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The recognition of major histocompatibility (MHC)-peptide 
complexes by T cell antigen receptors (TCRs) is known as 
‘co-recognition’ because the TCR makes simultaneous contact 

with the peptide and the MHC protein1. In humans, four types of 
CD1 proteins (CD1a, CD1b, CD1c and CD1d) function to display 
lipid antigens for recognition by T cells2–4. The structure of CD1 
molecules is ideally suited for the capture of lipid antigens3. CD1 
clefts derive from deep invaginations into the CD1 core structure 
and form two or four pockets5–9. In general, the pockets surround 
a large portion of the lipidic antigens so that their hydrocarbon 
moieties are sequestered from solvent and the hydrophilic head-
groups protrude for T cell contact. However, each of the four types 
of human CD1 proteins has a cavity with unique architecture, which 
endows each CD1 isoform with the ability to present specific types 
of lipids. Whereas MHC proteins allow broad access to peptides 
that span the entire platform, CD1 proteins possess an A′​-roof that 
blocks access of the TCR to the contents of the A′​-pocket2 so that 
antigens are less exposed to solvent2.

Most evidence indicates that the recognition of CD1-lipid 
complexes by T cells follows the paradigm of MHC-peptide co-
recognition1,2. Natural killer T cell receptors (NKT TCRs) show 
simultaneous contact with CD1d and protruding antigens10. 
Similarly, TCRs co-contact CD1b and the exposed polar moiety 

of glycolipid and phospholipid antigens11,12. However, each human 
CD1 isoform possesses a different platform structure, and the total 
number of solved TCR-lipid-CD1 structures remains limited. CD1a 
has been solved in complex with one autoreactive α​β​ TCR, which 
showed direct recognition of CD1a rather than of the lipid carried13. 
CD1c binds to α​β​ TCRs and γ​δ​ TCRs14,15, but any structural knowl-
edge of TCR-CD1c contact is limited to mutational analyses16.

A role for self lipids in T cell autoreactivity is emerging17,18. 
For example, certain NKT TCRs show extremely high affinity for 
CD1d, which enables TCRs to bind CD1d carrying self-lipid phos-
pholipids19–21. CD1a- and CD1c-autoreactive T cells can be detected 
at a high frequency in the blood of human subjects14,22. Moreover, 
CD1a-autoreactive T cells secrete interferon-γ​ (IFN-γ​) and inter-
leukin 22 (IL-22)23, both of which mediate autoimmune disease. 
CD1a mediates polyclonal responses to allergens24–26. CD1c can dis-
play cholesterol esters and tumor neo-antigens27,28.

CD1c appears on myeloid cells after exposure to bacterial prod-
ucts, the cytokine GM-CSF or IL-129,30. CD1c can be expressed on 
activated dendritic cells and marginal-zone B cells in lymph nodes 
or secondary follicles arising at the site of organ-specific autoim-
mune disease and in human leukemic cells30,31. However, the par-
ticular roles of T cells’ autoreactivity to CD1c remain undefined. 
We identified unexpectedly common CD1c tetramer staining on 
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peripheral T cells in a large proportion of human subjects studied, 
which led to detailed studies of the formation of TCR-CD1c-lipid 
complexes through the use of tetramers, activation assays, lipid-
elution assays and TCR-binding measurements32. On the basis of 
the determination of a TCR-CD1c-lipid ternary complex, we show 
how T cell–mediated autoreactivity to CD1c can operate outside the 

co-recognition paradigm and manifests as a polyspecific response 
to many types of CD1c-lipid complexes.

Results
CD1c tetramer staining of human T cells. Using reported32 and 
newly designed expression systems, we produced CD1c monomers 
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Fig. 1 | CD1c tetramers stain human polyclonal T cells. a, Flow cytometry of freshly isolated peripheral blood mononuclear cells (PBMCs) stained either 
with CD1c-endo tetramers conjugated separately to APC, PE or BV421 (top row and bottom left) or with a premixed combination of PE-conjugated and 
BV421-conjugated CD1c-endo tetramers (bottom right); cells were pre-gated as CD3+CD14–CD19–. Numbers adjacent to outlined areas indicate percent 
tetramer-positive cells. Data are representative of three independent experiments with similar results. b, Flow cytometry of PBMCs obtained from healthy 
donors (identified along left margin) and stimulated once ex vivo, then stained with CD1c-endo–APC or CD1b-endo–APC (above plots) produced in 
HEK293 human embryonic kidney cells; identical rectangular tetramer-positive gates were drawn for all subjects (numbers adjacent indicate percent 
tetramer-positive cells). Data are from three independent experiments, each with a single biological sample, representative of 28 experiments (one per 
subject). c, Frequency of cells positive for the CD1c-endo tetramer (CD1c-endo+) or CD1b-endo tetramer (CD1b-endo+) in the CD3+ population, assessed 
as in b, for all subjects (n =​ 28). Each symbol represents an individual subject; small horizontal lines indicate the median. The Wilcoxon signed rank test 
(two sided) with continuity correction and the Shapiro-Wilk test were used to establish non-normality. Data are from 28 experiments (one per subject).
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that were tetramerized with avidin linked to phycoerythrin (PE), allo-
phycocyanin (APC) or Brilliant Violet 421 (BV421). Unexpectedly, 
we found that CD1c tetramers carrying endogenous lipids (CD1c-
endo) consistently stained a large proportion of CD3+ cells from 
healthy donors (Fig. 1a). Conventional models of TCR specificity 
cannot explain how CD1c-endo tetramers could bind extensively 
to TCRs. Each arm of the tetramer would be expected to carry dif-
ferent ligands, so polyvalent binding to clonal TCRs would not be 
expected33. However, the staining phenomenon was robust. It was 
observed at moderate to high frequencies (0.06–3.0% of T cells) and 
was seen when CD1c tetramers were coupled to PE-, APC- or BV421-
labeled streptavidin (Fig. 1a,b and Supplementary Fig. 1).

Furthermore, CD1c-endo staining was seen consistently in 
blood from a larger cohort of healthy donors that lacked positive 
antigen-recall tests for tuberculosis. Although treatment of tuber-
culosis-naive donors with CD1c-endo tetramers was conceived as 
a negative control arm of the study, staining with CD1c-endo tetra-
mer was higher in frequency and mean fluorescence intensity than 
was staining with CD1b-endo tetramer assembled with the same 
streptavidin-fluorophore (Fig. 1b). Overall, CD1c-endo tetramer 
staining was brighter and more frequent than was CD1b-endo tetra-
mer staining for 26 of 28 subjects tested, and the mean fluorescence 

intensity for the whole group was about eightfold higher for CD1c-
endo tetramer than for CD1b-endo tetramer (Fig. 1c).

Published studies have suggested high frequencies of CD1c-
autoreactive T cells in activation assays14,34, but CD1c-autoreactive 
T cells have not been previously enumerated with tetramers ex vivo. 
One interpretation of our findings would be that the staining rep-
resented direct detection of a large autoreactive CD1c-restricted  
T cell pool. However, false-positive binding of tetramers to cells 
can occur on the basis of non-specific adherence or the presence of 
other CD1c-binding receptors, which we considered, since CD1c-
endo tetramers detectably bound to CD3– cells, albeit at a lower 
frequency (Supplementary Fig. 2). Nevertheless, these unexpected 
results hinted at previously unknown mechanisms for the interac-
tion of the TCR with CD1c.

Binding of the TCR to CD1c presenting endogenous self lipids. 
We studied the 3C8 α​β​ TCR (TRAV29-TRBV7-2), as it represents 
the first report of a CD1c-autoreactive α​β​ TCR35. We transduced the 
3C8 TCR into the Jurkat 76 (TCRα​−TCRβ​−) human T lymphocyte 
cell line to generate J76.3C8 cells. The CD1c-endo tetramers bound 
to J76.3C8 cells but not to untransfected J76 cells or J76 cells bearing 
an NKT TCR (Fig. 2a). Furthermore, J76.3C8 cells upregulated their 
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Fig. 2 | Binding analysis of the 3C8 TCR by tetramer staining and surface plasmon resonance. a, Flow cytometry analyzing the staining of J76.3C8 cells, 
Jurkat 76 cells bearing an NKT TCR (J76.NKT15) and Jurkat 76 cells (J76 parental) (above plots) with CD1c-endo tetramer (top row) or streptavidin-PE 
(bottom row). Numbers in quadrants indicate percent cells in each. GFP, green fluorescent protein. Data are representative of two independent 
experiments, each performed in technical duplicate, with similar results. b, Expression of CD69 on J76.3C8 cells and Jurkat 76 T cells in the presence 
of C1R.CD1c, C1R.CD1d or parental C1R antigen-presenting cells or no C1R cells (key). MFI, median fluorescent intensity. Data are representative of two 
independent experiments (top) or are from two independent experiments, each performed in technical duplicate (bottom; average and s.e.m.).  
c,d, Sensorgrams of concentration series for the 3C8 TCR (c) and the Vβ8.2+ NKT TCR (d) passed over CD1c-endo or mouse CD1d–α​-galactosylceramide 
(mCD1d–α​-GalCer) (above plots); inset (left), steady-state equilibrium versus concentration, with the equilibrium dissociation constant (Kdeq).  
RU, response units. Data are representative of two independent experiments, with each TCR in duplicate, with similar results.
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expression of the activation marker CD69 specifically in the pres-
ence of CD1c+ antigen-presenting cells (Fig. 2b). In surface plasmon 
resonance experiments, purified 3C8 TCR bound CD1c-endo but 
did not bind CD1d–α​-galactosylceramide (Fig. 2c,d). The 3C8 TCR 
bound to CD1c-endo with an equilibrium dissociation constant of 
40 μ​M, which is a relatively high affinity for an autoreactive TCR1,36. 
While CD1c-endo was coupled to the chip to approximately 3,000 
response units (RU), the maximal response was observed at about 
400 response units (Fig. 2c). This suggested that 15–20% of the 
CD1c-endo proteins permitted the interaction with the 3C8 TCR, 
which raised questions about which lipids bound in CD1c-endo 
complexes might control binding of the TCR.

Overview of the TCR-CD1c-lipid structure. The binding of TCRs 
to antigen-presenting molecules usually requires a specific antigen; 
however, we determined the structure of 3C8 TCR–lipid–CD1c in 
the absence of a defined lipid ligand (Fig. 3 and Supplementary 
Tables 1 and 2). We took this unusual approach due to the lack of 
known antigens with corresponding clonal TCRs and because the 
feasibility of determining the TCR-CD1-lipid structure without 
added ligand was supported by the binding of untreated tetramer 
to T cells (Fig. 1) The 3C8 TCR docked at 66° across the long axis of 
the CD1c (Fig. 3a,b). The TCR bound the A′​-roof of CD1c, which 
blocked contact of the TCR with the lipid(s) within the A′​-pocket 
(Fig. 3a,b). The lipid(s) did not protrude through the F′​-portal to 
the CD1c platform (Fig. 3c), which provided a straightforward 
structural explanation for staining of TCRs by CD1c tetramers car-
rying diverse lipids (Figs. 1 and 2).

Three autoreactive TCR modes for the recognition of self lipid. 
Docking of the TCR onto CD1c (Fig. 3) was in contrast to that of 
two other determined CD1-autoreactive TCRs, PG90 and BK6, 
which bind to CD1b-phosphatidylglycerol (CD1b-PG) and CD1a-
lysophosphatidylcholine (CD1a-LPC), respectively12,13 (Fig. 3). 
For CD1b-PG, the PG90 TCR sat similarly to the positioning of 
its counterpart in the 3C8 TCR–CD1c-endo complex. However, 
a key difference was that PG protruded through the F′​-portal so 
that its phosphoglycerol headgroup contacted the TCR12 (Fig. 3c). 
For CD1c and CD1a, the 3C8 and BK6 TCRs essentially failed to 
contact the lipid ligand but did so via two distinct mechanisms. 
For CD1a-LPC, phosphocholine exited through the F′​-portal but 
sat in an ectopic location on the right side of the platform, whereas 
the BK6 TCR bound toward the left, on the A′​-roof of CD1a13  
(Fig. 3a,c). For CD1c, the TCR bound more centrally, with the  
F′​-portal fully plugged. The lack of lipid contact resulted from the 
lack of protrusion of the lipid ligands from CD1c. Thus, the three 
ternary structures for autoantigens presented by CD1a, CD1b and 
CD1c documented three distinct modes of lipid recognition (Fig. 3).

TCR-CD1c platform interactions. The total buried surface area 
(BSA) of the 3C8 TCR–CD1c interaction was ≈​2,000Å2. Equivalent 
contributions were made by the 3C8 TCR α​-chain and its β​-chain 
(Fig. 3b and Supplementary Table 2). Here, the CDR3β​ loop from 
the TCR β​-chain (37% BSA) made the principal interaction with 
CD1c, relative to the interaction provided by CDR1β​ (4% BSA) 
and CDR2β​ (10% BSA). The CDR1α​ loop (23% BSA) and CDR3α​ 
loop (15% BSA) made larger contributions than did CDR2α​  
(11% BSA) (Fig. 4a–d)

The TCR α​-chain was positioned on the A′​-roof, where the 
CDR3α​ loop provided mostly hydrophobic interactions with the α​1 
helix of CD1c (Fig. 4a). Furthermore, Lys111α​ formed a salt bridge 
to Asp65, which made additional hydrogen-bond interactions 
with Asn27α​ of the CDR1α​ loop (Fig. 4a,b). Notably, five of the six 
residues from the CDR1α​ loop contacted both α​-helices of CD1c  
(Fig. 4b). The CDR1α​-loop interactions were enhanced by addi-
tional van der Waals interactions (Fig. 4b). Finally, the CDR2α​ 
loop, which contacted solely the α​2 helix, was driven mainly by van 
der Waals interactions and was supplemented by a hydrogen-bond 
interaction between Ser58α​ and Asn161 of CD1c (Fig. 4c).

While the TCR α​-chain bound to the left of the F′​-portal, the 
TCR β​-chain bound to the right margin of the F′​-portal so that the 
overall TCR footprint plugged the site from which antigens would 
normally protrude. Only two residues from the CDR1β​ and CDR2β​ 
loops contacted CD1c (Supplementary Table 2). In contrast, the 
CDR3β​ loop had a major role in interacting with CD1c, covering 
the F′​-portal (Figs. 3b and 4d and Supplementary Table 2). This net-
work of van der Waals and polar interactions included a hydrogen 
bond between Tyr109β​ and Glu80, which in turn made additional 
salt-bridge interactions with Arg110β​ of the TCR. Furthermore, 
polar interactions were made between Gln151 and the main chain of 
Arg110β​ and Gly111β​, with the latter forming an additional hydro-
gen bond with Gly154 (Fig. 4d). Overall, the CDR1α​, CDR3α​ and 
CDR3β​ loops of the 3C8 TCR had a major role in contacting CD1c.

Critical residues that enable the CD1c-restricted response. To 
identify CD1c residues needed for activation, we generated alanine-
substitution mutants of residues exposed for possible TCR contact, 
as determined by a published CD1c-lipid crystal structure8. In anal-
yses of parental C1R human lymphoid cells and C1R cells trans-
duced with CD1c (C1R.CD1c cells) or CD1d (C1R.CD1d cells), 
the J76.3C8 reporter cell line responded only to C1R.CD1c cells 
(Fig. 4e). In the five alanine-substitution mutants with a negligible 
effect on activation, four of the residues replaced (Glu61, Asp83, 
Ser143 and Leu147) were not positioned within the 3C8 TCR foot-
print. Glu157 contacted three CDR loops, so the lack of effect after 
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substitution was unexpected. Substitution of Arg79 or Asn161 abol-
ished contact with the CDR1β​ loop or CDR2α​ loop, respectively, 
and reduced activation by 75%. Seven residues, scattered across 
the A′​-roof and around the F′​-portal, were essential for the 3C8 
TCR–CD1c interaction (Fig. 4e). These included Glu62, Leu68, 
Phe72, Arg79, Glu80 and Tyr152 (Supplementary Table 2). The 
essential role of the last three residues, which were located on the 
right margin of the F′​-portal, indicated not only that the 3C8 TCR 
footprint covered the F′​-portal but also that key contact residues 
needed for activation fully surrounded that portal, consistent with 
the interpretation that the TCR acts as a plug to prevent egress of  
lipids to the surface.

The mutagenesis patterns noted above also showed commonali-
ties with studies of CD1c-reactive TCRs that recognize mycobacte-
rial phosphomycoketide16. Furthermore, when we compared the 
CD1c positions crucial for binding of the 3C8 TCR with those of 
other members of CD1 family, we found that Glu80 and Tyr152 were 
shared solely with CD1b and Asn161 was present in CD1a, while 
Leu68 and Phe72 were unique to CD1c (Supplementary Fig. 3). 
Therefore, the structural and energetic footprints also provided a 
basis for understanding the CD1c-specific nature of this autoreac-
tive T cell response.

Mass spectrometry reveals exclusion of lipids after engagement 
of the TCR. To identify lipids in CD1c-endo and TCR–CD1c-
endo complexes, we treated them with chloroform and methanol. 
High-performance liquid chromatography (HPLC)–time-of-flight 
(TOF) electrospray ionization (ESI) mass spectrometry (MS) in 
negative mode detected many ions that were present in both com-
plexes. Among the many ions detected, three matched the mass of 
[M-H]– of C16, C18 and C18:1 fatty acids (m/z =​ 255.233, 283.264 

and 281.249, respectively). In the positive mode, we detected ions 
corresponding to the [M +​ H]+ mass of monoacylglycerol (MAG) 
(m/z =​ 331.284, 359.316 and 357.300), sphingomyelin (SM) 
(m/z =​ 703.575, 731.606, 811.669 and 813.685) and phosphati-
dylcholine (PC) (m/z =​ 732.554, 760.585, 786.601 and 788.617) 
(Fig. 5). Whereas SM and PC are known CD1 ligands13,18,23, the 
detection of MAG was unexpected. Further collisional MS experi-
ments with an authentic standard confirmed the MAG structure 
(Supplementary Fig. 4).

The area under the curves of ion chromatograms for the most 
abundant molecular species in each class (Fig. 5) and all molecu-
lar variants (Supplementary Fig. 5) showed differential trapping 
of lipids in CD1c-endo relative to that in TCR–CD1c-endo. In 
CD1c-endo we observed more-intense ion chromatograms for 
two polar lipids with large headgroups, SM and PC, which were 
relatively excluded from TCR–CD1c-endo. Conversely, fatty acids 
(FAs) and MAGs were present at trace amounts in CD1c-endo, and 
TCR–CD1c-endo complexes showed enrichment for these. Similar 
patterns were seen in reversed-phase analysis, which separated indi-
vidual lipids more extensively; this provided further details about 
chain length and saturation variants in each class (Supplementary 
Fig. 5). These patterns of lipid exclusion held true after quantifi-
cation of individual lipid species with authentic external standards 
(Fig. 5 and Supplementary Fig. 6). Thus, whereas CD1c bound lipids 
with small headgroups (FAs and MAGs) and large headgroups (PC 
and SM), the addition of the 3C8 TCR created ternary complexes 
that selectively trapped lipids with smaller hydrophilic headgroups.

Permissive and non-permissive lipids within CD1c. The observed 
densities within the CD1c cleft were derived from many types of 
bound molecules, so our analysis focused mainly on the general  
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size and position of densities in CD1c-lipid versus that in TCR–
CD1c-lipid (Fig. 6a,b, Supplementary Table 1 and Supplementary 
Fig. 7), interpreted in conjunction with the associated MS analyses 
(Fig. 5). In the CD1c-endo binary structure, electron density within 
the antigen-binding cleft adopted the shape of a headgroup protrud-
ing from the cleft with two bifurcating tubes of electron density that 
extended into the A′​- and F′​-pockets (Fig. 6a). Given the strength of 
the SM and PC ion chromatograms in CD1c-endo (Fig. 5), we mod-
eled SM (Fig. 6a) and PC (Supplementary Fig. 7d) into the density, 
which was generally consistent with the observed electron density 
within the CD1c-endo binary structure (Fig. 6a and Supplementary 
Fig. 7d). There was no distinct electron density representative 
of any phospholipid headgroup positioned outside the CD1c 
cleft within the 3C8 TCR–CD1c-endo ternary complex (Fig. 6b).  

Indeed, modeling SM was clearly non-permissive for the binding 
of 3C8 TCR (Fig. 6c), as predicted by portal-covering footprint 
and the selective elution of ‘headless’ lipids from TCR-CD1c 
(Figs. 3, 4e and 5).

In the TCR-CD1c ternary complex, three disconnected tubes of 
electron density were observed within the cleft (Fig. 6b) that matched 
those observed in a previously determined CD1c binary structure 
with unnamed ‘spacer lipids’ (CD1c-SL)27 (Supplementary Fig. 7a). 
Given the diversity of ligands present, these densities probably rep-
resented areas of the cleft that position lipids in a more uniform 
way, rather than the outlines of individual named molecules. For 
example, two tubes of electron density matched the size of C10–C12 
spacer lipids (Fig. 6b, Supplementary Fig. 7a). C10–C12 fatty acids 
were not detected in MS experiments, but densities of that size were 
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also seen in the same position within the F′​-pocket of the CD1c-SL 
complex and thus might represent constrained portions of larger 
molecules27 (Supplementary Fig. 7a). The C16 MAG and the C18 
stearic acid eluted from CD1c did match the size of the observed 
electron density within the A′​-pocket (Fig. 6b, Supplementary  
Fig. 7b,c). We modeled MAG such that the glycerol moiety made a 
series of polar contacts at the extreme end of the A′​-pocket, which 
could not occur in the reverse orientation (Supplementary Fig. 7e).

CD1c has been reported to exist in open or closed confor-
mations8,27. In contrast to the open F′​-roof structure seen in the 
published CD1c-phosphomycoketide (CD1c-PM) and CD1c–
mannosyl-β​1-phosphomycoketide (CD1c-MPM) structures8,16 
(Supplementary Fig. 7g, right), we observed a closed F′​-roof 
platform, which more closely mimicked the CD1c-SL structure27 

(Supplementary Fig. 7f,g). Thus, both published work and our 
current structure are consistent with a role for lipids in stabiliz-
ing the closed conformation of CD1c. Overall, the structural data 
were consistent with a mechanism in which CD1c forms com-
plexes with lipids possessing exposed headgroups, but the TCR 
selectively binds those CD1c complexes formed with smaller lipids 
that remain buried within the cleft and participate in generating a 
compact complex (Fig. 6c).

Recognition of CD1c-endo by the TCR generates functional 
autoreactivity. We returned to our study of polyclonal T cells from 
tuberculosis-naive donors to identify the TCRs and lipid ligands 
that mediate CD1c-endo tetramer staining. Similar to mean values 
seen in the group of patients, approximately 1 in 1,000 T cells from 
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a healthy donor (HD1) showed staining with CD1c-endo tetramers. 
After two rounds of sorting for CD1c tetramer–positive cells, we 
selected cells with particularly bright CD1c tetramer staining whose 
frequency increased ~500-fold to 58% of T cells and created a poly-
clonal T cell line from HD1 (Fig. 7a). We observed release of IFN-γ​ 
in response to each of two types of antigen-presenting cell, C1R cells 

and K562 human myelogenous leukemia cells transfected to express 
CD1c, but not in response to their control counterparts transfected 
to express CD1a or CD1b (Fig. 7a). Thus, tetramer binding trans-
lated into functional CD1c-directed autoreactivity. Furthermore, 
the pattern of response observed here in which CD1c, but not 
any specific lipid ligand, was required for activation matched the 
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proposed mechanism by which CD1c-endo tetramers might bind 
polyspecific TCR(s) expressed in HD1.

To identify the TCRs, we first screened the HD1 T cell line with 
antibodies specific for the following TCR β​-chain variable regions: 
Vβ13.1, Vβ8, Vβ2, Vβ4, Vβ9, Vβ21.3, Vβ7.1, Vβ13.6 and Vβ5.1. Each 
antibody stained a small population of tetramer-negative T cells, 
which provided positive controls, but only antibody to Vβ5.1 (anti-
Vβ5.1) stained tetramer-positive cells (Fig. 7b). This pattern of 
staining effectively divided the CD1c tetramer–positive events into 
three populations with no staining, high staining or very high stain-
ing with anti-Vβ5.1 (Fig. 7b). Further sorting showed that the two 
partially overlapping CD1c tetramer–positive Vβ5.1+ populations 
represented distinct CD4+ and CD4– populations (Fig. 7c). After 
further cultivation to >​ 98% tetramer-positive cells (Supplementary 
Fig. 8a), we identified a single TCR β​-chain sequence from each 
line. Sequencing confirmed the presence of TRBV5-1 gene segments 
in the CD4– HD1 T cell line (TRBV5-1 joined to TRBJ1-2 with the 
CDR3 sequence CASSAGQALYGYTFGSG) (called ‘HD1CD4– 
cells’ here) and the CD4+ HD1 T cell line (TRBV5-1 joined to 
TRBJ1-1 with the CDR3 sequence CASSLDGTGATDTEAFFGQG) 
(called ‘HD1CD4+ cells’ here). Initially we considered whether this 
finding might represent bias toward expression of TRBV5-1, but 
this TCR variable region is common in human T cells37 and is not 
overrepresented in the CD1c-reactive TCRs identified so far16,32. 
Instead, the key point was that all three CD1c tetramer–positive 
clones were selectively activated by CD1c+ target T cells in IFN-γ​
-release assays (Fig. 7c), which demonstrated functional autoreac-
tivity to CD1c. Two different antigen-presenting cell lines were used 
(K562 and C1R); the results in each case led to the conclusion that 
CD1c expression was essential for T cell activation. Notably, mono-
clonal antibodies to the Vβ5-1 TCR and CD1c tetramers showed 
cross-blocking (Fig. 7d), which ruled in the possibility that TCRs 
were the binding partners of CD1c tetramers.

CD1c tetramers carry many self lipids. The CD1c-restricted 
clones noted above provided an experimental system with which to 
determine the number and nature of lipids that can support bind-
ing of TCR-CD1c. In contrast to results obtained for HLA-DR4, the 
elution of lipids from the CD1c-endo monomers that were used to 
make tetramers produced a rich nanoelectrospray ionization mass 
spectrum (Fig. 8a), which suggested that many different lipids were 
bound in the CD1c cleft. Normal-phase HPLC-TOF-ESI-MS sepa-
rates compounds according to their polarity and detects the num-
ber and mass of lipids eluted from CD1c. This system detected 388 
distinct molecular events associated with CD1c (Fig. 8b), which 
demonstrated that CD1c-endo carried a large number of bound lip-
ids. Furthermore, events were detected along the full spectrum of 
lipid polarity (Fig. 8b), such that CD1c-eluted lipids co-migrated 
with extreme hydrophobes, glycolipids, phospholipids and other  
charged lipids.

In the m/z–versus–time plot, the 388 events formed approxi-
mately 40 clusters. Each such cluster typically represents one type 
of lipid that appears as a family of molecular variants with differ-
ing chain length and unsaturation. For example, we identified one 
cluster as SM, on the basis of collision-induced dissociation–MS, 
and then mapped 29 variants on the basis of lipid length and satura-
tion variations (Fig. 8b). We report all events according to their m/z 
value (Supplementary Table 3). Next we selected for identification 
seven clusters with high signal intensity and diverse retention times. 
This identified 93 of the events as triacylglcyerides, diacylglycer-
ides, hexosyl ceramides, PC, SM, phosphatidylinositol or LPC on 
the basis of m/z matches to databases and co-elution with authentic 
standards (Fig. 8c).

TCR-CD1c binding is blocked by lipids with large headgroups. 
To determine if ligands could influence the binding of TCR-CD1c, 

we obtained synthetic lipids matching the identity of cellular lipids 
eluted from CD1c and treated them with CD1c-endo tetramers. In 
addition, we treated tetramers with bacterial PM as a positive con-
trol known to protrude from the CD1c cleft8. Whereas CD1c-endo 
tetramers stained both CD1c-reactive T cell lines brightly, treatment 
of CD1c with MAG further enhanced staining. Ligands with larger 
or charged headgroups (PM, PC, SM and MPM) all blocked tetramer 
staining of HD1CD4+ cells and HD1CD4– cells (Fig. 8d). As a control 
experiment to determine if SM somehow denatured or inactivated 
tetramers, we found that staining of HD1CD4+ cells and HD1CD4– 
cells was restored when CD1c-SM tetramers were subsequently 
treated with MAG and used to stain T cells (Supplementary Fig. 8b). 
Thus, SM probably functioned to bind and block the formation of a 
TCR epitope rather than to globally inactivate CD1c. Overall, our 
findings indicated that CD1c carries a mixture of lipids, including 
those that modulate binding to the TCR. The spectrum of lipids cap-
tured from human cells was sufficient to mediate tetramer binding 
and T cell activation. Skewing the spectrum toward smaller permis-
sive or larger non-permissive ligands bound to CD1c moved the 
middle set point toward higher avidity or lower avidity for the TCR.

Discussion
The co-recognition model emphasizes precise discrimination, 
such that T cells scan many MHC or CD1 complexes on antigen-
presenting cells but remain ‘off ’ until they encounter a rare antigen 
that turns them ‘on’. The mechanism of human T cells’ autoreac-
tivity to CD1c identified here showed extreme polyspecificity for 
many self lipids, which created a situation in which autoreactive  
T cells were able to respond to any CD1c-expressing cell tested. This 
mode of autoreactivity is explained by a straightforward mechanism 
involving contact of the TCR with CD1c rather than with the lipids 
carried. If antigens are defined as the target of TCR contact, then 
CD1c itself is the antigen. Certain ligands can ‘dial up’ or ‘dial down’ 
the response on the basis of their overall headgroup size, with anti-
genic function being inversely correlated with headgroup size.

The two distinct mechanisms by which TCRs contact CD1a or 
CD1c, while avoiding contact with the ligand, make different predic-
tions about the nature of inhibitory and activating ligands. For CD1a, 
the autoreactive BK6 TCR involves an extreme left-shifted footprint 
that leaves the F′​-portal uncovered13. While this allows polyspecific 
response to lipids, it makes no predictions about the ligands that can 
be recognized or block contact because the ligands can protrude and 
extend to the right side of the platform. In contrast, the sequestra-
tion mechanism for CD1c involved a centrally located TCR plugging 
the F′​-portal and the seating of lipids fully within the CD1c cleft. 
Here, lipid sequestration allows general predictions about the types 
of lipids involved: activating self lipids must be small so that they can 
reside within the CD1c cleft. Larger lipid ligands with bulky head-
groups will protrude and interfere with TCR binding.

The lipid polyspecificity, which manifested as autoreactivity 
of CD1c to untreated cells and ‘endo tetramer’ staining of T cells, 
indicates that any TCR with the properties found in the 3C8 TCR 
or the HD1-derived lines would be activated in the presence of 
CD1c-expressing cells. This invites consideration of the mecha-
nisms that limit CD1c-mediated autoimmunity. First, although 
the spectrum of lipids normally bound to CD1c in cells allows 
T cell activation and tetramer binding, certain lipids, such as PC 
and SM, blocked TCR autoreactivity. Second, ligand-induced 
structural flexibility of CD1c could disrupt the ‘landing pad’ for 
autoreactive TCRs8,27. A third mechanism is simply the restricted 
expression of CD1c in the periphery, which limits contact with 
CD1c-autoreactive T cells38. Finally, autoreactivity does not always 
generate autoimmunity. For example, when CD1c-expressing  
B cells and dendritic cells do contact CD1c-autoreactive T cells, 
the responses might represent immunoregulatory cross-talk, as 
has been demonstrated for CD1d39.
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Conventional models emphasize high antigen specificity and 
require an atomized T cell repertoire consisting of millions of non-
crossreactive TCRs with many rare clones at low precursor frequency. 
Published studies have shown that CD1c- and CD1a-autoreactive 
T cells have a high precursor frequency in human blood14,22. Here 
we have provided a detailed exposition of how CD1 autoreactivity 
can show extreme polyspecificity for lipids. Because the response is 
controlled by CD1c, not by the carried ligand, it diverges from the 
co-recognition model that is entrenched in the roots of MHC biol-
ogy. Given the low CD1c polymorphism in humans and the extreme 
nature of TCR crossreactivity for lipids shown here, the CD1c TCR 
repertoire might be less complex than that of the MHC system.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41590-018-0065-7.
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Methods
Lipid standards. Triacylglycerol (TAG, # T5141), diacylglycerol (DAG, #D0138), 
monoacylglycerol (MAG, #M2015) and fatty acid (FA, #M3128) were purchased 
from Sigma-Aldrich. Glucosylceramide (#860539), phosphatidylcholine (PC, 
#850475), sphingomyelin (SM, 860584), phosphatidylinositol (PI, 840042) and 
lyso-PC (#845875) were purchased from Avanti polar lipids.

Lipid elution from proteins. The lipid elution from human CD1c and HLA-DR4 
proteins was performed in 15-ml glass tubes using chloroform, methanol and 
water, based on a published method40. The organic phase was separated from the 
aqueous phase and dried under a nitrogen stream. The eluent residue was re-
dissolved in chloroform/methanol (1:2) and was stored at –20 °C for further mass 
analysis. For lipidomic analysis, CD1c and HLA-DR4 were extracted three times 
for triplicate runs via HPLC-MS.

Nanospray and HPLC-MS analysis of lipid eluents. Extracted lipids from 
CD1c-endo and HLA-DR4 (~5 μ​l) were loaded onto a nanospray tip for nano-
electrospray ionization mass spectrometry (ESI-MS) using a linear ion-trap mass 
spectrometer (LXQ, Thermo Scientific). For the Q-TOF HPLC-MS analysis, 
the eluents from CD1c-endo and HLA-DR4 were normalized to 20 µ​M based 
on the input proteins, and 20 µ​l were injected (Agilent 6520 Accurate-Mass 
Q-TOF and 1200 series HPLC system using a normal phase Inertsil Diol column 
(150 mm ×​ 2 mm, GL Sciences), running at 0.15 ml/min according to published 
methods41–43 with minor modifications. The lipid analysis for the eluents from 
3C8 TCR–CD1c-lipid crystals was similar except that the injection quantity was 
calculated to normalized ~50 μ​g of input protein. For the reversed-phase HPLC-
MS, an Eclipse Plus-C18 column (3.5 µ​M, 2.1 mm ×​ 30 mm, Agilent Technologies) 
was used based on published methods44. The mobile phases were (A) 2 mM 
ammonium formate in methanol/water (90/10; v/v) and (B) 2 mM ammonium 
formate in 1-propanol/cyclohexane/water (90/10/0.1; v/v/v). The solvent gradient 
was: 0–4 min, 100% A; 4–13 min, from 100% A to 100% B; 13–18 min, 100% B; 
18–20 min, from 100% B to 100% A; and 20–25 min, 100% A. To quantify the 
lipids, the peak areas of the time-intensity ion chromatograms were compared to 
the external standard curves.

Human subjects. PBMCs were isolated from venous blood drawn from healthy 
volunteers, after informed consent was obtained on an individual basis and with 
ethical approval and oversight from the ethics committee of Cardiff University 
School of Medicine. Additional healthy donors from Lima, Peru were recruited 
under oversight from the Institutional Committee of Ethics in Research (CIEI) 
of the Peruvian Institutes of Health, the Institutional Review Board (IRB) of the 
Harvard Faculty of Medicine, and the Partners Healthcare IRB. Peruvian patients 
provided oral and written informed consent in Spanish and met study criteria for 
lack of prior tuberculosis infection, as follows: a negative Quantiferon test result 
and no clinical evidence of active tuberculosis. Separately, PBMCs were obtained 
from leukoreduction collars provided by the Brigham and Women’s Hospital 
Specimen Bank.

Generation of 3C8 TCR–transduced T cell line. The Jurkat 76 (J76) T cell line 
was generated as previously described45. In brief, a pMIG construct containing 
3C8 TCR sequence was co-transfected into HEK293T cells in the presence of the 
retroviral packaging vectors pPAM-E and pVSV-g. Supernatants from transfected 
HEK293T cells were harvested and used to transduce J76 cells. Following a 5-day 
transduction period, the J76.3C8 cells that had the highest surface expression, as 
determined by their GFP and CD3 expression, were enriched and sorted using a 
BD Aria III instrument (BD Biosciences).

Tetramer staining. CD1c tetramers were made from CD1c monomers from the 
NIH Tetramer Facility as described32 and using a mammalian expression system 
and construct described below. The previously validated monomers were used for 
patient cohort studies (Figs. 1b,c, 7 and 8) and elution (Fig. 5), and the new design 
was coupled to multiple fluorophores and used for study of individuals (Fig. 1a) 
and staining of TCR-transfected cell lines (Fig. 2a,b). The J76.3C8, J76.NKT15 and 
parental J76 T cell lines were stained with PE-labeled tetramers of CD1c at 10 μ​g/ml  
in PBS containing 2% FCS (flow cytometry buffer). The cells and tetramers 
were incubated at 4 °C for 1 h and were washed twice in that flow cytometry 
buffer. Human PBMCs and T cells were stained with tetramers at 2 μ​g/ml in PBS 
containing 1% bovine serum albumin and 0.01% sodium azide for 20 min at 20 °C, 
followed by optimally titered antibodies for 20 min at 4 °C. In other experiments, 
human PBMCs were washed twice in lipid-free medium and were dually stained 
with PE- and BV421-conjugated tetramers for 20 min at 4 °C, followed by LIVE/
DEAD fixable Aqua (Life Technologies) for 10 min at 20 °C and the following 
optimally titered antibodies for 20 min at 4 °C: anti-CD14-V500 (clone M5E2, 
BD Horizon) and anti-CD19-V500 (clone HIB19, BD Horizon); anti-CD3-APC-
Fire750 (clone SK7, BioLegend), anti-CD8-BV711 (clone RPA-T8, BioLegend) and 
anti-CCR7-Cy7-PE (clone 3D12, BD Pharmingen); anti-CD4-Cy5.5-PE  
(clone S3.5, Thermo Fisher Scientific); and anti-CD45RA-ECD (clone 
2H4LDH11LDB9, Beckman Coulter) and anti-pan-γ​δ​-Cy5-PE (clone IMMU510, 
Beckman Coulter).

For loading of CD1c monomers with defined ligands, 16 μ​g of PC or SM, 
or a combination of 5 μ​g C18:0 MAG and 5 μ​g C16 fatty acid, was sonicated for 
30 min at 37 °C in 50 μ​l of 0.5% CHAPS and 50 mM sodium citrate buffer, pH 
7.4. CD1c monomers (10 μ​g) were added to the tubes and incubated overnight 
at 37 °C. For loading of CD1c monomers with PM, 5 μ​g of PM was sonicated 
for 30 min at 37 °C in 28 μ​l of PBS. CD1c monomers (10 μ​g) were added to the 
tubes and incubated overnight at 37 °C. The next day, 17 μ​l PBS was added to 
reach a final concentration of 0.2 mg/ml loaded CD1c monomers. For reloading 
experiments, CD1c monomers (4 μ​g) were treated overnight with 0.4 μ​g SM or not. 
Subsequently, 12 μ​g of ceramide, MAG or diacylglycerol (DAG) was added, and 
the CD1c–ligand mixtures were incubated overnight for a second time. Monomers 
were tetramerized using streptavidin-APC (Molecular Probes), streptavidin-PE 
(Molecular Probes or Sigma-Aldrich) or streptavidin-BV421 (BioLegend). Cells 
were acquired using an LSRFortessa or a custom-modified FACSAria II flow 
cytometer (BD Biosciences). Flow cytometry data were analyzed with FlowJo 
software (Tree Star).

Generation and testing of HD1 T cells and subsets. PBMCs from subject HD1 
were sorted based on their binding to anti-CD3 (clone SK7, Becton Dickinson) 
and CD1c tetramers treated with a mixture of MAG and fatty acid. Population 
expansion of sorted cells was performed using anti-CD3 (clone OKT3, produced 
in-house), irradiated feeder cells and IL-2. After 2 weeks, the sorting and expansion 
procedure was repeated, and the resulting cell line was named ‘HD1’. IFN-γ​ 
ELISpot assays were performed using anti-1D1K and GB-11-biotin according to 
the manufacturer’s instructions (Mabtech). After an initial screen using Vβ-specific 
antibodies (Vβ2: IM1484; Vβ4: IM3602; Vβ5.1: IM1552; Vβ9: IM2003; Vβ13.6: 
IM1330 and Vβ7.1: IM2287 (Beckman Coulter), Vβ13.1 (clone H31, Ebioscience), 
Vβ8 (clone JR2, Biolegend), Vβ21.3 (Catalog: 1483, Immunotech), three subsets 
of HD1 were sorted using anti-Vβ​5.1 and cultured in vitro. The TCR β​-chain 
sequences of HD1CD4+ and HD1CD4– were determined from RNA isolated 
with an RNeasy Kit (Qiagen), with cDNA synthesized using a Quantitect Reverse 
Transcription Kit (Qiagen). V-segment usage was determined by PCR using  
primer set IPS000030, as described online (https://www.imgt.org/) and via a 
multiplex approach46.

CD1c-mutagenesis assays. DNA constructs encoding single-residue CD1c 
mutants were synthesized (Life Technologies) and cloned into pMIG247, and 
retroviruses were transduced into C1R cells. Surface expression of each mutant 
was confirmed by flow cytometry using anti-CD1c (clone L161, BioLegend), 
and cell lines were purified via cell sorting based on co-expression of eGFP and 
CD1c. C1R.CD1d cells were generated previously via similar means48. C1R cells 
were co-cultured at a 1:1 ratio with J76.3C8 cells overnight, and CD69  
expression on eGFP+ CD3+ cells was assessed using an LSRFortessa flow 
cytometer (BD Biosciences). CD69 median fluorescence intensity (MFI) is 
presented relative to activation levels induced by C1R.CD1c wild-type  
antigen-presenting cells.

Expression and purification of soluble 3C8 TCR and CD1c. Genes encoding 
the extracellular domains of CD1c and β​2-microglobulin were cloned into pHLsec 
vectors49 with the addition of C termini thrombin cleavage sites and leucine zippers 
(Fos, β​2-microglobulin; Jun, CD1c; where CD1c contains a further BiRA-hexaHis 
tag). Soluble fusion proteins were expressed by cotransfection of HEK293S GnTI– 
cells with the plasmids pHLsec-β​2-microglobulin-Fos and pHLsec-CD1c-Jun-BirA-
hexaHis. Purified CD1c-β​2-microglobulin heterodimers were obtained by nickel 
affinity followed by size-exclusion chromatography. The HLA-DR4 molecules were 
expressed in HEK293S cells, with the CLIP peptide, and purified using a similar 
protocol to that of CD1c.

Genes encoding the extracellular region of the 3C8 TCR (α​-chain: TRAV29/
DV5*01-TRAJ30*01, CDR3α​ 104CAASVGDKIIF114; β​-chain: TRBV7-2*01-
TRBD2*01-TRBJ2-1*01, CDR3β​ 104CASSSYRGPRMNEQFF119) were cloned into 
pET30a vectors and were expressed as insoluble inclusion bodies in Escherichia 
coli BL21 strain50. Inclusion bodies were purified from the bacterial cells and 
solublized in 8 M urea, 0.5 mM EDTA, 1 mM DTT and 20 mM Tris-HCl, pH 8.0. 
The inclusion bodies were used in the oxidative refold of the 3C8 TCR, and soluble 
TCRs were purified via a series of anion-exchange, size-exclusion and hydrophobic 
interaction chromatography methods.

Surface plasmon resonance measurements and analysis. Steady-state 
equilibrium affinity of the 3C8 TCR–CD1c-endo interaction was assessed at 
25 °C using a BIAcore 3000 instrument with 10 mM HEPES, pH 7.4, and150 
mM NaCl as the running buffer. The Vβ8.2 NKT TCR and mouse CD1d-endo 
material were produced as described previously51. Approximately 3,000 response 
units of biotinylated CD1c-endo, mouse CD1d-endo and mouse CD1d–α​
-galactosylceramide were coupled to a SA sensor chip and analyzed against a 
twofold serial dilution of the 3C8 TCR (150 µ​M to 146 nM) or the Vβ8.2 NKT TCR 
(3.125 µ​M to 48.8 nM). The analyte was passed over the sensor chip at a flow rate 
of 5 µ​l/min for a period of 80 s, and the final response was subtracted from that of 
mouse CD1d-endo. The affinity value and sensorgram plots were generated using 
BIAevaluation and GraphPad Prism software.
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Crystallization and structure determination. The leucine zipper of the  
CD1c–β​2-microglobulin protein was removed using soluble thrombin. The 
zipperless CD1c–β​2-microglobulin protein (CD1c-endo) was further purified by 
size-exclusion chromatography. The 3C8 TCR and CD1c-endo complexes were 
mixed at a ratio of 1:5 and were concentrated to 8 mg/ml in 10 mM Tris-HCl, 
pH 8.0, and 150 mM NaCl. Crystallization experiments were performed at 20 °C 
using the sitting-drop vapor-diffusion method. Crystals of the 3C8 TCR–CD1c-
endo ternary and CD1c-endo binary complexes were obtained from the 3C8 
TCR–CD1c-endo sample. Crystals of the 3C8 TCR–CD1c-endo ternary complex 
grew in precipitant containing 200 mM potassium thiocyanate and 20% PEG 3350 
after 2 weeks. Crystals of the CD1c-endo binary complex were obtained in 10 mM 
MES, pH 6.5, 10% dioxane and 1.6 M ammonium sulfate after 3 months. Prior 
to X-ray diffraction data collection, crystals were cryoprotected in mother liquor 
(crystallization solution) containing 20–30% ethylene glycol and then flash frozen 
in liquid nitrogen. Data collection was conducted at 100 °K on the MX2 beamline 
at the Australian Synchrotron. The 3C8 TCR–CD1c-endo and CD1c-endo crystals 
diffracted in the P3121 and P6522 space groups, respectively.

Data sets were processed using the CCP4 software suite52. Diffraction images 
were integrated using iMosflm, and intensities were scaled using SCALA. 
Ellipsoidal Truncation and Anisotropic Scaling were implemented using the UCLA 
Diffraction Anisotropy server53. The structure was determined via molecular 
replacement, using the CD1c-MPM binary complex (PDB accession code 3OV6) 
and the B7 TCR (PDB accession code 1BD2), with the CDR loops truncated, as 
search models in the maximum likelihood-based molecular replacement program 
PHASER54. Densities indicative of the presence of ligands in the CD1c binding 
pockets (A′​, F′​ and G′​) became visible following initial rounds of refinements 
using the structure refinement program autoBUSTER55. Throughout the structure 
refinement process, COOT was used to build structure models56. Various ligand 
libraries were generated using the program JLigand from the CCP4 Suite and used 
as models to fit the ligand densities. Structure factors and models were validated 
using wwPDB.

Statistics. The statistical significance of CD1b versus CD1c staining of PBMCs 
from 28 subjects was tested using the Wilcoxon signed rank test with continuity 
correction, after non-normality was established using the Shapiro-Wilk test.

Life Sciences Reporting Summary. Further information on experimental design 
and reagents is available in the Life Sciences Reporting Summary.

Data Availability. The data that support the findings of this study are available 
from the corresponding authors upon request. Structural information has been 
deposited in the Protein Data Bank under accession codes 6C09 (3C8 TCR–CD1c-
lipid) and 6C15 (CD1c-lipid).

References
	40.	Bligh, E. G. & Dyer, W. J. A rapid method of total lipid extraction and 

purification. Can. J. Biochem. Physiol. 37, 911–917 (1959).
	41.	Layre, E. et al. A comparative lipidomics platform for chemotaxonomic 

analysis of Mycobacterium tuberculosis. Chem. Biol. 18, 1537–1549 (2011).
	42.	Huang, S. et al. Discovery of deoxyceramides and diacylglycerols as CD1b 

scaffold lipids among diverse groove-blocking lipids of the human CD1 
system. Proc. Natl Acad. Sci. USA 108, 19335–19340 (2011).

	43.	Madigan, C. A. et al. Lipidomic discovery of deoxysiderophores reveals a 
revised mycobactin biosynthesis pathway in Mycobacterium tuberculosis.  
Proc. Natl. Acad. Sci. USA 109, 1257–1262 (2012).

	44.	Young, D. C. et al. In vivo biosynthesis of terpene nucleosides provides 
unique chemical markers of Mycobacterium tuberculosis infection. Chem. Biol. 
22, 516–526 (2015).

	45.	Gras, S. et al. Allelic polymorphism in the T cell receptor and its impact on 
immune responses. J. Exp. Med. 207, 1555–1567 (2010).

	46.	Wang, G. C., Dash, P., McCullers, J. A., Doherty, P. C. & Thomas, P. G. T cell 
receptor α​β​ diversity inversely correlates with pathogen-specific antibody levels 
in human cytomegalovirus infection. Sci. Transl. Med. 4, 128ra42 (2012).

	47.	Holst, J., Vignali, K. M., Burton, A. R. & Vignali, D. A. A. Rapid analysis of 
T-cell selection in vivo using T cell-receptor retrogenic mice. Nat. Methods  
3, 191–197 (2006).

	48.	Uldrich, A. P. et al. CD1d-lipid antigen recognition by the γ​δ​ TCR.  
Nat. Immunol. 14, 1137–1145 (2013).

	49.	Aricescu, A. R., Lu, W. & Jones, E. Y. A time- and cost-efficient system for 
high-level protein production in mammalian cells. Acta Crystallogr. D Biol. 
Crystallogr. 62, 1243–1250 (2006).

	50.	Kjer-Nielsen, L. et al. A structural basis for the selection of dominant α​β​  
T cell receptors in antiviral immunity. Immunity 18, 53–64 (2003).

	51.	Pellicci, D. G. et al. Differential recognition of CD1d-alpha-galactosyl 
ceramide by the Vβ​8.2 and Vβ​7 semi-invariant NKT T cell receptors. 
Immunity 31, 47–59 (2009).

	52.	Winn, M. D. et al. Overview of the CCP4 suite and current developments. 
Acta Crystallogr. D Biol. Crystallogr. 67, 235–242 (2011).

	53.	Strong, M. et al. Toward the structural genomics of complexes: crystal 
structure of a PE/PPE protein complex from Mycobacterium tuberculosis. 
Proc. Natl. Acad. Sci. USA 103, 8060–8065 (2006).

	54.	McCoy, A. J. Solving structures of protein complexes by molecular replacement 
with Phaser. Acta Crystallogr. D Biol. Crystallogr. 63, 32–41 (2007).

	55.	Bricogne, G. et al. autoBUSTER, Version 1.6.0. Global Phasing Ltd, 
Cambridge, United Kingdom. (2011).

	56.	Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development 
of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486–501 (2010).

Nature Immunology | www.nature.com/natureimmunology

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.

https://www.rcsb.org/structure/3OV6
https://www.rcsb.org/structure/1BD2
http://www.rcsb.org/pdb/results/results.do?tabtoshow=Unreleased&qrid=4E2CD517
http://www.rcsb.org/pdb/results/results.do?tabtoshow=Unreleased&qrid=A6B2A7AD
http://www.nature.com/natureimmunology


1

nature research  |  life sciences reporting sum
m

ary
N

ovem
ber 2017

Corresponding author(s): NI-A25516

Life Sciences Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life 
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list 
items might not apply to an individual manuscript, but all fields must be completed for clarity. 

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research 
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

Please do not complete any field with "not applicable" or n/a.  Refer to the help text for what text to use if an item is not relevant to your study. 
For final submission: please carefully check your responses for accuracy; you will not be able to make changes later.

    Experimental design
1.   Sample size

Describe how sample size was determined. For the human PBMC donors, the sample size was 28. This number of donors were obtained 
as they were all able to satisfy the experimental criteria for not being previously infected with 
M. tuberculosis.  This group size exceeded that predicted by power estimates.

2.   Data exclusions

Describe any data exclusions. No data were excluded as long as the patients meet the study criteria.  
In mass spectrometry analyses (Supplementary Table 3), due to the large number of ions 
identified, they were grouped into lipid classes rather than being analyzed individually, as 
described in the results sections.

3.   Replication

Describe the measures taken to verify the reproducibility 
of the experimental findings.

Technical replicates and independent measurements for each experiment reported.  The 
extent of technical replicates and independent measurements are indicated in figure legends. 
In addition, data were reproducible (with similar results) in each experiment as recorded in 
the figure legends. 

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

Samples were not randomized for the experiments. 

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

No specific blinding techniques were used. 

Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

Test values indicating whether an effect is present 
Provide confidence intervals or give results of significance tests (e.g. P values) as exact values whenever appropriate and with effect sizes noted.

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars in all relevant figure captions (with explicit mention of central tendency and variation)

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

For surface plasmon resonance analysis, data was analyzed using the BIAevaluation software 
(version 4.1, GE Healthcare) and Prism software (version 7, GraphPad Software, Inc). Details 
of structure determination, validation and analysis are listed in the online methods. For flow 
cytometry analysis, data were analyzed using FlowJo version 10.4 (Tree Star, Becton 
Dickinson).  Nano-electrospray ionization mass spectrometry data were analyzed by using 
Thermo Scientific Xcalibur Software (version 2.0.7).  Q-TOF HPLC-MS data were analyzed by 
using Agilent MassHunter Software (version B.06.01).  HPLC-MS Data Extraction and 
Alignment for figure 8b was using MassHunter software to convert the raw data to mzData 
and processed in R (version 3.4.2) using the XCMS software (version 1.52.0) according to the 
published method listed in the Methods section.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a third party.

No restrictions except for T cell lines whose cell numbers are limiting for experiments.
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9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

Antibodies were obtained from commercial validated sources, used according to 
manufacturers' instructions. Further, antibodies were titrated and validated using human 
PBMC. Antibodies pass internal validation when the observed staining patterns reproduce 
published staining patterns of PBMC. The antibodies used in this study are listed: 
LIVE/DEAD Fixable Aqua (Catalog number L34965, Life Technologies), 7-AAD Staining Solution 
(Catalog number 559925, BD Pharmingen), anti-CD14-V500 (Catalog Number 561391, clone 
M5E2, BD Horizon), anti-CD19-V500 (Catalog number 561121, clone HIB19, BD Horizon), anti-
CD19-PE-Cy5 (Catalog 302209, clone HIB19, BioLegend), anti-CD3-APC (Catalog number 
555335, clone UCHT1, BD Pharmingen), anti-CD69-PE (Catalog number 555531, clone 
FN50,BD Pharmingen), anti-CD3-APC-Fire750 (Catalog number344840, clone SK7, BioLegend), 
anti-CD8-BV711 (Catalog number 301044, clone RPA-T8, BioLegend), anti-CD14-V500 
(Catalog Number 561391, clone M5E2, BD Horizon), anti-CCR7-Cy7-PE (Catalog number 
557648, clone 3D12, BD Pharmingen), anti-CD4-Cy5.5-PE (Catalog number MHCD0418, clone 
S3.5, Thermo Fisher Scientific), anti-CD45RA-ECD (Catalog number IM2711U, clone 
2H4LDH11LDB9, Beckman Coulter), anti-pan-gd-Cy5-PE (Catalog number  IM2662 , clone 
IMMU510, Beckman Coulter), anti-CD1c (Catalog number 331502, clone L161, Biolegend), 
anti-CD1c-BV421 (Catalog number 331525, clone L161, Biolegend). 

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. HEK293  cells were obtained from ATCC (www.atcc.org), CR1 cells were obtained from the 

McCluskey laboratory (University of Melbourne) and J76 cells originated from Mirjam H. M. 
Heemskerk (Heemskerk, MH, et al. (2003) Blood).

b.  Describe the method of cell line authentication used. Transfected J76 (Jurkat) T cell lines were checked for eGFP marker and CD3 surface 
expression via the anti-CD3 antibody. Transfected C1R cells were checked for eGFP surface 
expression and verified via the anti-CD19 monoclonal antibody.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

Cells lines were not recently tested for mycoplasma contamination. 

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No commonly misidentified cell lines were used. 

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide all relevant details on animals and/or 
animal-derived materials used in the study.

This study does not involve any research animals.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

Human donors have been recruited with informed consent, ethical approval and oversights 
from the ethics committee of the Cardiff University School of Medicine, Institutional 
Committee of Ethics in Research of the Peruvian Institutes of Health, the Institutional Review 
Board of the Harvard Faculty of Medicine, and the Partners Healthcare Institutional Review 
Board. Participants were recruited based on the study criteria such as the lack of prior or 
active tuberculosis infection.  


	T cell autoreactivity directed toward CD1c itself rather than toward carried self lipids

	Results

	CD1c tetramer staining of human T cells. 
	Binding of the TCR to CD1c presenting endogenous self lipids. 
	Overview of the TCR-CD1c-lipid structure. 
	Three autoreactive TCR modes for the recognition of self lipid. 
	TCR-CD1c platform interactions. 
	Critical residues that enable the CD1c-restricted response. 
	Mass spectrometry reveals exclusion of lipids after engagement of the TCR. 
	Permissive and non-permissive lipids within CD1c. 
	Recognition of CD1c-endo by the TCR generates functional autoreactivity. 
	CD1c tetramers carry many self lipids. 
	TCR-CD1c binding is blocked by lipids with large headgroups. 

	Discussion

	Methods

	Acknowledgements

	Fig. 1 CD1c tetramers stain human polyclonal T cells.
	Fig. 2 Binding analysis of the 3C8 TCR by tetramer staining and surface plasmon resonance.
	Fig. 3 Autoreactive T cell recognition of CD1a, CD1b and CD1c.
	Fig. 4 Interaction between the 3C8 TCR and CD1c.
	Fig. 5 Isolation of lipids from CD1c and 3C8 TCR–CD1c complexes.
	Fig. 6 Models of the CD1c ligands in the X-ray crystal structures.
	Fig. 7 CD1c-endo tetramer staining involves TCR binding and T cells with functional autoreactivity to CD1c proteins.
	Fig. 8 CD1c monomers bind highly diverse self lipids, and tetramers derived therefrom bind to CD1c-autoreactive T cell clones.

	NI-A25516-LSR.pdf
	summary
	flow




