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Human CD1 antigen-presenting molecules display >2,000
cellular self-lipids to T cells

Cellular CD1 proteins edit the self-lipidome by selectively
capturing certain lipids

Unlike MHC-peptide complexes, CD1 often presents lipids in
an unprocessed form

Antigenic capture patterns of each CD1 protein type differ in
lipid size, stoichiometry, and chemical structure
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In brief

Antigen presentation to T cells is often
studied in the context of proteins.
Analyses of nearly 2,000 distinct human
CD1 antigen complexes demonstrate
broad sampling of self-cellular lipids for
display to T cells, where each CD1 protein
captures lipid ligands that differ in size,
stoichiometry, and chemical
structure.these general lipid motifs can
be compared to lipids that contribute to
disease, providing new biomedical
insights.
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SUMMARY

The CD1 system binds lipid antigens for display to T cells. Here, we solved lipidomes for the four human CD1
antigen-presenting molecules, providing a map of self-lipid display. Answering a basic question, the
detection of >2,000 CD1-lipid complexes demonstrates broad presentation of self-sphingolipids and phos-
pholipids. Whereas peptide antigens are chemically processed, many lipids are presented in an unaltered
form. However, each type of CD1 protein differentially edits the self-lipidome to show distinct capture motifs
based on lipid length and chemical composition, suggesting general antigen display mechanisms. For CD1a
and CD1d, lipid size matches the CD1 cleft volume. CD1c cleft size is more variable, and CD1b is the outlier,
where ligands and clefts show an extreme size mismatch that is explained by uniformly seating two small
lipids in one cleft. Furthermore, the list of compounds that comprise the integrated CD1 lipidome supports

the ongoing discovery of lipid blockers and antigens for T cells.

INTRODUCTION

Biologists’ understanding of T cell responses is centrally
informed by T cell receptor (TCR) interactions with peptide anti-
gens bound to major histocompatibility complex (MHC)-en-
coded proteins.’? A parallel cellular system for antigen display
to T cells involves the capture of lipids® by mammalian anti-
gen-presenting molecules known as CD1.* Although much
CD1 research focuses on invariant natural killer T (NKT) cells®
that recognize a-galactosyl ceramide® and CD1d,” other CD1-
reactive T cells express diverse TCRs that recognize small
molecules, sphingolipids, phospholipids, glycolipids, lipopepti-
des, and phosphoglycolipids.® Human cells express CD1e,’ a
soluble lipid transfer protein, and four transmembrane antigen-
presenting molecules: CD1a, CD1b, CD1c, and CD1d. These
CD1 protein types, known as isoforms, fold to create narrow por-
tals leading to internal hydrophobic clefts that bind the alkyl
chains of amphipathic lipids.'®~'® This mode of binding positions
the phosphate, carbohydrate, and other hydrophilic head groups

on the surface of CD1, where they serve as epitopes for TCR
contact.

Human CD1 proteins fold in the endoplasmic reticulum (ER),
where all four CD1 isoforms bind p2-microglobulin (32m)'° and
self-lipids, '® prior to transiting the secretory pathway to the cell
surface.'” Then, tyrosine-based (YXXZ) cytoplasmic tail motifs
divert CD1 proteins through differing endosomal-recycling path-
ways based on the presence of two (CD1b),'® one (CD1c,
CD1d)," or no (CD1a)*° targeting motifs. For CD1b, lipid length
defines two loading mechanisms that occur in different cellular
subcompartments. Antigens with short (C32) lipid anchors
readily exchange onto CD1b proteins at neutral pH and on the
cell surface, but larger (~C80) lipid anchors strictly require low
pH and other endosomal factors.?’

Lipid ligands eluted from individual CD1 isoforms have been
detected by mass spectrometry (MS),?>° but quantitative
methods to enumerate bound lipids or systematically compare
ligands across CD1 isoforms were lacking. Detecting natural
lipids bound to cellular CD1 proteins in high throughput might
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answer basic biological questions relating to whether the four
CD1 isoforms capture the same or different lipids, or whether
CD1 proteins are specific “lipid receptors” that favor binding
only certain antigenic structures, like a-hexosylceramides, or
instead broadly survey the cellular lipidome. Precedents in the
MHC-peptide system suggest that ligand elution provides
essential information about the chemical features that render
certain molecules capturable and antigenic.?”® The microse-
quencing®® of MHC bound peptides revealed length- and
sequence-based capture motifs,*° including nonamer peptides
matching the length of the MHC class | groove,®'*** whereas
open-ended MHC class Il grooves capture longer peptides?®
with ragged ends.*®* These capture motifs later emerged as
essential for translational research in autoimmunity, infection,
and vaccines because they represent the key tools needed for
epitope mapping and otherwise predict which particular mole-
cules will be recognized by T cells.** The enclosed nature of
CDf1 clefts predicts that size moitifs for lipid anchors might exist,
and if so, the nearly non-polymorphic nature of CD1 proteins
means that any solved motifs would apply to all humans.

Building on earlier methods that separate cellular lipids in one
chromatographic system,* here, we report a sensitive lipidomics
platform to broadly detect, enumerate, and chemically define the
lipids that form CD1-lipid complexes in cells. We found that
the CD1 system provides broad self-lipid sampling rather than
the capture of a few chemically dominant ligands. However,
elution patterns define capture preferences based on lipid length
and other chemical structures that represent motifs for CD1a,
CD1b, CD1c, and CD1d proteins. Furthermore, these capture pat-
terns, validated by CD1-lipid crystal structures bound to diverse
endogenous lipids, identified three general models of lipid capture
by individual CD1 proteins, based on whether lipids are matched
in size to the cleft volume. Looking forward, this integrated CD1
lipidomic map can guide the investigation of lipid T cell antigens
and cleft blockers in any cellular system or disease.

RESULTS

Cellular expression of human CD1 proteins

Here, we sought to understand self-lipid capture by the four
types of human CD1 antigen-presenting molecules, acting on
equivalent cellular lipid pools . Detergent extraction of trans-
membrane proteins displaces lipids from CD1 clefts, a problem
that is bypassed by generating soluble proteins with transmem-
brane domain truncation (Figure S$1).?272>*¢%" Truncation allows
protein capture in detergent-free systems and removes YXXZ tail
sequences, ensuring that comparative analysis of capture
events in the secretory pathway is not confounded by endoso-
mal recycling events that differ by isoform.

We generated two sets of CD1a, CD1b, CD1c, CD1d, and
MHC class | control proteins. Five “linked” proteins used a
peptide linker for 2m, whereas five “unlinked” proteins con-
tained native or leucine-zippered B2m (Figure S1A). Separate
analysis of two protein sets assessed potential confounders
related to cell type (K562 versus 293T), protein linker design,
and protein capture tags (Figure 1A). Also, the use of K562
and 293T cells leveraged extensive prior validation experi-
ments: K562 cells expressing recombinant CD1a, CD1b,
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CD1c, and CD1d proteins are equivalent to dendritic cells for
lipid display.® 293T cells produce CD1 proteins that efficiently
bind lipids for presentation to TCRs when affixed to plates or
assembled as tetramers.*%™*%

Assembling two human CD1-lipidomes

After cell secretion and affinity purification of CD1-lipid com-
plexes, ligands were eluted with an adapted Folch extraction**
to generate lipidomes. Complex lipid eluents were separated
with normal phase high-performance liquid chromatography
with quadrupole time of flight MS (HPLC-QToF-MS).%>¢ The
linked and unlinked lipidomes are valid if MS signals derive
from self-lipids loaded inside CD1 within cells, rather than eluting
from the CD1 surface or exchanging from media. We directly
measured lipid exchange from media using exogenous deuter-
ated sphingomyelin (SM) (100 pg/L) and phosphatidylcholine
(PC) (2.5 mg/L) at concentrations normally present in serum,
which demonstrated trace (CD1c-PC) or no (CD1d-SM) detect-
able CD1 binding under conditions in which strong endogenous
lipid signals were present (Figures 1B, S2A, and S2B).

Unlike direct extraction of cellular lipids,® solving CD1-lipi-
domes required sensitive detection of scant lipids released
from cell-derived proteins. Therefore, we updated first-genera-
tion, tiered methods to achieve a sensitive, single-step method
for the direct analysis of unmanipulated eluents. Normal-phase
HPLC-MS with a steep solvent gradient resolved hundreds of
ion chromatograms corresponding to hydrophobic lipids, glyco-
lipids, and phospholipids (Figures 1C and 1D). Unlike shotgun
methods, chromatography reduces simultaneous ionization to
limit cross-suppression and demonstrates the chemical breadth
of eluted lipids with more than 1,000 total ion chromatograms per
isoform.*® Endpoints measured are “molecular features,” which
are ion chromatograms with linked accurate mass, retention
time, and intensity values (Figure 1C). Although chemically un-
named, features are reliably tracked based on mass values and
represent countable data points that can answer overarching
questions. Do CD1 proteins capture few or many distinct lipids?
Do the four CD1 protein types capture overlapping or distinct lipid
profiles? Answering other questions required chemical naming,
so collision-induced dissociation (CID)-MS (Figure S2) identified
lipids in the second stage of analysis (Figure 2).

Enumerating cellular ligands of CD1

The four CD1 isoforms might bind a limited spectrum of lipids
and fulfill separate roles based on the type of lipid captured,
like retinol receptors or fatty acid-binding proteins.*® At the
other extreme, each CD1 isoform might promiscuously bind
nearly every cellular lipid so that each protein acts redundantly.
Published data highlight the unresolved nature of these ques-
tions: an early study detected glycosylphosphatidylinositol as
the ligand for CD1d”® and later MS analyses of CD1a, CD1c,
or CD1d detected additional lipids in eluents.**>?° In prior
methods, mass spectra showed signal at all m/z values, so li-
gands could not be counted due to threshold-related con-
founders. By contrast, molecular features are countable
because chromatograms must be reproducibly detected in nar-
row mass and time windows with a defined curve shape (Fig-
ure 1C). Alignment of eluents from all CD1 isoforms yielded
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Figure 1. A human CD1-lipidome

(A) Human CD1 and MHC heavy chain genes from human leukocyte antigen B27 (HLA-B27) and Macaca mulatta AO1 (MamuAwere expressed with strep tag Il
(strep 1), birA substrate peptide 85 (bsp85), polyhistidine tags, zippers, or peptide linkers for 2-microglobulin (32m).>” Extracellular secreted complexes were

extracted to detect bound lipids via HPLC-QToF-MS-based lipidomics.

(B) To measure media-derived lipids, K562 cells expressing CD1c or CD1d proteins were cultured with deuterated SM (m/z 734.767) or PC (m/z 791.777), followed
by HPLC-MS detection of endogenous SM (m/z 703.575) and PC (m/z 760.586).

(C) Representative CD1a eluents analyzed in positive mode show discrete, countable ion chromatograms with linked m/z, retention time, and intensity values.
(D) Extracted ion chromatograms of standards serve as benchmarks to identify lipids and illustrate the detection of increasingly polar lipid ligands during the run.

See also Figures S1 and S2

1,668 and 1,773 total events in the two datasets (Figure 2B),
which is higher than a preliminary estimate.*®

MHC proteins, HLA-B27 and MamuA, are similar to CD1 in size
and structure but lack a hydrophobic cleft.*'> With <2% of un-
censored events deriving from MHC controls (Figure 2A, red),
nearly all events in CD1 eluents likely derive from lipid-binding
clefts. To minimize false positive detection, data filters required
that events be detected in at least two samples, and that they
show >10-fold higher intensity than blanks and generate
>2,000 counts. We censored alternative adducts, multimers
and isotopes, peak splitting errors, and ions that were not signif-
icantly increased in CD1 compared with MHC controls (Fig-
ure 2A, gray). The resulting list of “unique features” estimates
how many unique CD1 ligands were captured in cells: 404-580

lipids per CD1 isoform (Figure 2B; Tables S1 and S2). The sum
of unique CD1-lipid pairs was 1,841 and 2,256 in the two lipi-
domes, resolving a longstanding question in favor of broad sam-
pling of the cellular lipid pool by the CD1 system.

To estimate isoform overlap, lipidomes were divided into bins
based on whether each event was captured by 1, 2, 3, or 4 CD1
isoforms (Figure 2C). We found similar outcomes in linked and
unlinked lipidomes: >half of events associated with any isoform
bound all 4 isoforms. The breadth and overlapping nature of iso-
form-specific patterns supported two conclusions: the four CD1
isoforms bind many lipids in ways that could support immuno-
surveillance, and overlap among the four isoforms shows that
they are not like four distinct lipid receptors with non-overlapping
ligand profiles.
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Figure 2. Scope of the human CD1 lipidome and patterns of CD1 isoform specificity
(A) To determine non-specific lipid adherence to proteins, events with equivalent m/z and retention time values generate intensity ratios for lipids eluted from CD1

protein versus equivalently sized MHC proteins, which lack lipid-binding clefts.

(B) The total number of CD1-associated features was corrected to remove events with characteristics of false positive or redundant detection of isotopes,
alternate adducts, and ion finding artifacts, yielding the number of unique events associated with each CD1 protein.
(C) Analysis of the linked and unlinked CD1 lipidomes yielded similar patterns for the number of ligands bound to each CD1 protein and similar percentages of
lipids binding to 1, 2, 3, or 4 isoforms. Results in (A)-(C) are representative of two experiments for each protein set.

See also Figure S1 and Tables S1 and S2.

Cellular influence on capture

Capture outcomes are likely a function of at least three variables:
the spectrum of lipids in each cell type, subcellular microenviron-
ments that influence loading, and the constraints imposed by the
shape of the four cleft types. We sought to understand or
equalize variables related to endogenous lipid pools and subcel-
lular trafficking so that lipid elution patterns might be linked to
distinct cleft structures. To measure lipidomic overlap, we ex-
tracted total lipids from K562 and 293T cells to generate 4,163
total events , where 94% of total cellular lipids failed to meet
change criteria (<5-fold, p > 0.05) (Figure 3A). The high lipidomic
overlap in total cellular lipids helps to explain the similar patterns
CD1 eluents in the two cell types (Figure 2).

Transmembrane truncation removed recycling motifs to allow
normalized inter-isoform comparisons®® but might also affect
CD1 positioning within microenvironments in ways that affect
antigen loading.*® To allow CD1-lipid complex egress in a mem-
brane-bound form, we engineered full-length CD1a and CD1b
with human rhinovirus (HRV) 3C or tobacco etch virus (TEV)
cleavage sites in the proximal extracellular domain, respec-
tively.?*°° This approach allows protease-mediated release of
complexes at the surface (Figures 3B, 3C, and S3). After optimi-
zation of protease cleavage, we tested secreted versus normally
trafficked but cleaved CD1a proteins (Figure 3B) for elution of SM
and PC (SM/PC). This ratio is useful for quality control because it
measures abundant sphingolipids and phospholipids, respec-
tively, and they have similar MS response factors, so signal ratios
correspond well to molar ratios.*” We observed equivalent SM/
PC ratios released from secreted and cleaved CD1a proteins
(Figure 3B). For CD1b, stronger MS signals allowed more
detailed profiling, showing that transmembrane tethering did
not detectably skew profiles with regard to lipid class, chain
length, or saturation (Figures 3C and 3D).

The apparent lack of influence of endosomal recycling was
surprising because endosomal environments strongly influence
exogenous lipid loading of CD1b."®?" Therefore, we further
tested transmembrane tethering of CD1 in THP-1 cells, which

4 Cell 186, 1-14, October 12, 2023

more closely resemble professional antigen-presenting cells
with active endocytosis pathways. Again, we found high lipodo-
mic overlap of THP-1 and K562 cells and the lack of effect of
tethering on PC and SM profiles (Figures 3A, 3C, and 3D). These
results validated secreted proteins as a surrogate for transmem-
brane proteins by pointing away from dominant effects on lipid
capture, a finding that matches recent results for CD1d.?°

Annotating the CD1-lipidomes

To discover the molecular determinants of isoform-specific
ligand capture, we needed to chemically identify molecules
bound to multiple isoforms. Initially, MS signals were matched
to published m/z values to preliminarily identify compounds.
Then, compounds were compared with authentic standards
(Figures 1D and 4A) in HPLC-MS and CID-MS analyses. For
example, a PC-like molecule containing an ether-linked fatty
acid (ether-PC [EPC]) yielded ions matching choline (m/z
104.108), phosphocholine (m/z 184.074), and a diacylglycerol
with one ether-linked chain (m/z 563.540) that did not cleave
with high energy (Figure 4B), as seen in the EPC standard
(Figure S2J).

A third stage of analysis plotted features on m/z versus reten-
tion time axes to identify molecular variants of each solved mole-
cule (Figure 4C). The keystone EPC nearly coeluted with 25
molecules varying in mass increments of 14.016 (CH2) and
2.016 (H2), corresponding to chain length and saturation vari-
ants, respectively. Similarly, the lead SM (m/z 813.684) whose
lipid anchor contains 42 methylene units (CH2) with two unsatu-
rations (42:2 SM) (Figure S2) appeared with 18 variants.

Overall, the linked CD1 lipidome reports 25 EPCs, 18 SMs, 10
ether-phosphatidylethanolamines PEs (EPEs), 2 ceramides
(Cer), 16 SMs, 4 hexosylceramides, 5 dihexosylceramides, 3 de-
oxyceramides, 12 diacylglycerols, 5 triacylglycerols, 46 PCs, 4
lysophosphatidylcholines (LPCs), 15 PEs, and 3 lysophosphati-
dylethanolamines (LPEs) (Figures 4 and S2; Table S1). Sepa-
rately, we identified 177 named lipids from unlinked CD1 lipi-
dome (Table S2). In addition, 846 unique accurate mass values
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Figure 3. Influence of cell type and CD1 transmembrane tethering on
lipidomic outcomes

(A) Total extracted lipids were compared to determine the percent lipidomic
overlap by cell type.

(B) Cellular lipids were extracted in chloroform and methanol. CD1a proteins
with a truncated transmembrane domain (secreted) were secreted into media.
Transmembrane tethered CD1a was released into media by cleavage
(cleaved) with human rhinovirus 3C protease. After being captured with nickel
or streptactin, CD1a-eluted lipids were subjected to MS analysis to detect SM/
PC ratios, showing that CD1a captures a higher ratio compared with cellular
lipids as reported previously.*”

(C and D) (C) CD1b proteins with intact transmembrane and cytoplasmic tail
sequences encoding a four-residue tyrosine containing (YXXZ) motif that di-
rects endosomal recycling in THP-1 cells and K562 cells were released by TEV
protease and captured with nickel and streptactin, following by elution of lipids
analyzed in comparison to a mass normalized preparation of secreted CD1b
proteins. Eluted PCs and SMs (length: saturation) were detected as ion
chromatograms (C) and quantitated by determining replicate chromogram
areas (D). Results in (A)—~(D) are representative of two experiments in each
indicated cell type.

See also Figure S3 and Tables S1 and S2.

represent unnamed lipids that bind CD1 (Tables S1 and S2).
Identifying lipids captured by multiple CD1 isoforms provided
new biological insights. Ether-linked peroxisomal lipids are pre-
sented by CD1d to regulate NKT cell function,®' and CD1a binds
small lysolipids to free up the CD1 surface for direct TCR recog-
nition.®%°® Thus, finding EPCs, EPEs, LPC, and LPE in eluents
from all CD1 isoforms points to broader roles of these ligands
in the CD1 system (Figures 4B and 4D).

Emerging lipid length capture patterns

CD1 isoform-specific lipid capture motifs were unknown. CD1
genes are rarely polymorphic, so in humans, there are four clefts
to consider: CD1a (1,280 A%, CD1b (2,200 A%, CD1c (1,780 A3),
and CD1d (1,650 A%), which differ in shape and size.'"'® Previ-
ously known antigens and the 327 named trans-CD1 isoform li-
gands detected here (Figure 4) possess chemical variables in
their lipid anchors that could govern binding. Therefore, we
compared all lipid signals from all four CD1 isoforms to seek iso-
form-specific pairing with named lipids. Principal components
analysis showed clear clustering of lipid intensity patterns as a
function of CD1 isoform in both lipidomes, supporting the exis-
tence of isoform-specific capture motifs (Figure 5A).

Differential abundance analysis identified capture patterns
based on CD1 isoform, lipid head groups, lipid anchor type,
unsaturation, and chain length. Although the analysis was unsu-
pervised, lipids with similar structures showed similar patterns of
CD1 isoform specificity, suggesting structurally based interac-
tions of CD1 proteins with lipid anchors. For example, PCs
with the shortest chains (C30-C38) skewed to CD1b, intermedi-
ate PCs (C38-C40) skewed to CD1a, and long-chain PCs (C42-
C46) skewed to CD1d (Figure 5B). By contrast, CD1c showed
equivalent capture across the full-length range found in cells
(C30-C46). Notably, these chain length-based capture patterns
(CD1b < CD1a < CD1d) were different from the hierarchy of cleft
volumes (CD1a < CD1d < CD1c < CD1b). However, the patterns
were likely valid, as length-based PC capture patterns were seen
in both the linked and unlinked datasets, and they were recapit-
ulated in other phospholipid families, including PE, EPC, and
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EPE (Figure 5B). Furthermore, SMs mirrored key patterns seen

for phospholipids, showing the least distinct

CD1c and the shortest length for CD1b binding (C34-C36).
Although fewer lipids varied only in saturation, among C40-

C42 PCs, polyunsaturation correlated with

CD1d and increased capture by CD1b (Figure 5B). In summary,
these length patterns were unexpected because CD1b had the
largest cleft volume, yet consistently bound shorter lipids.
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Figure 4. Annotating compounds binding
to all four human CD1 isoforms

(A) The indicated chemical assignments derive
from co-elution with standards (Figure 1D) and
matching detected mass values to diacylglycerol
(m/z 612.557), triacylglycerol (m/z 812.691), hex-
osylceramide (m/z 810.681), dihexosylceramide
(m/z 972.734), cardiolipin (CL, m/z 1,419.002),
ether-phosphatidylethanolamine  (EPE, m/z
728.557), PE (m/z 768.552), lysophosphatidyle-
thanolamine (LPE, m/z 566.416), lysoPC (LPC, m/z
608.465), EPC (m/z 746.606), PC (m/z 760.585), or
SM (m/z 813.685), as well as CID-MS that de-
tected diagnostic fragments (Figure S2).

(B) For example, the unknown at m/z 746.622
matched the mass of an ether-PC, and CID re-
vealed neutral loss of phosphatidylcholine (m/z
563.540) and C16 or C18:1 fatty acyl units (m/z
339.279, 482.360).

(C) Plotting events yields clusters, where recog-
nizable mass intervals identified 25 EPCs with the
indicated total chain length (colors), with varied
saturation that influences retention.

(D) Repeating this process, clusters were solved
as the indicated molecules, where unsaturation
positions are inferred.

See also Tables S1 and S2.

Cellular editing of the endogenous
lipidome

Lipid “editing” describes active cellular
processes that promote or block lipid ex-
change onto CD1 proteins to influence
responses to certain lipids or to lipids
present in certain subcellular locations.*”
To broadly measure editing, we first
generated lipidomes for total lipids from
K562 and 293T cells as a measure of
each lipid’s background level and then
aligned the signals with eluents from
CD1 proteins in the same cell type.
Notably, we found many matching sig-
nals in the cellular lipid and CD1 eluents
(Figure 5C), indicating that unlike chemi-
cally processed peptides for T cells,
many self-lipids are presented in an un-
modified form. Although all CD1 isoforms
detectably bound many abundant
cellular lipids (Figures 2C and 5B) and
some capture ratios were near 1 (Fig-
ure 5C), many diverged strongly (2-fold
to 5,000-fold) from background levels,

suggesting that cells actively influence which lipids are dis-
played. Certain patterns might derive from general cellular ef-
fects or experimental artifacts. For example, parallel changes
for the same lipid with all four isoforms might appear for any lipid
that is overexpressed in the secretory pathway. Also, long-chain
lipids might be better retained on all CD1 isoforms during protein
purification. However, neither pattern was widespread. Most
lipids showed complex patterns of isoform-specific overcapture
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by lipid class (Figure 5C) and length (Figure S4), suggesting dif-
ferential cleft-specific interactions.

Strikingly, both mono- and di-hexosyl ceramides showed
strong capture by CD1d but lower capture by other isoforms in
both lipidomes and both analyses (Figures 5B, light blue,
and 5C, pink). The clear CD1d-specific capture could be immu-
nologically significant because synthetic hexosylceramide
superagonists®>® and bacterial antigens®®®” have dominated
research on CD1d and NKT cells; however, self-cellular sphingo-
glycolipids were proposed as NKT regulators®® but have not been
clearly biochemically detected in cells. Therefore, we undertook
further HPLC-MS and CID-MS analysis of hexosyl ceramides to
determine their complete structures as B-glucosylceramide,
B-galactosylceramide, and lactosylceramide (Figures 5D, S2K,
and S2L). The apparent CD1d-specific sphingolipid capture motif
extends the known relationship of CD1d, previously based on
foreign hexosyl-ceramides, to now involve self-glycosphingoli-
pids, providing new candidate molecules for control of tissue-
resident NKT cells during sterile inflammation.>%-¢°

Also, a major new hypothesis is that SMs are natural blockers of
CD1d-?>®" and CD1a-mediated”” T cell responses. Indeed, CD1d
showed uniquely high SM overcapture ratios of in excess of
100-fold, suggesting that high intrinsic SM capture could
contribute to the blockade of NKT cells seen in vitro and in vivo.?*°"
Long-chain SM also blocks T cell recognition of CD1a*’, but CD1a
overcapture of total SM was modest and varied (Figure 5C). How-
ever, focused analysis based on chain length showed that only
long-chain (C42) SM was overcaptured by CD1a in cells (Fig-
ure S4), confirming the prior report.*” Long-chain length also corre-
lated with better capture of other sphingolipids by CD1d, similar to
patterns observed for foreign a-galactosyl ceramides.>® Finally,
another general pattern is under-capture of phospholipids (PE,
EPE, and EPC) by all CD1 isoforms. However, their high absolute
abundance in cells allows them to generate intermediate signals
in CD1 eluents (Figure 5C). Overall, patterns from overcapture
analysis reproduced in both lipidomes (Figure 5C) and enrichment
analysis (Figure 5B), providing a four-way validation as emergent
CD1 lipid-binding motifs.

Matches and mismatches of lipid length to cleft volume

Compared with MHC grooves, CD1 clefts surround their ligands
more extensively, supporting the expectation that cleft volume
might match ligand size. However, CD1b has a particularly large
cleft volume'® but captured ligands with similar overall average
mass compared with other isoforms (Figure 6A; Tables S1 and
S2). Considering named lipids, where lipid anchor size is explic-
itly known (Figures 5B, 5C, and S4), CD1b captured PCs and

Cell

sphingolipids (C30-C36) at the low end of the length spectrum
in cells (C30-C48). CD1b ligands showed shorter lipid tails
than those in ligands captured by the smaller clefts in CD1a
(C36-C40) and CD1d (C38-C46). To investigate this size
mismatch further, we revisited CD1 cleft volume measurements.

We reanalyzed the four earliest solved structures that originally
defined cleft volumes for each isoform,'®~'® along with 54 subse-
quently solved structures (Table S3) and 5 structures reported
here. Using one uniform method with Connolly solvent-excluded
calculations® and a probe radius of 1.7 A (Figures 6B and 6C),
volume variance informed structural flexibility as being higher
for CD1c than other isoforms (Figure S5). The CD1b volume es-
timate was not changed, but CD1a, CD1d, and CD1¢*%%%* were
revised upward: CD1b (2,220 /&3) > CD1c (2,060 AS) > CD1d
(1,760 A% ~ CD1a (1,690 A3).

Next, guided by crystal structures generated through exoge-
nous lipid loading (Table S3), we determined the number of CH2
units inside clefts (Figures 6B and 6C). CD1a bound ligands with
amean of C38.3 for two-tailed lipids or C16.7 for single-tailed lipids
(range C15-C42). The size of ligands in CD1d (mean C38.8, range
C33-C42), CD1c (mean C47.3, range C32-C60), and CD1b (65.1,
range C50-C85) differed substantially. Combined, these measure-
ments of mean lipid anchor size (Figures 5B, 5C, and 6A) and mean
cleft volume (Figures 6B and S5) led to emergent size motifs. For
CD1aand CD1d, anchorsin eluted lipids (~C38) matched cleft vol-
umes (C38.3-C38.8). CD1cligands were longer and more variable,
correlating with greater structural flexibility of the CD1c protein.
For CD1b, cleft volume and lipid ligand length showed extreme
and apparently universal mismatch: CD1b is larger than CD1a
and CD1d by ~500 A% or ~27 CH2, but the eluted lipids were
smaller. The length disparity between ligands (~C30-C36) and
cleft size (~C65) supported an alternative hypothesis: CD1b nor-
mally binds two small self-lipid ligands.

Crystallography of CD1b with endogenous lipids

Dual lipid binding was indirectly supported by prior CD1b struc-
tures of refolded'® and native®® CD1b. However, a limitation of
prior crystallographic sizing (Figure S5) was that ligands were
chosen and loaded exogenously as pure molecules in cell-free
conditions, but cellular capture involves loading from a pool of
diverse endogenous self-lipids. Therefore, we considered an un-
conventional approach of bypassing the loading of named li-
gands. Instead, we directly solved untreated CD1b proteins car-
rying endogenous lipids (CD1b-endo). A high-resolution
structure (Figure 7A; Table S4) showed that the head group den-
sity corresponded best to PC (Figure 7A), correlating to high sig-
nals for PC from the lipidome (Figures 4 and 5B). One C40 lipid

Figure 5. Chemical determinants of capture by individual CD1 isoforms
(A) Principal components analysis of differentially abundant lipids (Benjamini-Hochberg adjusted p < 0.05 based on F-statistic) determines lipid patterns released

from linked (K562 cells) or unlinked (293T cells) CD1 proteins.

(B) Bubble plot of 70 lipids with significantly different abundance (adjusted p < 0.05) showed isoform-specific capture of lipids based on lipid subclass, length, and

saturation.

(C) After normalizing signal intensity for each named lipid to total PC, named lipids in eluents from each CD1 protein are reported versus total lipid signal (dotted

line) as the background value.

(D) After initial studies detected mono- and di-hexosyl ceramides, their identification as B-glucosyl ceramide, B-galactosyl ceramide, and lactosyl ceramide was
accomplished based on co-elution with standards and the indicated CID-MS fragments (Figures S2K and S2L). CD1d-specific binding of three long-chain self-
sphingolipids identified here have anchors (red) that chemically resemble known foreign long glycolipids presented by CD1d.

See also Figure S4.
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QEJ,T\ first solved 1280 2200 1780 1650 structurs with a uniform method (Table S3). The
% NS consensus mean number of methylene units (CH2) was
> (mean + S.D.) 1690 + 180 2220 + 110 2060 + 220 1760 + 150 calculated in structures with single or double-
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resided in the upper portion of the cleft, and a second, nearly
linear C16 density was positionedbeneath, directly supporting
the dual ligand model.

To further assess lipid positioning, CD1b-endo complexes
were treated with lipids that match the chemical structures of
endogenous CD1b ligands detected in eluents (Figures 4 and
5). We solved CD1b with C34 PE (1.6 A), C34SM (2.0 A), and ly-
sosulfatide (1.9 A). Similar to CD1b-endo, these three hybrid
structures showed two distinct densities (Figure 7B). Overlay
showed strikingly conserved positioning of both densities,
except for small size differences near T'-F’ junction (Figure 7C).
The dual chain antigens, PE and SM, resided in the upper cham-
berinthe A’ and C’' pockets. The single chain of lysosulfatide was
in the A’ pocket, whereas an ethylene glycol from buffer was in
the C’ pocket. No significant contacts with CD1b are observed
for the PC and PE headgroups (Figures 6A and 6B),°>” but for
SM, bonds with GIn152 were noted (Figure S6C). The lysosulfa-
tide headgroup spans across to the F’ portal, forming a hydrogen
bond with Thr157 (Figure S6D; Table S5).

Lipid seating defines functional chambers within CD1b

In all cases, “antigenic lipids” lie in the upper section of the CD1b
cleft, and a separate linear density lies near the bottom of the
cleft (Figures 7A-7D). These small linear densities are likely
endogenous “scaffold lipids” derived from the cellular expres-
sion system. Their deep seating suggests that they prop up anti-
genic lipids for contact with TCRs but cannot themselves con-
tact TCRs. Importantly, all four structures demonstrated a
1:1:1 stoichiometry of CD1b:antigen:scaffold. Densities did not
take random positions but instead showed two defined positions

aGalCer that represent upper and lower chambers

F (Figure 7D). CD1b contrasts with CD1c,
where spacer lipids can be sometimes
present but differ in size and position in
structures solved to date (Figure S7).
Combined, the two densities in CD1b
have a length of C56-C65 (Figure 7C)
that matches the estimated cleft volume
capacity (~C65) (Figure 6C), so 2:1 stoi-
chiometry potentially explains the size discrepancy between
eluted ligands and the cleft.

Two-step modular model of lipid exchange

The two-chamber model might also explain a longstanding obser-
vation, whereby CD1b can readily load short (~C32) glucose
monomycolate (GMM) antigens, but long-chain (~C76-C86) anti-
gens require recycling of CD1b proteins into the endolysosomal
pathway.?" A revised model, based on our findings, is that small
(~C32) exogenous antigens displace one endogenous lipid in
the upper chamber, but large (~C80-C86) lipid loading requires
ejection of both endogenous lipids. Extending a prior study,®®
we synthesized C85 GMM®® and co-crystallized it with CD1b to
test the positioning of very long-chain mycolates. The resolved
electron density revealed the (C59) meromycolate tail spanning
the A’ T' F' channel, with the (C26) a-branch in the C’ pocket (Fig-
ure 7E). Only 17 carbons of the a-branch were visible inside CD1b,
suggesting that the terminal C9 unit protrudes from the C’ portal.
This structure demonstrated the ejection of both self-lipids. Also,
the much larger exogenous lipid traced a highly similar path
compared with the two self-lipids. Finally, these outcomes point
to mechanisms for accommodating lipids with varying sizes.
Longer lipids curve upward from the T’ tunnel into the F’ pocket.
For the largest C85 antigen, the a-branch likely protruded to the
outer surface through the C’ portal.

DISCUSSION

Measurements of 63 CD1 cleft volumes, ~4,000 trackable CD1
ligand addresses, and ~160 named molecules address basic
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Figure 7. Upper and lower chambers of CD1b

(A) Structural overviews of CD1b carrying endogenous lipids (CD1b-
endo) show densities corresponding to the antigenic (orange) and a
scaffold lipid (black).

(B) CD1b-endo complexes were treated with SM (green), phospha-
tidylethanolamine (pink), or lysosulfatide (yellow). Electron density
maps (contoured to 0.9 ) demonstrate seating of antigenic (colored)
lipids in the upper chamber that overlap with the A’ and C’" pockets,
whereas scaffold lipids reside in the lower chamber that overlaps with
the T" and F’ pockets.

(C) Overlay of CD1b-endo complexes, including those treated with
exogenous antigens, shows similar positioning of antigens (colors)
and scaffolds (black). For exogenous lipids, chain lengths were
known from the molecules added, which also matched the size of the
observed density.

(D) The upper chamber (green) holds the antigenic lipid, and the lower
chamber (brown) contains the scaffold lipid.

(E) CD1b solved in complex with C85 GMM, which contains a C26
a-branch and a C59 meromycolate chain. The density corresponds
to a C76 lipid, suggesting that the a-branch protrudes (C9 protru-
sion). Viewed from above, the meromycolate chain threads clock-
wise in the A’ pocket and couterclockwise in the A’-T’ junction. The
path of the exogenous mycolate lipid (E) is similar to the threaded
position of two self-lipids seen in CD1b-endo and CD1b-antigen
structures in (B) and (C).

See also Figures S6 and S7 and Tables S2 and S3.
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questions regarding the cellular lipid display to T cells. The four
partially overlapping lipidomes from the human CD1 isoforms
document a display of at least 1,300 unique lipids, which rep-
resents a broad coverage of self-cellular lipids. Overcapture
analysis compared cellular with CD1-bound lipids, finding
many matches, suggesting that lipids are frequently presented
in a chemically unmodified form.”® Thus, unlike peptide antigen
processing for T cells, which nearly universally requires trim-
ming of proteins down to size, the CD1 system likely solves
size issues through specialized seating mechanisms and
altered stoichiometry of CD1:lipid. Lipidomics and crystallog-
raphy support that each CD1 isoform shows distinct patterns
of overcapture of certain lipids. We propose three general cap-
ture mechanisms that depend on whether clefts match (CD1a,
CD1d), partially match (CD1c), or universally mismatch (CD1b)
lipid anchor size.

Self-ligands eluted from CD1a and CD1d show optimal anchor
length of C38, which matches measured cleft volumes for CD1a
(1,690 A% and CD1d (1,760 A% and calculated cleft capacities of
(C38.3 or C38.8. This size match, low volume variance among 48
crystal structures, and the lack of spacer lipids in most crystal
structures all point to 1:1 CD1:lipid stoichiometry as the usual
cellular mechanism of endogenous lipid capture. Furthermore,
CD1a and CD1d eluents co-clustered in unsupervised enrich-
ment analysis, and both showed preferential capture of sphingo-
lipids over phospholipids. The key difference is that sphingolipid
overcapture was stronger for CD1d and occurred independently
of chain length, whereas CD1a overcapture required very long
(>C36) chain sphingolipids. The sphingolipid-specific overcap-
ture patternfor CD1d involves at least five endogenous sphingo-
lipids: SM, ceramides, glucosylceramides, galactosylceramides,
and lactosylceramides. The concordant patterns seen in both
lipidomes and analyses could explain how self-sphingolipids,
acting alongside the known roles of foreign long-chain sphingo-
glycolipids, could be enriched on cellular CD1d to influence T cell
response. Whereas CD1 ligands are usually considered in terms
of antigenic potential, SMs inhibit T cell responses, so their high
rate of capture by CD1d and CD1a could support the dominant
negative blocking effects seen in vitro®>*” and in vivo.®’

CD1c was known to have structural flexibility near the antigen
entry portal,'®%® and our analysis found high cleft volume vari-
ance. This flexibility matches patterns seen in eluted lipids: PC
and SM subspecies were highly variable (C30-C46), and unlike
other isoforms, they showed no clear length optimum. The
mean lipid anchor size (C39) is smaller than the predicted cleft
volume (C47.3), but the large ligand size range (C32-C60)
excluded a fundamental size discrepancy with cleft volume.
Consistent with this partial size mismatch, only some CD1c-lipid
structures showed spacer lipids, which, unlike the precisely
positioned scaffold lipids in CD1b, were of markedly differing
size and positioning. Thus, the CD1c self-lipid motif is less pre-
dictive, but can be articulated: one antigenic lipid with higher
length variability (C30-C46) and occasional use of diversely posi-
tioned spacer lipids.

For CD1b, cleft capacity (~C65, 2,220 AS) showed essentially
no overlap with the size of eluted lipid anchors (C30-C42). This
nearly universal, ~2-fold mismatch provided broad evidence
for dual ligand capture, which was validated by four CD1b struc-
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tures showing 2:1 lipid:CD1b stoichiometry with strikingly repro-
ducible positioning. Lipids coil nearly 360° within the A’ pocket
and take a sharp turn at the A’-T’ junction so that the final lipid
positioning is similar, despite the differing number of lipids
loaded (1 or 2) or their origin from endogenous versus exogenous
sources. Lipid positioning outcomes were similar in proteins re-
folded outside of cells,'® suggesting that the CD1b heavy chain
itself has an intrinsic, but not yet understood, threading mecha-
nism to precisely seat complex lipids. Whereas CD1 ‘pocket’
nomenclature is usually defined by protein landmarks, the rela-
tively uniform seating of two lipids can define functional upper
and lower ‘chambers’ in CD1b.

Given the lack of detected self-ligands with >C65 chain length
and uniform seating patterns in CD1b-endo crystal structures,
we propose not merely that dual lipid capture occurs'%®® but
that it is the usual mechanism of self-lipid capture by CD1b in
cells. Early studies identified large (C76-C86) foreign ligands
for CD1b,>"""? but even sensitive MS experiments reported
here failed to detect comparatively large endogenous place-
holders. Instead, our data suggest that the placeholder function
is normally subsumed by two self-lipids. The ready loading of
small lipids®""® required the expulsion of one placeholder in
the upper chamber, whereas large exogenous GMM lipids
must replace both. Crystal structures shown here capture all
key intermediates predicted by this two-stage exchange model:
two small endogenous lipids, one small endogenousalongside
one small exogenous lipid, as well as one large exogenous lipid.

Given the distinct architecture of each isoform, finding that half
of all CD1 ligands bind all four human CD1 antigen-presenting
molecule types was unexpected. Individual TCRs do not recog-
nize the same antigen presented by two CD1 proteins. There-
fore, these isoform-overlap patterns suggest broad immunosur-
veillance but not degenerate T cell response to CD1-lipid pairs.
However, there are limits to the flexibility of capture, since nearly
half of all lipids did not detectably bind all isoforms. Also, each
isoform showed preferences based on lipid class and chain
length. The diversity of lipids displayed points to broad lipid
recognition, rather than evolution driven by any single-dominant
lipid, like a-hexosyl ceramides. This comprehensive listing of
~1,300 unnamed CD1 ligands of known mass likely contains
molecular addresses of molecules that are yet to be discovered
as antigens and TCR-blocking lipids. Thus, the CD1 lipidomes
provide a comprehensive resource of both named and unnamed
lipids for any investigator to match CD1-displayed lipids with
new immunogenic or regulatory lipids as they are discovered in
other fields of research.

Limitations of the study

This study focused on the secretory pathway, where all CD1 iso-
forms have similar trafficking. Unexpectedly, our studies of
CD1b and recent studies of CD1d”° failed to detect the strong
effects of CD1 recycling on self-lipid capture. One limitation is
that the scope of lipidomic measurements for recycled proteins
released with proteases is limited to major sphingolipids and
phospholipids. Also, proteases likely cleave both pre- and
post-endosomal CD1b proteins, so we do not rule out that future
studies of pure post-endosomal proteins could detect CD1 recy-
cling-dependent lipid capture patterns. Another limitation is that
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length and other chemical motifs describe the usual self-lipids
captured by CD1 proteins but not universal capture patterns.
Rare ligands that do not match motifs are seen in the lipidome,
and they could influence T cell response.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CD1a antibody (clone HI149) BioLegend Catalog 300110; RRID AB_314024
purified anti-CD1b (Clone SN13) BioLegend Catalog 329102; RRID AB_961143
anti-CD1a (OKT-6, mouse IgG1) In house aliquots previously tested®®>® N/A

anti-CD1b (BCD1b3.1, mouse IgG1) In house aliquots previously tested®®>® N/A

anti-CD1c (F10/21A3, mouse IgG1) In house aliquots previously tested®®*® N/A

anti-CD1d (CD1d42, mouse IgG1) In house aliquots previously tested®®*® N/A

mouse IgG1 isotype control P3 In house aliquots previously tested®®*® N/A

Biological samples

Dulbecco’s Modified Eagle Invitrogen-Gibco 12100-061

Medium

RPMI 1640 Medium (Boston) Gibco 11875-119

fetal bovine serum Hyclone SH30071

lipofectamine 2000 Transfection Invitrogen 11668-027

Reagent (Boston)

RPMI 1640 (Melbourne) Thermo Fisher 21870076
penicillin-streptomycin-glutamine 100x Gibco 10378016

tobacco etch virus protease New England Biolabs P8112S

tobacco etch virus protease reaction buffer New England Biolabs B8035S

(50mM Tris-HCI, 0.5 mM EDTA, 1 mM DTT)

protein and buffer and crystallization
conditions:trizma basesodium
chloridepolyethylene glycol
3350sodium iodide

3C protease
lipofectamine LTX reagent
phosphate buffered saline

Sigma Sigma Sigma AJAX

Pierce
Invitrogen
Lonza AccuGENE

T6066 746398 88276
486

88947
15338100
51226

Chemicals, peptides, and recombinant proteins

diacylglycerol (16:0/18:1)
deoxydihydroceramide (m18:0/16:0)
ceramide (d18:1/18:0)
lactosylceramide (d18:1/24:0)
cardiolipin (18:1)
phosphatidylethanolamine (16:1/18:1)

ether-phosphatidylethanolamine
(18:0/18:1)
lyso-phosphatidylethanolamine (18:0)
phosphatidylcholine (18:1/16:0)
ether-phosphatidylcholine (18:0/18:1)
lyso-phosphatidylcholine (24:0)
deuterated-sphingomyelin
(d18:1/16:0D31)

sphingomyelin (Milk, Bovine)
lysosulfatide
phosphatidylethanolamine (18:1/16:0)
sphingomyelin (d18:1/16:0)

Avanti polar lipids
Avanti polar lipids
Avanti polar lipids
Matreya

Avanti polar lipids
Avanti polar lipids
Avanti polar lipids

Avanti polar lipids
Avanti polar lipids
Avanti polar lipids
Avanti polar lipids
Avanti polar lipids

Avanti polar lipids
Matreya

Avanti polar lipids
Avanti polar lipids

800815; 800815C

860462; 860462P

860518

1507

790827 discontinued, 710335 as a replacement
110637 discontinued, 850757 as a replacement
852758

856715x
850475C
852467¢c
855800
868584

860063C
1904

850758P
850584P
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
isopropanol Fisher Scientific A461
methanol Fisher Scientific A456
chloroform Fisher Scientific C607

water (Optima, LC/MS grade) Fisher Scientific W64
hexanes Fisher Scientific H303

formic acid Fisher Scientific 60-006-16
ammonium hydroxide Fisher Scientific A470-250
internal calibrants (API-TOF Agilent G1969-85001

Reference Mass Solution)

recombinant HLA-B2705 (HIV gag
peptide KRWIILGLNK-loaded monomer)

recombinant CD1a
recombinant CD1b
recombinant CD1c
recombinant CD1d

recombinant Mamu A01 (rCMV20
peptide VTPPELIL-loaded monomer)

NIH tetramer core

NIH tetramer core
NIH tetramer core
NIH tetramer core
NIH tetramer core
NIH tetramer core

HLA-B2705 (peptide-loaded monomer)

hCD1a
hCD1b
hCD1c
hCD1d

Mamu AO1 (peptide-loaded monomer)

polybrene Sigma-Aldrich H9268
puromycin Sigma-Aldrich P8833
imidazole >99% (titration), crystalline Sigma-Aldrich 10250-25G
Critical commercial assays

Ni-NTA superflow nickel-charged resin Qiagen 30410
Strep-Tactin sepharose superflow IBA Life Science 2-1208-010
pLV lentiviral vector (four-plasmid Biosettia cDNA-pLV07
lentiviral system)

baculovirus expression: Trichoplusia Gibco B85502

ni High Five cellsinsect-XPRESS medium Lonza 12-730F

SDS-PAGE reagents:40% Acrylamide/
Bis solution (37.5: 1), 40% (w/v)
Sodium dodecyl sulfate, Lauryl

Astral ScientificSigma

BIOA00008-500ML
151-21-3

HiLoad Superdex S200 1660 (size Cytiva 28989335
exclusion chromatography)

HiTrap Q HP 1mL (anion exchange Cytiva 17115301
chromatography)

Phastgel isoelectric focusing Cytiva 17054401
gel (IEF) 4-6.5

MagsStrep type3 XT beads (Oxford) IBA Lifesciences 2-4090-002
Deposited data

CD1b-lysosulfatide (8GLE) PDB protein bank (www.rcsb.org/) PDB: 8GLE
CD1b-SM (8GLF) PDB protein bank (www.rcsb.org/) PDB: 8GLF
CD1b-PE (8GLG) PDB protein bank (www.rcsb.org/) PDB: 8GLG
CD1b-endoPC (8GLH) PDB protein bank (www.rcsb.org/) PDB: 8GLH
CD1b-GMM (8GLI) PDB protein bank (www.rcsb.org/) PDB: 8GLI
Experimental models: Cell lines

K562 cells In house aliquots previously tested®®*® N/A

293T cells In house aliquots previously tested®®*® N/A

THP-1 cells ATCC tib-202
Experimental models: Organisms/strains

XL2-Blue ultracompetent cells (E. coli) Agilent (Stratagene) 200150
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pMXIP (pMX.IRES.Puromycin) In house aliquots previously tested”* N/A

pLV lentiviral vector Biosettia cDNA-pLV07

Gag-pol Invitrogen pLP1

Rev Invitrogen pLP2

VSV-G Invitrogen pLP/VSVG

Software and algorithms

MassHunter software Agilent https://www.agilent.com/en/

XCMS (version 1.24) for R platform

Venny program

Limma (linear models for microarray
data) for R platform

iMosflm

Aimless (CCP4i program suite)

coot graphics program
phenix-refine
PyMOL 2.1.1.

CONTACT (CCP4i program suite)

CASTp 3.0 server

Scripps research institute
BioinfoGP Service

Bioconductor

MRC Laboratory of Molecular Biology

Collaborative Computational Project
No. 4 Software for Macromolecular
X-Ray Crystallography

MRC Laboratory of Molecular Biology

Phenix project - Lawrence Berkeley
Laboratory

Schrédinger, Inc.

Collaborative Computational Project
No. 4 Software for Macromolecular
X-Ray Crystallography

Wei Tian, Chang Chen, and Jieling Zhao

product/software-informatics/
mass-spectrometry-software

http://bioconductor.org/packages/
release/bioc/html/xcms.html

https://bioinfogp.cnb.csic.es/
tools/venny/

https://bioconductor.org/
packages/release/bioc/html/
limma.html

https://www.mrc-Imb.cam.ac.
uk/harry/imosflm/ver730/
introduction.html

https://www.ccp4.ac.uk/

https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

https://phenix-online.org/
https://pymol.org/2/

https://www.ccp4.ac.uk/

http://sts.bioe.uic.edu/castp/

Other

MONOCHROM DIOL column
(8 pm X 150 mm X 2 mm)

MetaGuard guard column
Poroshell EC-C18 column

Blue Sepharose® 6 Fast Flow

Fisher Scientific- Varian

Varian
Fisher Scientific-Agilent
Technologies InfinityLab
Cytiva

50-010-4901 and A0542150X020 discontinued;
InfinityLab Poroshell 120 as replacement

A0542-MG2
NC1483109

17-0948-01

RESOURCE AVAILABILITY

Lead contact

Requests for resources are directed to D. Branch Moody: bmoody@bwh.harvard.edu.

Materials availability

o Plasmids and cell lines for expressing CD1 proteins will be available upon request.
e Purified human CD1 proteins are available from the NIH Tetramer Facility.

Data and code availability

® CD1b crystal structures with endogenous ligands have been deposited to the Protein DataBank (PDB): 8GLE, 8GLF, 8GLG,

8GLH, 8GLI.

o All original code for differential abundance analysis and PCA is available as an R Markdown present in Dataset S1.
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® Lipidomics datasets are provided in full for all ligands in Tables S1 and S2.
o All data reported in this paper will be shared by the lead contact upon request.

Additional data
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human cell culture

We expressed CD1 proteins in hematopoietic (K562), human embryonic kidney (293T), and human myeloid phagocytic (THP-1) cell
lines. K562 and THP-1 cells were generally grown in DMEM culture medium, whereas 293T was grown in RPMI 160 culture medium,
supplemented with 5% fetal bovine serum. K562 and THP-1 Cells were routinely maintained in flasks and were expanded to large
volumes in roller bottles to express a large amount of CD1 protein.

METHOD DETAILS

CD1 and MHC expression

We expressed ’linked’ and 'unlinked’ CD1 and MHC proteins in Boston and Atlanta, respectively. Linked CD1-32m complexes were
connected via the N-terminus of each heavy chain with the C-terminus of 32m using a flexible peptide linker. HLA-B2705 contained
an additional linker to tether the HIV gag peptide KRWIILGLNK.”® Transmembrane and cytoplasmic domains of heavy chains were
replaced with strep-tag Il and octahistidine tags for the affinity purification from hematopoietic cell line K562.°¢ Unlinked CD1-p2m
complexes were generated for T cell recognition as described.®”*%%%*3 The transmembrane and cytoplasmic regions were removed
and the heavy chain was modified with an aZipper, BSP85, and hexahistidine tag. The C-termini of 2m was extended with a linker
and a B Zipper sequence, and a cleavable Thosea asigna virus 2A peptide, allowing the separation of the heavy chain from f2m. Upon
expression, CD1a, CD1b and CD1c heavy chains and 2m can reassemble through the interaction of aZipper and BZipper sequences
at their C-termini. Mamu AO1, an MHC class | protein from rhesus macaque was refolded using an E.coli expression system with an
rCMV20 peptide VTPPELIL. For CD1d, constructs did not use zippered domains.

The antigen presenting function of linked proteins in K562 cells was equivalent to native CD1 proteins in dendritic cells®®. Linked
protein purification from the culture supernatant of K562 cells was analyzed as detailed previously®® using an ELISA with monoclonal
antibodies OKT-6 (anti-CD1a), BCD1b3.1 (anti-CD1b), F10/21A3 (anti-CD1c), CD1d42 (anti-CD1d), and P3 (mouse IgG1 control).
Proteins were purified with affinity chromatography using Ni-NTA agarose resin (Qiagen) and Strep-Tactin sepharose (IBA Life-
science). Unlinked CD1 proteins collected from the culture supernatant of 293T cells using the hexahistidine tag and Ni-NTA
agarose.43 The yield and purity of purified proteins were confirmed with an SDS-PAGE gel and Coomassie blue staining. Proteins
were extracted in chloroform: methanol: water (2:2:1) (V: V: V) (Figure S1) at room temperature for 30 mins and centrifuged at
500g for 10 mins. The aqueous phase contained few lipids, so the combined interphase and organic phase were transferred and
stored at -20°C for comparative lipidomics analysis, which was conducted in parallel with groups of lipid extracts.

For cleavable CD1b, 293T cells were co-transfected with the four-plasmid lentiviral system (Biosettia) containing the cleavable
CD1b-B2m gene with a TEV protease site, and vectors containing Gag-pol, Rev and VSV-G (Invitrogen), along with transfection
reagent Lipofectamine 3000 (ThermoFisher). Cells were grown in RPMI 1640 (Thermo Fisher) supplemented with 10% fetal bovine
serum (FBS) and penicillin-streptomycin-glutamine (ThermoFisher) for 5 days, when the supernatant was filtered (0.45 pM) and trans-
ferred to 293T cells in fresh culture media. Polybrene (50 g, Sigma-Aldrich) was added to the supernatant, which was added to 2 x
10° K562 or THP-1 cells and grown in a T25 flask overnight. K562 or THP-1 supernatant was removed, discarded and replaced with
the 293T supernatant and cultured for 4 days. Cells were washed in fresh culture media and with PBS, followed by analysis on a BD
LSR Il or LSRFortessa X20 and sorted by purified anti-CD1b (Clone SN13; Biolegend) on a BD FACSAria Il with FACSDiva software
(BD Immunocytometry Systems). CD1b™ cells were expanded in high glucose DMEM + 5% FBS for three days in roller bottles. Cells
were harvested and washed in PBS, before resuspending in 10mL TEV protease reaction buffer and incubating 24 hours at 4C with
100 U of TEV protease. Cell debris were pelleted by centrifugation and supernatant was filtered (0.45 uM) and diluted to 100 mL in
50 mM Tris-HCI pH 8.0, 500 mM NaCl, 20 mM imidazole, before purification by a nickel affinity chromatography and Strep-Tactin XL
Sepharose resin as done with the soluble CD1b construct. Sample purity was analysed by SDS-PAGE, and purified proteins were
buffer exchanged into PBS and concentrated for mass spectrometry analysis.

For cleavable CD1a, the extracellular domain and transmembrane domain were separated by a TEV cleaving site, Strep-tag Il, and
HRV 3C cleavage site. The f2m was linked to CD1a sequences with a furin glycine-serine linker and porcine teschovirus 2A self-
cleaving peptides. The K562 cell line was transduced and stability selected in puromycin (20 mg/ml, Gibco). K562 cells (~2x10%)
were harvested and subjected to HRV 3C protease (Pierce) digestion at 4C overnight. The cleaved CD1a was purified from the filtered
digestion supernatants (50 mL) by immobilization onto 100 pl MagStrep XT beads (IBA Lifesciences) at 4C overnight with gentle
rotation. For truncated CD1a, CD1a transmembrane domain was removed and replaced with an AviTag, HRV 3C cleavage site,
8xHis-Tag and twin Strep-tag Il. K562 cell line was transfected using Lipofectamine LTX Reagent (Invitrogen). Five days later,

e4 Cell 186, 1-14.e1-e6, October 12, 2023



Please cite this article in press as: Huang et al., CD1 lipidomes reveal lipid-binding motifs and size-based antigen-display mechanisms, Cell
(2023), https://doi.org/10.1016/j.cell.2023.08.022

Cell ¢? CellPress

OPEN ACCESS

supernatant containing truncated CD1a was collected, filtered and serum albumin were removed by Blue Sepharose column (Cytiva)
before concentration to 50 mL using Vivaspin Centrifugal Concentrator (10kDa, Sartorius). Truncated CD1a was purified from the
concentrated supernatants (50 mL) by immobilization onto 100 ul MagStrep XT beads (IBA Lifesciences) at 4C overnight with gentle
rotation. For quantitation, biotinylated CD1a protein was immobilized onto 20 pl beads in 10 mL PBS (Lonza AccuGENE) at 4C over-
night with gentle rotation. Bead-bound CD1a was washed three times with PBS and the protein concentrations were determined with
FACS staining using APC anti-CD1a antibody (HI149, BioLegend) with an external standard curve and stored at -20°C.

Mass spectrometry-based comparative lipidomics

Lipid eluents were annormalized to protein mass (20-80 pg), dried under nitrogen at 20°C, dissolved and briefly sonicated in starting
mobile phase, which was 100% solvent B containing 70% hexanes, 30% isopropanol, 0.1% formic acid, and 0.05% ammonium hy-
droxide. Triplicate samples for each protein analyzed with blanks that were intermixed and monitored for lipid carryover, using an
Agilent 1200 series HPLC autosampler with an Agilent 6520 Accurate-Mass Q-TOF MS controlled by MassHunter software. A normal
phase gradient with solvent A (70% isopropanol, 30% methanol, 0.1% formic acid, and 0.05% ammonium hydroxide) and solvent B
through a MonoChrom Diol column (3 um X 150 mm X 2 mm; Varian, A0542150X020) were connected to a MetaGuard guard column
(2 mm, Varian, A0542-MG2). The binary gradient was monitored with solvent B with 100% at 0-10 min, 50% at 17-22 min, 0% at 30-
35 min, and 100% at 40-50 min, followed by an additional 6 min post-run for regeneration. lonization occurred with a
dual-electrospray ionization source maintained at 325°C with a drying gas flow of 5 L/min, nebulizer pressure of 30 pounds per
square inch, and a capillary voltage of 5.5 kV. Positive- and negative-ion modes were typically monitored between m/z 100-3000
with the acquisition rate of 1.4 spectra/sec and 713.7 ms/spectrum. Internal calibrants (Agilent G1969-85001, m/z 121.050573,
922.009798) were continuously monitored to assess electrospray efficiency and mass accuracy. NanoESI-CID-MS was typically
performed at a collision energy of 35V and an isolation width of 1.3 m/z and adjusted to optimize signal during individual experiments.
For the semi-quantitative analysis of PCs and SMs eluted from cleavable CD1, the lipid eluents were normalized based on input
protein and 10 ul were injected into a reverse-phase HPLC-MS system (Agilent Poroshell EC-C18 column, 1.9-micron, 3 x 50 mm
with an Agilent 6520 QTOF mass spectrometry).”®

Lipidomic analyses

Mass profiles were initially visualized and manually compared using MassHunter software and then converted into an mzData format
as input files for further quantitative analyses of detected peaks. XCMS (version 1.24) using the R platform with the centWave algo-
rithm for peak finding and the intensity-weighted mean algorithm was used for peak quantification. Lipidomes were aligned across
using a signal-to-noise threshold of 10, m/z deviation of 10 parts per million, a frame width of mzdiff of 0.001, a peak width of 10-120
s, and a bandwidth of 5. To detect ion finding errors such as split peaks, chromatograms were extracted using MassHunter to
manually inspect the curve shapes. Venn diagrams were made in Venny.

Chemical annotation of molecular features

One lead compound in each lipid class was studied with authentic standards from Avanti Lipids, where available, including diacyl-
glycerol (M=594.522, #800815), deoxydihydroceramide (M=523.533, #860462), ceramide (M=565.543, #860518), lactosylceramide
(M=959.727, Matreya# 1507), cardiolipin (M=1457.034 #790827), PE (M=717.531, #110637), EPE (M=729.567, #852758), LPE
(M=481.317, #856715x), deuterated-PC (M=790.772, #860399), EPC (M=771.614, # 852467c), lyso-PC (M=607.458, #855800)
and deuterated-SM (M=733.762, #868584).

Determination of media lipid binding

We measured exchange of exogenous lipids by adding H?-labeled PC (16:0D31/18:1) and SM (d18:1/16:0D31) (Avanti) at concen-
trations equivalent to those from 5 % FBS (Hyclone). The cell culture with H2-labeled lipids was processed in parallel to regular
cultures for cell harvest, protein purification, and lipidomic analyses.

Structural characterization of CD1b presenting SM, lysosulfatide, PE, endogenous PC, and GMM C85

The CD1b-p2m complex was purified as previously described.®” Briefly, CD1b from the baculovirus expression system was made in
Trichoplusia ni High Five cells. Secreted CD1b is purified to homogeneity via nickel-chelating metal affinity chromatography and size
exclusion chromatography. For hybrid complex formation, CD1b is first treated with a molar excess of C18:1 lysosulfatide (Matreya)
in 0.5%, and purified by anion exchange chromatography, then subsequently loaded with C34 PE and C34 SM (Avanti), or synthetic
GMM C85 prepared in 0.5 % tyloxapol and 5 % CHAPS hydrate, and validated by isoelectric focusing gel (IEF). These 'hybrid’ com-
plexes carrying exogenously loaded self-lipids, as well as CD1b-endogenous (unloaded) binary structures were generated via the
vapor diffusion hanging drop method, with drops formed at a 1:1 ratio between protein at 5mg.mL™" in 10 mM Tris-HCI pH 8.0
and 150 mM NaCl, and the mother liquor comprising 22% PEG 3350 and 0.1 M Nal. Crystals of diffraction quality were flash frozen
in liquid nitrogen and data collection was conducted at the Australian Synchrotron MX1 beamline. Data was processed using iMosflm
and Aimless in the CCP4i program suite. Crystal structures were solved by molecular replacement, using CD1b-phosphatidylglycerol
as the model (PDB: 5WL1). Manual adjustment of these models was conducted in the coot graphics program, followed by maximum-
likelihood refinement with phenix-refine. Molecular representations were generated in PyMOL 2.1.1. Contacts were analysed using
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the CONTACT program in the CCP4i program suite. The final crystal structures were deposited in the Protein Data Bank, with the
following accession codes: CD1b-lysosulfatide (8GLE), CD1b-SM (8GLF), CD1b-PE (8GLG), CD1b-endogenous PC (8GLH), and
CD1b-GMM (8GLI).

Consensus cleft volume calculations
Antigen binding cleft volumes were calculated via the CASTp 3.0 server with a probe radius of 1.7A, using Cononley’s solvent-
excluded surface volume equation.®?

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using MassHunter (Agilent) and XCMS to generate p-values from triplicate runs using ANOVA
analysis. Principal components analysis of linked and unlinked proteins used the subset of differentially abundant lipids with

Benjamini Hochberg-adjusted p < 0.05 based on the F-statistic after all pairwise contrasts. A bubble plot of lipids with differential
abundance found in all lipidomes showed their relative abundance in each CD1 isoform.
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Figure S1. Schematic of CD1 expression, related to Figures 1, 2, and 3
Unlinked CD1d was constructed without a zipper region, and T2A is a peptide (P) from Thosea asigna virus. BSP85 is a substrate peptide 85 for E. coli biotin ligase
BirA. rCMV20 is a recombinant cytomegalovirus peptide.
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Figure S2. CID-MS of CD1-associated lipids, related to Figures 1, 4, and 5
(A and B) Eluted endogenous and deuterium-labeled exogenous lipids were distinguished based on mass, and their structures were confirmed in CID-MS.
(C-J) Synthetic standards and native lipids eluted from CD1 proteins were collided to generate diagnostic ions.
(K) Dihexosylceramide from CD1d coeluted with lactosylceramide and showed equivalent CID-MS spectra.

(L) Hexosylceramides from CD1d showed two peaks, which coeluted with B-glucosylceramide and B-galactosylceramide, respectively.
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Figure S3. Recombinant CD1a andCD1b proteins, related to Figure 3

(A) Schematic of CD1b protein design, cleavage, capture and elution. (B) Flow cytometry of capture beads carrying cleaved or secreted human CD1a proteins
was quantitated with an external CD1a standard. (C) CD1b proteins in polyacrylamide gel electrophoresis show B2-microglobulin and the glycosylated CD1b

heavy chain.
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Figure S4. Chain length analysis of sphingolipids bound to CD1, related to Figure 5
Each lipid is designated according to the combined chain length and unsaturation of its sphingosine and alkyl chains.



Cell ¢ CelPress

Article OPEN ACCESS

1690 A® 2380 A3

cD1d -
D Aj A a5 2 jAg R é; t/:;
-y ,
M/EY W M }\v\ﬂ, GG (L&gx\\(
1840 A® 2060 A® 2470 A® 1510 A’ 1760 A’ 2050 A®

Minimum ——»> Mean —— Maximum

Figure S5. Variability in CD1 cleft volume, related to Figure 6
Representative cleft surface traces depict volumes (in A®) for previously solved CD1 structures.
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A CD1b-endo

Figure S6. CD1b contacts with self antigen headgroups, related to Figure 7
Contacts between CD1b (gray) and endogenous (endo) lipids (A), PE (B), SM (C), and lysosulfatide (D) are highlighted. Hydrogen bonds are yellow dashes, with
sulfur, nitrogen, and oxygen colored in orange, blue, and red respectively.
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Figure S7. Lipid placement in CD1b and CD1c, related to Figure 7

(A) In conventional views with antigen headgroups shown at the top of images, overlay of 13 CD1b published crystal structures demonstrates “consensus”
binding sites for the head group and lipid anchor of the antigenic lipid, which are positioned above scaffold lipids.

(B) Overlay of 5 CD1c structures demonstrates less conserved placement of lipids, with mostly side-to-side positioning.
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