinnamate, which act as contact allergens (Nicolai et al.,
2020), and the 36:2 SMs shown here. For lysoPC, urushiol,
farnesol, and 36:2 SM, binary crystal structures show that ago-
nistic lipids are seated fully inside CDla (Birkinshaw et al., 2015;
Kim et al., 2016; Nicolai et al., 2020), so they cannot likely
contact TCRs. Capture of these exogenous lipids would neces-
sarily displace endogenous CDla-bound blockers, leading to
T cell activation, and increased endogenous short-chain SMs
could also promote activation. Here, we observed that the in-
termediate level of CDla tetramer-TCR binding was augmented
by treating CDla with 34 SM, 36 SM, or lysoPC or blocked with
long-chain 42 SMs. Thus, agonistic properties of CDIa ligands
can be increasingly understood not as generating epitopes on the
outside of CD1a but instead as displacing inhibitors to free up the
surface of the CDla protein for TCR binding. If “antigens” are
molecules that contact TCRs, then these natural lipid agonists
are not antigens, but instead are displacers of dominant negative

blockers.
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Materials and methods
Human subjects

Discarded skin from cosmetic surgeries was used for T cell as-
says and analysis of skin lipids and was obtained through the
Human Skin Disease Resource Center at Harvard Medical School
and Brigham and Women’s Hospital under approved protocols
by Partners Institutional Review Board. Human peripheral blood
mononuclear cells were obtained from leukoreduction collars
provided by Brigham and Women’s Hospital.

Recovery of skin T cells by three-dimensional culture

Skin T cells were recovered after culture for 21-28 d on three-
dimensional cell foam growth matrices (Cytomatrix) seeded
with collagen I (Thermo Fisher Scientific; 354236). Skin T cell
culture media (Iscove’s modified Dulbecco’s medium, 10-20%
FCS, L-glutamine, penicillin-streptomycin, and 2-mercaptoeth-
anol) was supplemented with IL-2 (Brigham and Women’s
Hospital or Peprotech) and recombinant human IL-15 (10 ng/ml;
Peprotech; #200-15) as described (Clark et al., 2006b; Cotton
et al., 2021).

Loading CDla monomers with defined lipids for tetramers
Lipids stored in chloroform and methanol were transferred to
new borosilicate glass tubes, dried under nitrogen gas, and re-
constituted to 400 uM in Tris-buffered saline (TBS), pH 8.0,
0.5% CHAPS (3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate hydrate) buffer by sonication in a 37°C water
bath for ~1 h. Lipid-buffer sonicates or a buffer-only control was
transferred to 1.5-ml Eppendorf tubes on a 37°C heat block to
which CDla monomer was added to a final concentration of 0.2
pg/ul and incubated for 2 h at 37°C, then overnight at room
temperature. Loaded monomers were stored at 4°C and used for
tetramer assembly.

Lipid sources

The following synthetic lipids were obtained from Avanti: C34:
1 PC (850475), C18:1 Lyso-PC (845875), C18:1 Lyso-SM (860600),
C24:1 SM (860582), C34:1 SM (860584), C36:2 SM (860587), C42:
1 SM (860592), and C42:2 SM (860593).

CD1a recombinant expression and purification for
crystallization studies

CDla was expressed in HEK293S GnTI- (lacking N-
acetylglucosaminyltransferase I activity) cells and purified at
Monash University (Birkinshaw et al., 2015) or from HEK293T
or HEK293T.TPM cells from the National Institutes of Health
(NIH) Tetramer Facility (unpublished data). TPM is engineered
to express the Escherichia coli BirA enzyme and has CRISPR
knockouts of the TAP2 and MGATI genes. The MGATI knockout
renders it deficient in the GNT-I protein that is also lacking in the
HEK?293S line (Cotton et al., 2021). Following endoglycosidase H
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(New England BioLabs) and thrombin (Sigma) treatment, the
purified CDla was loaded with C42:2 SM, C42:1 SM, and C36:
2 SM (Avanti) dissolved in TBS/0.5% CHAPS (Sigma). CDla was
incubated overnight at pH 5.5 with a 40-fold molar excess of
each lipid. The detergent and unbound SMs were removed by ion
exchange chromatography (MonoQ 10/100 GL, glass; GE
Healthcare). Because the initially obtained crystals of CDla-36:
2 SM did not diffract, probably due to sample heterogeneity, we
modified the loading procedure. First, CDla was incubated
overnight at low pH with 0.5% tyloxapol (Sigma) to remove
endogenous lipids. The detergent was removed by gel filtration
chromatography (Superdex 200; GE Healthcare). In a second
step, the tyloxapol-treated CDla was loaded overnight with 40-
fold excess of SM 36:2 dissolved in TBS/0.5% CHAPS, and the
mixture was separated by ion exchange chromatography
(MonoQ 10/100 GL; GE Healthcare).

Crystallization, structure determination, and refinement of
CDla-SM complexes

Seeds from binary CDla-antigen crystals (Kim et al., 2016) were
used to grow crystals of the CDla-36:2 SM, CDla-42:1 SM, and
CDla-42:2 SM binary complexes in 20-25% polyethylene glycol
1500/10% DL-Malic acid, MES monohydrate, Tris buffer at pH
5-6. The crystals were flash-frozen, and data were collected at
the MX1 and MX2 beamlines (Australian Synchrotron). Data
were processed with XDS (Kabsch, 2010) and were scaled with
SCALA from the CCP4 program suite (Winn et al., 2011). Upon
successful phasing by molecular replacement using PHASER
(McCoy et al., 2007) and the CDla-farnesol structure as the
search model (Nicolai et al., 2020), the electron densities of the
ligands were clear in respective unbiased electron density maps.
Initial rigid body refinement was performed using phenix.refine
(Afonine et al., 2012), and iterative model improvement was
performed using COOT (Emsley et al., 2010) and phenix.refine.
The quality of the structure was confirmed at the Research
Collaboratory for Structural Bioinformatics Protein Data Bank
Data Validation and Deposition Services website. Molecular
graphics were created with University of California San
Francisco-Chimera (Pettersen et al., 2004). The data and refined
coordinates were deposited in the Protein Data Bank under ac-
cession nos. 7KOZ (CDla-36:2 SM), 7KPO (CDl1a-42:1 SM), and
7KP1 (CDla-42:2 SM).

HPLC-MS analysis

CDla, CD1b, and CDlc proteins were produced in HEK293S cells
at Monash University or HEK293T.TPM at the NIH Tetramer
Facility. For lipid elution, 20-200 pg of CDI protein was ex-
tracted in 15-ml glass tubes using chloroform, methanol, and
water (Bligh and Dyer, 1959). The organic phase was recovered
and dried under nitrogen gas. Eluent residue was redissolved in
chloroform-methanol, normalized to 20 pM based on input
protein and stored at -20°C. We injected 20 pl for Q-ToF HPLC-
MS-positive ion mode analysis using an Agilent 6530 Accurate-
Mass Q-TOF and 1260 series HPLC system with a normal phase
Inertsil Diol column (150 mm x 2 mm; GL Sciences), running at
0.15 ml/min as described (Huang et al., 2011). For the CD1a lip-
idomics, the protein was produced in HEK293T.TPM cell line
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and subject to lipid elution in triplicate, typically using 80 pg.
However, when less protein was available, comparisons were
normalized to the absolute mass of protein. For lipid extraction
from cells, CDla-transduced HEK293T.TPM cells were matched
to the CDla monomer batches used for CDla lipidomics, tetramer
staining, and sorting. Cells were grown up in DMEM 20% fetal
calf serum according to tetramer core facility culture conditions.
Cells were washed twice with PBS. Cell pellets were extracted
successively with chloroform-methanol (at a ratio of 1/2 for 2 h
and 2/1 for 1 h). Successive extractions were combined and dried
under nitrogen gas, and lipids were weighed and stored at 1 mg/
ml in chloroform-methanol at -20°C. For cellular lipidomic
analysis, HEK293T cells (NIH Tetramer Facility), skin samples
(Brigham and Women’s Hospital Dermatology), CIR cells (de
Jong et al., 2014), K562 cells (de Jong et al., 2010), skin T cells
(Cotton et al., 2021), and in vitro derived LCs (Bourgeois et al.,
2015) were obtained or prepared from the indicated sources.
Cells or tissues were extracted as above in triplicate for HPLC-
MS analysis with 0.25 mg/ml lipid concentration.

Online supplemental material

Fig. S1 provides detailed SM profiles from HEK293 cells. Fig. S2
provides detailed SM profiles from cells and tissues. Table S1
provides HPLC-MS-based identification of PCs and SMs from
CDla. Table S2 shows the data collection and refinement sta-
tistics for CDla-SM complexes. Table S3 provides residues with
contacts between CDla and SMs.
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Figure S1. Detailed SM profiles from HEK293 cells. CD1a proteins generated in HEK293S or HEK293T.TPM cells were treated with chloroform and
methanol, with eluents subject to analysis by positive ion mode HPLC-MS, where the combined length (X) and unsaturations (Y), shown as X:Y, were deduced

based on the detected m/z values of natural SMs nearly coeluting with an SM standard. CD1a constructs and proteins were generated at the NIH tetramer
facility or at Monash University (Monash).
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Figure S2. Total lipid extracts from the indicated sources were analyzed by HPLC-MS in the positive ion mode. (A and B) SM ion (red) intensity values
were matched to the deduced SM variant (A), where the overall chain length (CH2 units) and unsaturations present in both chains are indicated in (B). (C) MS/
MS/MS of 34:1 SM from CD1a eluents and an authentic standard detected ion corresponding to the alkyl chains present in the sphingosine base (blue) and the
fatty acyl unit (red), allowing assignment of a C16 fatty acid (m/z 280.4) as the predominant species. Thus, most chain-length variations in SMs are accounted

for by the fatty acyl unit. Unsat, number of unsaturations in both chains.

Cotton et al.
CD1a capture of lipid blockers

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20202699

S2


https://doi.org/10.1084/jem.20202699

Provided online are three tables. Table S1 provides HPLC-MS-based identification of PCs and SMs from CD1a. Table S2 shows the
data collection and refinement statistics for CD1a-SM complexes. Table S3 provides residues with contacts between CD1a and SMs.
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