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Lyme disease is a common multisystem disease caused by infection with a tick-
transmitted spirochete, Borrelia burgdorferi and related Borrelia species. The monogly-
cosylated diacylglycerol known as B. burgdorferi glycolipid II (BbGL-II) is a major target of
antibodies in sera from infected individuals. Here, we show that CD1b presents BbGL-
II to human T cells and that the TCR mediates the recognition. However, we did not
detect increased frequency of CD1b-BbGL-II binding T cells in the peripheral blood of
Lyme disease patients compared to controls. Unexpectedly, mapping the T cell specificity
for BbGL-II-like molecules using tetramers and activation assays revealed a concomi-
tant response to CD1b-expressing APCs in absence of BbGL-II. Further, among all major
classes of self-lipid tested, BbGL-II responsive TCRs show strong cross-reactivity to diacyl-
glycerol, a self-lipid antigen with structural similarities to BbGL-II. Extending prior work
on MHC and CD1b, CD1c, and CD1d proteins, this study provides evidence for cross-
reactive CD1b-restricted T cell responses to bacterial and self-antigens, and identifies
chemically defined targets for future discovery of self and foreign antigen cross-reactive
T cells.
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Introduction

MHC molecules present peptides from self or foreign origin to
T cells. Outside the MHC, the human genome encodes addi-
tional antigen presenting molecules that produce proteins that
are structurally related to MHC class I proteins, including CD1a,
CD1b, CD1c, and CD1d [1]. CD1-β2microglobulin complexes are
expressed on key APCs such as B cells, macrophages, and den-
dritic cells [2], where they bind many types of lipid antigens
for presentation to TCRs. An important difference between MHC
and CD1 genes is that CD1 genes show extremely low rates of
polymorphism. Although single nucleotide polymorphisms in CD1
are known, they have not been shown to affect lipid antigen dis-
play or TCR recognition. Thus, unlike peptide antigens, where the
pattern of response varies substantially among individuals, CD1
allows development of lipid antigens as immunogens for vaccines
or targets of diagnostic studies that could work in any genetic
background [3, 4].

Among human CD1 molecules, CD1b was the first for which
lipid antigen presentation was shown [5, 6]. High levels of
CD1b are present on DC’s or induced on monocytes differenti-
ating into DCs [7, 8], where it presents self and foreign lipids
to T cells. Many foreign lipids that are known to be presented
by CD1b are derived from mycobacteria or closely related acti-
nobacteria, such as glucose monomycolate, glycerol monomyco-
late [9–11], mycolic acid [5, 12, 13], and diacylated sulfoglycol-
ipids [14, 15]. Also, some self-lipids from mammalian cells are
presented by CD1b, including phosphatidylglycerol, phosphatidic
acid (PA), phosphatidylethanolamine, phosphatidylinositol, and
gangliosides [16–19]. Interestingly, for some of these self-lipids,
such as phosphatidylglycerol and PA, the T cells that recognize
them cross-react with bacterial versions of the lipids, such as lipids
found in Salmonella and Staphylococcus species [18].

Here, we tested the possibility that CD1b might play a role
in Lyme disease, which is a tick-borne bacterial infection [20].
The initial site of infection is the skin, where the spread of bac-
teria and immune response often begins as an expanding skin
lesion, erythema migrans. In untreated patients, this skin lesion
may be followed weeks later by neuroborreliosis or carditis, and
months later, by arthritis. In North America Borrelia burgdorferi
is the causative agent of Lyme disease, while in Europe and Asia
B. afzelii and B. garinii are the predominant species [21]. Infec-
tions caused by B. burgdorferi in North America tend to be more
arthritogenic, whereas B. garinii causes a more neurotropic dis-
ease. B. afzelii predominantly causes skin manifestations [22].
Most patients respond to sterilizing regimens of antibiotics. How-
ever, some patients have persistent or worsening, long lasting syn-
ovitis, called post-infectious or antibiotic-refractory Lyme arthritis
where live Borrelia cannot be detected [23]. The synovial lesion
in these patients is associated with chronic inflammation, fibrosis,
and autoimmune phenomena [24–27].

B. burgdorferi has two major glycolipids, Borrelia burgdorferi
glycolipid I (BbGL-I) and Borrelia burgdorferi glycolipid II (BbGL-
II), which together comprise 36% of the total lipid mass of the
bacteria. These molecules belong to different lipid classes: BbGL-I

is cholesterol based, and BbGL-II is diacylglycerol based. However,
both lipids are components of both the inner and outer membrane
[28, 29], and both elicit antibody responses in infected people [30,
31]. In one study of North American patients, 52% of patients with
neuroborreliosis had weak IgG antibody responses to BbGL-II, and
almost all patients with Lyme arthritis, had strong IgG reactivity
with both BbGL-1 and BbGL-II [32]. Although BbGL-I and BbGL-II
were identified in B. burgdorferi, both lipids were also detected
in B. afzelii and B. garinii [33]. The gene named monogalactosyl-
1,2-diacylglycerol synthase, mgs, which is thought to catalyze the
synthesis of BbGL-II, is present in all three pathogenic Borrelia
species [34]. Thus, BbGL-II would be a potential glycolipid antigen
for use in vaccines and diagnostics.

Several prior studies suggested the hypothesis that CD1b might
present Borrelia lipids to human T cells. First, while modeling
suggested that BbGL-I fits into the antigen binding cleft of human
CD1c [35], we predicted that BbGL-II would fit in the antigen
binding cleft of CD1b based on its two-tailed glycolipid structure
and size [36, 37]. Second, NKT cells are activated by CD1d and
BbGL-II [38], and depletion of NKT cells or CD1d render mice
more sensitive to infection [39, 40]. Third, human CD1b and CD1c
transcripts and proteins are upregulated by TLR ligands or live
B. burgdorferi. Studies of ex vivo B. burgdorferi infected human
skin explants and erythema migrans biopsies show CD1b protein
upregulation to high levels at the site of infection [41]. Because
CD1b is rarely expressed in human tissues in the periphery, these
findings suggested a model in which localized infection rapidly
upregulates CD1b proteins at the site of infection, where bacterial
lipids are being shed [42]. However, direct evidence for Borrelia
lipid antigens for CD1b is lacking. In this study, we investigated
whether BbGL-II can be presented by CD1b to human T cells.

Results

Characterization of BbGL-II

To characterize in-house produced synthetic BbGL-II (1, 2 di-O-
oleoyl-3-O-α-D-galactopyranosyl-sn-glycerol) [31], we carried out
positive mode, multistage collision-induced dissociation (CID)–
electrospray ionization (ESI)–mass spectrometry (MS) (Fig. 1).
The MS2 collision pattern of BbGL-II (C45H82O10Na+, calculated
m/z 805.6, detected m/z 805.9) shows loss of 282 u, representing
the mass of any oleic acyl (C18:1) moiety. The MS3 collision pat-
tern shows subsequent loss of the hexose (162 u), another oleic
acid (282 u), or acylglycerol (338 u). These data confirm that the
BbGL-II used in this study is intact and identifies key components,
including two oleic acyl units.

BbGL-II specific T cells

To identify CD1b-BbGL-II specific T cells, we used peripheral
blood mononuclear cells (PBMC) from a buffy coat from donor
24 (BC24). This donor was considered immune based on the
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Figure 1. Mass spectrometry on synthetic BbGL-II lipid. Positive ion
mode ESI–MS of synthetic BbGL-II gave an expected major ion at m/z
805.9 (top panel), which was subjected to multistage CID-MS to yield
fragment ions as indicated (middle and bottom panels).

presence of an erythema migrans lesion but did not have clini-
cal signs of Lyme disease. After 14 days of expansion of T cells
with anti-CD3, �0.3% of cells stained positively with CD1b-BbGL-
II tetramers (Fig. 2A). These cells were sorted and expanded to
yield CD1b-BbGL-II tetramer positivity in 1.4% of cells. After a sec-
ond round of sorting and expansion with CD1b-BbGL-II tetramers,
a clear CD1b-BbGL-II tetramer+ CD4– population was identified.
This large, homogenously staining population represented 14%
of cells, which we named T cell line BC24A. The CD4+ cells
contained CD1b-specific populations with a very broad reactivity
pattern, including CD1b-phosphatidylglycerol [19], and were not
analyzed here because we were interested in discovering BbGL-II-
specific T cells. Further analysis showed that BC24A T cells do not
detectably bind to mock-treated CD1b tetramers (Fig. 2B), which
are called CD1b-endo tetramers because they contain endoge-
nous cellular lipids from the mammalian expression system for
CD1b [18]. In contrast to nearly all previously reported CD1b
reactive T cells lines, which are CD4+ or CD4–CD8– [11, 18, 43],
BC24A cells uniformly express high levels of CD8.

BC24A T cells were subjected to a single-cell TCR sequencing
method [44], which yielded six separate interpretable TCR-α and
-β chain pairs that were all identical. The BC24A TCR consists of
an α-chain containing the gene segments TRAV36/DV7*04 and
TRAJ22*01 and a β chain containing the gene segments TRBV4-
1*01 and TRBJ1-4*01 (Fig. 3A). Unlike the conserved α chain
sequences of invariant T cells, such as NKT cells, the BC24A TCR
contains seven non-template-encoded nucleotides. Invariant TCRs
such as NKT cells and germline-encoded mycolyl reactive (GEM) T
cells use predominantly or solely germline encoded sequences. So
this finding suggests that BC24A is a representative of the private

Figure 2. Isolation of CD1b-BbGL-II bind-
ing T cells. (A) PBMC from blood donor
BC24 (Table 1) with erythema migrans were
sorted based on CD1b-BbGL-II tetramer
binding. After three rounds of sorting and
expansion, the 96% of CD4– T cells that
stain with CD1b-BbGL-II tetramers were
further tested for staining with CD1b-
endo tetramers carrying endogenous (endo)
lipids and an antibody against CD8α. Posi-
tive CD1b-BbGL-II tetramer, negative CD1b-
endo, and negative CD4 staining have been
observed in five independent experiments.
CD8 staining was performed once.
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Figure 3. TCR dependent tetramer binding. (A) The sequence of the
CD1b-BbGL-II binding TCR was determined by single cell TCR sequenc-
ing, where six independently obtained single cells showed the same
CDR3 sequence. The nucleotides of the variable region (light grey) N-
region additions (white) and joining segment (dark grey) are color-
coded. (B) J76 cells transduced with the BC24A TCR and untransduced
J76 cells were stained with CD1b-BbGL-II tetramer. (C) J76 cells trans-
duced with the CD1b-BbGL-II specific TCR were stained with CD1b-
BbGL-II and CD1b-endo tetramers. Panel (C) was pregated based on
forward scatter (FSC) and side scatter (SSC) as shown in (B). Four inde-
pendent experiments were performed with comparable results. One
representative experiment is shown.

T cell repertoire unique to this individual. Whereas CD1 tetramers
typically bind TCRs, there is some prior evidence for staining of
non-T cells or binding to non-TCR proteins like ILT4 [45, 46].
Therefore, to assess whether CD1b-BbGL-II tetramers bind this αβ

TCR, we performed a TCR transfer experiment. Jurkat 76 (J76)
cells, which are deficient for both TCR-α and -β chains [47], were
transduced with the BC24A TCR and CD3, both using GFP as a
transduction marker. CD1b-BbGL-II tetramers selectively stained

Table 1. Overview of the blood donors used in this study. All patients
and blood bank donors are from the Netherlands

Donor Donor status

Time since
diagnosis
(months)

1 Lyme neuroborreliosis 6
2 Lyme arthritis 6
3 Lyme neuroborreliosis 0
4 Lyme neuroborreliosis 24
5 Lyme arthritis 12
6 Lyme arthritis 0
7 Lyme neuroborreliosis 12
8 Lyme arthritis 1
9 Lyme neuroborreliosis 0
11 Lyme neuroborreliosis 1
12 Lyme neuroborreliosis 3
14 Lyme neuroborreliosis 24
BC1 Random blood bank donor NA
BC2 Random blood bank donor NA
BC8 Random blood bank donor NA
BC9 Random blood bank donor NA
BC13 Random blood bank donor NA
BC14 Random blood bank donor NA
BC17 Random blood bank donor NA
BC18 Random blood bank donor NA
BC19 Random blood bank donor NA
BC20 Random blood bank donor NA
BC24 Erythema migrans Unknown

NA, not applicable; BC, buffy coat.

TCR-transduced, GFP+ cells but not untransduced cells, demon-
strating that tetramer binding is TCR dependent (Fig. 3B). Like
the primary T cell population BC24A, staining of TCR transduced
J76 cells with CD1b-endo tetramers did not show detectable bind-
ing, demonstrating that binding between CD1b and the TCR is
dependent on the BbGL-II glycolipid (Fig. 3B). Thus, BbGL-II is a
CD1b-presented antigen for T cells that undergoes cognate recog-
nition by an αβ TCR.

T cell populations in random donors and
Borrelia-infected people

Next, we sought to measure CD1b-BbGL-II and CD1b-endo
tetramer staining in polyclonal T cell populations (Fig. 4, Table 1,
Supporting Information Figs. 1–5). We used anti-CD3-expanded
T cells from PBMC from four Lyme arthritis, eight Lyme neu-
roborreliosis patients, and six random blood bank donors from
the Netherlands (Fig. 4A). In contrast to the brightly staining cells
seen after CD1b-BbGL-II tetramer sorting and expansion (Fig. 2),
ex vivo staining did not yield cell populations that were well sepa-
rated from the tetramer negative cells and did not result in signif-
icant differences between CD1b-endo and CD1b-BbGL-II tetramer
staining in any of the groups. Prior studies [18, 46] suggest that
T cell precursor frequencies of 10−5 to 10−4 above background are

C© 2019 The Authors. European Journal of Immunology published by
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Figure 4. Tetramer staining of T cells
from Lyme disease patients. T cells
that were expanded for 2 weeks (A
and C) or PBMC that were used directly
ex vivo (B) were stained with an αCD3
antibody and the indicated tetramers
(CD1b-BbGL-II, CD1b-endo, or CD1b-
DAG). Facs data of three representa-
tive subjects (one Lyme arthritis, one
Lyme neuroborreliosis, and one ran-
dom blood bank donor) are shown
in (A). The complete set of flowcy-
tometric data and pregating strategy
is shown in Supporting Information
Figures 1–5. The percentages CD3+

tetramer+ cells are indicated. NS: not
significant (p > 0.05) as calculated by
paired Wilcoxon ranked sums tests
and Benjamini and Hochberg correc-
tion for multiple testing.

needed for detection of antigen-specific T cells. Thus, CD1b-BbGL-
II tetramer staining was insufficiently sensitive to detect T cells in
these expanded polyclonal T cell populations. Because phospho-
lipids are abundantly present in CD1b-endo [19], another way of
formulating this conclusion is to say that BbGL-II-specific T cells
are not more abundant than phospholipid-specific T cells. T cell
expansion was necessary from PBMC from Lyme disease patients
because cell numbers directly ex vivo were insufficient for these
experiments. However, we were able to perform experiments on
PBMC from blood bank donors directly ex vivo (Fig. 4B). Also
directly ex vivo, no significant differences between CD1b-endo
and CD1b-BbGL-II tetramer staining were detected.

T cell activation assays demonstrate CD1b and
self-antigen reactivity

To determine whether BC24A T cells can be functionally activated
by cellular CD1b-BbGL-II complexes, IFN-γ production was mea-
sured with an ELISPOT assay using CD1b-expressing C1R cells
as APCs (Fig. 5A). No response was seen upon stimulation with
C1R.CD1a cells or C1R.CD1b treated with anti-CD1b monoclonal
antibodies (BCD1b3.1), demonstrating an absolute requirement

for CD1b expression. However, we observed similarly high lev-
els of IFN-γ production in response to C1R.CD1b with no added
antigen, C1R.CD1b cells treated with BbGL-II lipid, or C1R.CD1b
cells treated with sonicated B. burgdorferi bacteria. In this sys-
tem, CD1b-dependent reactivity to human APCs in the absence of
exogenously added antigen is interpreted as CD1b autoreactivity.
Together, the data suggested the existence of a self-antigen in C1R
cells, which we sought to discover.

Diacylglycerol is a self-antigen

Recent studies have identified CD1b-presented lipid autoanti-
gens, including PA, phosphatidylglycerol, phosphatidylcholine,
and related molecules [16, 18]. Structural studies of CD1b-
phosphatidylglycerol-TCR show that CD1b binds the diacylglyc-
erol (DAG) moiety and presents the phosphoglycerol anion to
cationic cup in the TCR. Therefore, we tested staining with a panel
of CD1b tetramers loaded with phospholipids, including PA, phos-
phatidylglycerol, phosphatidylethanolamine, phosphatidylserine,
phosphatidylcholine, as well as one smaller (lysophosphatidic
acid) and larger (phosphatidylinositol mannoside) lipid with a
similar core structure (Fig. 5B). Although some of these alternately
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Figure 5. CD1b-BbGL-II-binding T cells are autoreactive and recognize
diacylglycerol. (A) IFN-γ production was measured by co-culture of
BC24A T cells and C1R cells transduced to express human CD1a or CD1b.
The cells were incubated in the presence of BbGL-II lipid, sonicated Bor-
relia burgdorferi (B.b.), or without antigen (–). A blocking antibody or
isotype control was added. Data is mean value of triplicates with error
bars showing SD. Data shown is representative of three independent
experiments. (B) Staining of BC24A with the indicated tetramers. (C)
Detection of C36:2 DAG standard or lipid extracts of human cell lines
C1R, K562, and 293T cells by high mass resolution mass HPLC time
of flight MS. (D) Mass spectrum between 13.5 and 13.7 min shows the
presence of C34:1 DAG and C36:2 DAG in cells. (E) Cultured primary
T cells or J76 cells transduced with the BC24A TCR were stained with
CD1b tetramers loaded with the indicated antigens. Pregating strategy
is shown in Figures 2A and 3C, respectively. BC24A staining was per-
formed twice independently, J76-BC24A staining was performed three
times independently. One representative staining is shown.

loaded tetramers have been previously shown to bind TCRs [18],
BC24A did not stain, ruling out the many of the most abundant
self-phospholipids as antigens in this case.

Next, we considered self-lipids that more closely resemble the
structure of BbGL-II, which has a simple DAG backbone coupled

to a hexose sugar (Fig. 1). Hexose-DAGs are not known to exist in
human cells. However, free DAG has been reported in low amounts
in human cells as a second messenger and as an intermediate of
triglyceride synthesis. Therefore, we tested whether the C1R cells,
which were used as APCs in our functional assay, as well as two
other commonly used APCs, K562 and 293T, expressed detectable
amounts of DAG. To detect DAG, we used reverse phase HPLC-
quadrupole time-of-flight–MS, which provides high mass accuracy
and retention time information for the detected ions (Fig. 5C). In
all cell lines we detected ions with a mass and retention time
matching synthetic dioleoyl-DAG standard. A mass spectrum at
that retention time (13.5-14 min) showed ammoniated ions of
the chain length analogs C34:1 (m/z 612.5567) and C36:2 (m/z
638.5723) DAGs. (Fig. 5D).

Next, we found that dioleoyl DAG-treated CD1b tetramers
brightly stained BC24A cells. This result was confirmed in BC24A
TCR-transduced J76 cells (Fig. 5E). Polyclonal T cells from six
random blood bank donors did not show significant differences
between CD1b-endo and CD1b-DAG tetramer staining (Fig. 4C).
So, even though BC24A staining provides proof of principle that
this reactivity pattern exists, detection of such T cells is not
possible in peripheral blood at precursor frequencies of >10−4,
which is needed for detection above background staining levels.
Whereas prior work has identified sphingolipid [17] and phos-
pholipid autoantigens for CD1b [16, 18], these data identify a
neutral lipid self-antigen: simple diacylglycerols mediate CD1b
autoreactivity.

Discussion

Whereas most studies of human αβ T cell responses focus on
MHC and peptide antigens, new information on the CD1 sys-
tem increasingly points to a parallel system of antigen response
involving recognition of foreign lipids. Direct evidence for T cell
responses to B. burgdorferi lipids started with Kinjo’s seminal work,
demonstrating that CD1d-BbGL-II complexes activate invariant
NKT cells [38]. NKT cells form an interdonor-conserved innate
T cell population. Based on the non-template encoded nucleotide
additions in its TCR α chain, the BC24A TCR most likely represents
one example of the private, diverse repertoire. A further difference
between the CD1d and CD1b systems is that CD1d is constitutively
expressed on most cell types, whereas CD1a, CD1b and CD1c
protein expression is normally undetectable on myeloid cells in
the periphery until Toll-like receptors, cytokines or other stimuli
induce CD1b transcription [8]. Because B. burgdorferi infection
stimulates CD1b expression in human skin, the existence of Borre-
lia lipid-specific T cells was predicted [41]. Here we provide proof
of principle for CD1b-mediated T cell recognition of a major gly-
colipid that is expressed in the three major disease-causing species
of Borrelia.

Whether or not Borrelia lipid recognition plays a role in Lyme
disease outcomes will require further study, given the lack of
increased ex vivo CD1b-BbGL-II tetramer staining seen in our
pilot study. However, BbGL-II and DAG provide specific molecular
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targets for future clinical studies in Lyme disease patients. Given
the importance of intradermal T cell responses in the erythema
migrans lesion, prior evidence for local upregulation of CD1b in
skin and the expectation that lipids would be shed locally, the next
phase of studies will take advantage of skin to focus on tissue-
specific T cells in human responses to Borrelia lipids. Further, the
pattern of recognition observed here matches a broader theme
of immune response in Lyme disease. At the molecular level, B
cell and MHC-restricted T cell responses in Lyme disease show
demonstrable responses to self-antigens [25, 26, 48] and cross-
reactivities among bacterial and self-antigens [27]. Thus Borrelia-
initiated, self-propagating immune responses may contribute to
post-infectious Lyme arthritis.

From a molecular perspective, these studies identify DAG as
a previously unknown autoantigen in the CD1b system. Although
recognition of a moderately abundant self-lipid was unexpected,
the data demonstrate antigen recognition using several types of
assays. A cloned TCR binds DAG lipids loaded onto CD1b com-
plexes, and a CD1b-mediated autoreactive response to antigen
presenting cells that produce DAG was found.

This study reports a T cell line with combined self and for-
eign lipid antigen specificity. Given the low staining of BC24A
T cells with CD1b-endo tetramers, and the high staining with
CD1b-BbGL-II tetramers, the strong response of this T cell line
to CD1b expressed on C1R cells was unexpected, but can be read-
ily explained by the different valency of TCR ligands on tetramers
and cells. DAG constitutes a low percentage of cellular lipids com-
pared to phospholipids. Tetramers typically require that two or
more arms be loaded with a TCR binding ligand to achieve ade-
quate avidity to bind T cells. In contrast, the surface of a CD1b-
expressing cell has a much larger number of CD1b proteins from
which to generate binding partners for TCRs, so rare lipids can
generate multivalent TCR ligands. Our data directly document
DAG presence in C1R cells, competence of CD1b-DAG tetramers
to stain BC24A brightly, and maximal cytokine response to CD1b-
expressing C1R cells. These results highlight the ability of cells
to present relatively rare antigens to T cells, as contrasted with
tetramers, which require higher absolute occupancy.

While the precise molecular mechanism for the observed
cross-reactivity between BbGL-II and DAG remains to be
established through structural studies, recent work on CD1b-
phosphatidylglycerol-TCR complexes suggest a likely model. DAG,
BbGL-II, and phosphatidylglycerol have essentially the same dia-
cylglycerol anchor, and this shared chemical moiety also matches
the lipid-anchoring moiety seen in the CD1b-phosphatidylglycerol-
TCR structure [16]. Here the DAG anchor sits atop a lipid spacer
and positions the glycerol unit just at the opening of the F’ por-
tal of CD1b. If the shared chemical moieties of DAG and BbGL-II
are positioned similarly inside CD1b, the hexose sugar unique to
BbGL-II would protrude through the F’ portal to rest on the outer
surface of CD1b in some way. Our data indicate that the glucose is
not required for TCR binding, and it does not inhibit TCR response.
There are several known mechanisms by which the distal moiety
on lipid antigen can be ‘ignored’ by an approaching TCR. The
simplest is that the BbGL-II molecule sits completely inside CD1b,

but this is less favored given the lack of clear precedent for car-
bohydrates to be seated inside the hydrophobic cleft. A second,
more favored possibility is that the hexose sugar protrudes to the
surface of CD1 through the F’ portal, whereas the TCR binds near
the center of CD1. This mechanism is known as left-right mis-
match [49]. Last, CD1b-reactive TCRs can have an escape channel
whereby larger head groups escape sideways between the TCR
α and β chains [19]. Overall, these findings support and extend
key emerging concepts in CD1b biology: TCR cross-reactivity for
foreign and self-antigens.

Materials and methods

Mass spectrometry

For nanospray analysis, a 1 μM solution of lipid in methanol was
loaded onto a nanospray tip and analyzed by ESI–MS and CID–MS
on the LXQ Ion Trap Mass Spectrometer (Thermo Fisher Scien-
tific) in positive ion mode. Collision energy was 20 to 30 % of
the maximum, and product ions were trapped with a q value of
0.25. Chloroform/methanol extracted total lipids from cell lines
were prepared at 0.5 mg/ml and 10 μl was injected for HPLC-
ESI-MS analysis (Agilent 6520 Accurate-Mass Q-TOF and 1200
series HPLC system using a reverse phase Eclipse Plus-C18 col-
umn (3.5 μM, 2.1 mm × 30 mm, Agilent Technologies) according
to the published method [46].

Tetramers and flow cytometry

Biotinylated CD1b monomers were obtained from the National
Institute Health (NIH) and loaded with 32 μg phosphatidyl-
glycerol (#841188P, Avanti polar lipids), PA (#840857, Avanti
polar lipids), lyso-PA (#857130, Avanti polar lipids), phos-
phatidylethanolamine (#850757, Avanti polar lipids), phos-
phatidylserine (#840032, Avanti polar lipids), phosphatidyl-
choline (#850475, Avanti polar lipids), phosphatidylinositol
(#840042, Avanti polar lipids), phosphatidylinositol dimannoside
(Bill and Melinda Gates Foundation lipid bank), 1,2 dioleoyl-sn-
glycerol (#D0138, Sigma), or in-house produced synthetic BbGL-
II [31]. Lipids were dissolved in citrate buffer at pH 4.5 with
0.5% CHAPS (Sigma) by sonication for 10 min at 37°C, fol-
lowed by incubation for 2 h at 65°C and repeat sonication for
10 min at 37°C, after which the CD1b monomers were added.
This mixture was incubated overnight at 37°C. After incuba-
tion, the pH was neutralized by adding TRIS pH 8.5. As con-
trol, CD1b monomers were treated in the same way without
adding lipid (CD1b-endo). Tetramers were generated by linking
monomer together with streptavidin-allophycocyanin (Life Tech-
nologies) or streptavidin-PE (Life Technologies). Experimental
setup of flow cytometric experiments adhered to published guide-
lines [50].Cells were stained with tetramers and αCD3 monoclonal
antibody (clone SK7, BD biosciences). Cells were first incubated
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for 10 min with tetramers at room temperature, then the αCD3
antibody was added and incubated again for 10 min at room
temperature, followed by an incubation of 20 min at 4°C. The
cells were either sorted on the FACSAria (BD biosciences) or ana-
lyzed on the FACSCanto II (BD biosciences).

Human subjects

PBMC of random blood donors were derived from the blood bank
(Sanquin, Amsterdam). Lyme disease patient-derived blood was
obtained as part of an ongoing Lyme disease study, which is
approved by the regional Medical Research Ethics Committees
United (Nieuwegein, the Netherlands; MEC-U: NL36407.100.11).

T cell culture

PBMC were isolated from buffy coats or whole blood by density
gradient centrifugation. PBMC or sorted T cells were cultured in
T cell medium [51]. Cell were cultured in either 25 mL (1 × 105–
1 × 106 T cells) with 25 × 106 irradiated PBMC and 5 × 106

irradiated EBV-transformed B cells as feeder cells or in 200 μL
(800-8,000 T cells) with 2 × 105 irradiated PBMC and 4×104

irradiated EBV-transformed B cells as feeder cells. Cells were stim-
ulated with 30 ng/mL αCD3 antibody (OKT3) in the absence of
IL-2 followed by adding 1 ng/mL IL-2 after 24 h and thereafter.
After 14–21 days, cells were resorted and cultured.

Single cell TCR sequencing

Ninety-six-well Eppendorf plates were coated with Vapor-Lock
(Qiagen). A total of 0.5 μL 5× Iscript buffer, 0.5 μL reverse tran-
scriptase (Iscript, Bio-Rad), 0.1% triton X-100, and 1.25 μL H2O
were added per well for cDNA synthesis. Single cells were sorted
in these 96-well plates on the FACSAria followed by centrifuga-
tion at 3000 RPM at 4°C for 10 min. CDNA synthesis and nested
PCRs were performed as described by Wang et al. [44] with small
modifications. For the first PCR reaction, the following conditions
were used: 95°C for 2 min, 35 cycles of 95°C for 20 s, 50°C for 20
s, 72°C for 45 s, followed by one cycle of 72°C for 7 min. For the
second PCR the following conditions were used: 95°C for 2 min,
35 cycles of 95°C for 20 s, 56°C for 20 s, 72°C for 45 s, followed
by one cycle of 72°C for 7 min. Samples were loaded on 1.5%
(α-chain) or 2% (β-chain) agarose gel for electrophoresis. Multi-
ple wells that showed a result for both α-chain and β-chain on gel
electrophoresis underwent Sanger sequencing.

ELISPOT

Ninety-six-well 0.45 μm Hydrophobic Multiscreen plates (Mili-
pore) were coated with αIFN-γ mAb (clone 1-D1K, Mabtech)
overnight at 4°C. The plate was blocked for 2 h after which 20 000

C1R cells transfected with CD1a or CD1b were co-cultured with
200 T cells in the present or absence of a blocking antibody (clone
BCD1b.3) and different antigens. The antigens used in this assay
are BbGL-II lipid (5 μg/mL), sonicated B. burgdorferi (200 000
bacteria per well) and media as control. After incubation overnight
at 37°C cells were lysed and washed away with PBS-Tween, and
the plates were incubated for 2 h with a biotinylated αIFN-γ
antibody (clone 7-B6-1, Mabtech). The wells were washed with
PBS-Tween and incubated with Extravidin-ALP (Sigma–Aldrich)
for 1 h. After washing with PBS-Tween followed by washing
with PBS, 5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetra-
zolium (SigmaFAST tablets, Sigma) was added to visualize the
spots. Spots were counted by the Immunospot reader (C.T.L
Technologies).
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