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Invariant natural killer T (iNKT) cells are a specialized T-cell subset
that recognizes lipids as antigens, contributing to immune responses
in diverse disease processes. Experimental data suggests that iNKT
cells can recognize both microbial and endogenous lipid antigens.
Several candidate endogenous lipid antigens have been proposed,
although the contextual role of specific antigens during immune
responses remains largely unknown. We have previously reported
that mammalian glucosylceramides (GlcCers) activate iNKT cells.
GlcCers are found in most mammalian tissues, and exist in variable
molecular forms that differ mainly in N-acyl fatty acid chain use. In
this report, we purified, characterized, and tested the GlcCer frac-
tions from multiple animal species. Although activity was broadly
identified in these GlcCer fractions from mammalian sources, we
also found activity properties that could not be reconciled by dif-
ferences in fatty acid chain use. Enzymatic digestion of p-GlcCer
and a chromatographic separation method demonstrated that the
activity in the GlcCer fraction was limited to a rare component of
this fraction, and was not contained within the bulk of p-GlcCer
molecular species. Our data suggest that a minor lipid species that
copurifies with p-GlcCer in mammals functions as a lipid self anti-
gen for iNKT cells.
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he lines that distinguish innate from adaptive immunity are

less clear than once believed. It is now appreciated that in-
nate T cells, including invariant natural killer T (iNKT) cells,
mucosal associated invariant T (MAIT) cells, y6 T cells, and
some CDla/b/c restricted T cells, constitute a substantial por-
tion, perhaps 10-20% of the normal human T-cell repertoire (1).
Innate T cells use the machinery of the adaptive immune system
to generate antigen receptors with limited diversity and con-
served antigenic specificity. Identification of the antigenic targets
recognized by these cells is a fundamental step in understanding
their biology in health and disease.

As the best studied member of the innate T-cell family, iINKT
cells have been shown to play a role in a variety of immune
contexts, including inflammatory processes such as autoimmu-
nity and allergic disease, cancer surveillance, and prominently, in
host defense to bacteria, fungi, and viruses (2). In most sit-
uations, the activation of iNKT cells requires the recognition of
stimulatory lipid antigens presented by a specialized antigen-
presenting molecule named CD1d. The first lipid antigen dis-
covered, a-galactosylceramide, was purified from a marine sponge,
and the a-galactose headgroup was determined to be critical for
antigenicity (3). Mammals have not been shown to produce gluco-
or galactolipids where the headgroup is attached with a stereo-
chemistry. Following the discovery of a-galactosylceramide, several
microbes, including Sphingomonas species (4—6), Borrelia burgdorferi
(7), and Streptococcus pneumoniae (8), were shown to produce
a-anomeric lipid antigens, suggesting that a-glycolipids could
be a microbial signature.
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Although microbe-derived lipids are likely to contribute to
iNKT cell activation during bacterial and fungal infections, iNKT
cells also play an important role in multiple diseases where for-
eign lipids are not expected to be present, such as viral infection,
autoimmunity, and cancer, or in response to Toll-like receptor
agonists (9). These observations suggested that endogenous lipid
antigens play a central role in activating iNKT cells during many
immune responses. Several candidate endogenous lipid anti-
gens have been identified, including isoglobotrihexosylceramide
(iGb3) (10), lyso-phosphatidylcholine (11), and plasmalogen
lyso-phosphatidylethanolamine (12). We have reported activity
in mammalian glucosylceramides (GlcCers), and we implicated
B-glucosylceramides that are widely found in mammalian tissues
(13). Of note, none of these endogenous antigens were described
to contain an a-anomeric glycolipid.

In this report, we characterized the structures and activities
present in GlcCer-enriched lipid fractions from multiple sources,
including those from the milk and serum of multiple animal
species. Although the GlcCer fractions from multiple origins
activated iNKT cells, we identified a GlcCer-enriched lipid
fraction from a human source that was unable to activate iNKT
cells despite containing GlcCers with similar molecular com-
position to activating GlcCers from other sources. This led us to
consider the possibility that activity in the naturally occurring
mammalian GlcCer fractions was contributed by a rare com-
ponent of the total GlcCer species. We used multiple enrich-
ment strategies to purify the activity in the GlcCer fraction to
a rare component of the starting material. The functional, mass
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spectrometry (MS), and NMR spectroscopy characterization of
this activity is reported herein.

Results

iNKT Cells Recognize GlcCers from Diverse Sources. We previously
reported that GlcCers from mammalian sources activate iNKT
cells in a CD1d-dependent manner (13). We hypothesized that
GlcCers from both endogenous and exogenous sources might
broadly contain antigenic activity for iNKT cells. Having detected
lipid antigenic activity with purified cow’s milk GlcCer, we asked
whether milk from other sources also contained antigenic activity
for iNKT cells. To address this question, we extracted polar
lipids and compared lipid profiles from whole-fat cow’s milk,
cow’s skim milk, human milk, mouse milk, soy milk, and cow’s
milk-based infant formula. Each of these milks contained diverse
polar lipid species when analyzed by normal phase TLC, and
each included a density with a similar retention time to
a GlcCer standard (Fig. S14). We tested these polar lipid
extracts for their ability to elicit IL-2 release from the DN32
mouse iNKT cell hybridoma when cocultured with CD1d-trans-
fected (RAW-CD1d) or untransfected (RAW-WT) RAW-264.7
cells. Whole-fat cow’s milk, cow’s skim milk, and cow’s milk-
based infant formula all activated IL-2 release from the DN32
iNKT cell hybridoma, whereas activity was not detected in this
assay for the polar lipids from other milk sources (Fig. S1B). We
considered the possibility that GlcCer from milk sources other
than cows might be able to activate iNKT cells, but that this
activity was not detectable when using whole polar lipids for
assay. To test this possibility, we purified the GlcCer fractions
from whole-fat cow’s milk, human milk, mouse milk, and soy
milk. Using DN32 cells as responder T cells, dose-dependent
activity was detected in the cow’s milk GlcCer fraction. Activity
was also detected for the GlcCer fractions purified from mouse
milk and human milk (Fig. 14), but no activity was detected
in the GlcCer fraction from soy milk in this mouse-based
assay system.
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Fig. 1. Activity of glucosylceramide (GlcCer) fractions on mouse iNKT cells.
(A) Purified GlcCer from cow’s milk, mouse milk, or human milk was cocul-
tured with the DN32 iNKT cell hybridoma and RAW-CD1d or RAW-WT cells.
Response to a-GlcCer d18:1/24:1 is shown for comparison in Fig. S1C. Please
note the different scales of the axes between panels, reflecting different
response magnitudes. (B) The GlcCer retention time fractions were purified
from 500 pg of the indicated serum polar lipids and cocultured with DN32
and RAW-CD1d or RAW-WT cells. (C) GlcCer from the spleen of a human with
Gaucher’s disease was cocultured with DN32 and RAW-CD1d or RAW-WT
cells. Data presented are release of IL-2 by DN32 as measured by ELISA. Cow's
milk GlcCer was from three independent sources. Human milk GlcCer was
tested from two individual donors and 10 pooled donors. Experiments were
repeated at least twice, and a representative experiment is shown.
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Although iNKT cells are highly conserved, and even function
to some degree across species, differences in the recognition
of lipid antigens by mouse and human iNKT cells have been
reported (11, 14, 15). To investigate the antigenicity of GlcCer
lipid fractions on human iNKT cells, we tested the GlcCer
fractions from different milk sources using human iNKT cells
and human antigen-presenting cells. A primary human iNKT cell
line was activated by cow’s milk GlcCer and human milk GlcCer,
but not by soy GlcCer (Fig. 24 and Fig. S1D). Interestingly, the
human iNKT cell clone J3N.5 was activated by soy GlcCer more
strongly than by cow’s milk GlcCer, but only when presented by
human CD1d (Fig. S1 E and F). We concluded that milk GlcCer
fractions could activate human iNKT cells, but that this activity
might be T-cell clone or donor-dependent.

We next asked whether cow’s milk polar lipids might contain
additional fractions with iNKT cell activity. To address this
possibility, we fractionated the polar lipids from cow’s milk by
normal phase preparative TLC and tested these fractions for
activity. Activity was only detected in the GlcCer-containing
fraction, with no detectable activity in the longer or shorter re-
tention time fractions (Fig. S24). Comparable levels of iNKT
cell activity were detected in the polar lipids from whole-fat
cow’s milk and skim cow’s milk, suggesting that the activity might
be protein-associated rather than triglyceride-associated (Fig.
S1B). Polar lipids were extracted from cow’s milk whey and cow’s
milk casein. Analysis of polar lipids from both of these sources
revealed a density with a similar retention time to GlcCer, and
polar lipids from both casein and whey were able to activate
iNKT cells (Fig. S2B). These experiments provided a likely
explanation for the activity observed with infant formulas,
which are made with nonmammalian triglycerides added to skim
cow’s milk.

Mammalian serum contains a diversity of lipids, including
GlcCers and other glycolipids (16-18). We next investigated the
polar lipids from the sera of human, mouse, rat, rabbit, calf, goat,
sheep, horse, pig, chicken, and fish. Polar lipids from each of
these species were extracted and visualized by normal phase
TLC. Density at the GlcCer retention time was detected in each
serum analyzed (Fig. S3). Using preparative TLC, we purified
the GlcCer retention time material from the polar lipids of each
species and tested this fraction for iNKT cell activity using the
DN32/RAW coculture system described above. iNKT cell ac-
tivity was detected in the GlcCer fraction from each species’
serum. The GlcCer fractions from calf serum, goat serum, sheep
serum, and rabbit serum were ~10-fold more active than those
from the other species tested (Fig. 1B). We found these results
intriguing, because the vast majority of in vitro functional testing
of iNKT cells has been performed in the presence of calf serum.
From these studies of milk and serum polar lipids from multiple
different sources, we concluded GlcCer-enriched lipid fractions
from diverse sources are able to activate iNKT cells.

A Human f-GlcCer 24:1 Does Not Activate iNKT Cells. Gaucher’s
disease is a genetic lipid storage disorder that occurs in humans
who are unable to metabolize GlcCer, leading to GlcCer ac-
cumulation in tissues. GlcCer purified from the spleen of a pa-
tient with Gaucher’s disease was tested for its ability to activate
iNKT cells. Even at concentrations in excess of 20 pg/mL, we
did not detect activity for Gaucher’s spleen GlcCer in the
DN32/RAW mouse iNKT cell assay system (Fig. 1C). We tested
this lipid for the ability to activate a primary human iNKT cell
line in the presence of human antigen-presenting cells, and
again detected no activity (Fig. 24). The lack of activity for
Gaucher’s spleen GlcCer was unexpected, and we undertook
MS analyses to determine whether the fatty acid chains in this
inactive purified lipid differed substantially from those found in
active GlcCer species.
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Fig. 2. Activity of glucosylceramides (GlcCers) on human iNKT cells. (A)
Purified GlcCer from cow’s milk, human milk, and Gaucher’s spleen were
cocultured with a primary human iNKT cell line and human GM-CSF/IL-4-
induced antigen-presenting cells. The activity of a-GlcCer d18:1/24:1 is shown
for comparison in Fig. S1D. Data are ELISA for IFN-y release. Three in-
dependent experiments were performed and a representative experiment is
shown. (B) GlcCers from various mammalian milk sources (human, mouse,
cow, infant formula) and Gaucher’s spleen were analyzed by collision-
induced dissociation mass spectrometry (CDI-MS"). GlcCer molecular species
identified present at more than 5% of the total are on the x axis, and rel-
ative intensity of ions corresponding to each molecular species identified is
shown on the y axis.

Collision-induced dissociation tandem mass spectrometry (CID-
MS") was used to interrogate the fatty acid compositions of the
inactive Gaucher’s spleen GlcCer and antigenic mammalian milk
GlcCers. The structure of soy GlcCer has been reported, and
revealed a different fatty acid structure compared with mam-
malian GlcCer (19). Gaucher’s spleen GlcCer contained 16:0,
24:0, 22:0, 24:1, 18:0, 23:0, and 20:0 N-acyl chains paired with
a d18:1 sphingosine base as the most abundant ions (Fig. S4).
The five most abundant GlcCer ions in cow’s milk were
d18:1/22:0, d18:1/16:0, d18:1/23:0, d18:1/24:0, and d18:1/21:0, all
of which were also present in Gaucher’s spleen GlcCer. A large
degree of overlap in the structures of GlcCer from mammalian
milks was observed, although the relative abundance of some
ions varied between species (Fig. 2B). The large degree of sim-
ilarity between active milk GlcCers and inactive Gaucher’s
spleen GlcCer led us to question whether the activity of the
naturally occurring GlcCer species might be due to a highly ac-
tive, yet rare component of the GlcCer-containing lipid fractions.

We have previously reported iNKT cell activity with a syn-
thetic p-GlcCer with a 24:1 N-acyl chain (13). Because Gaucher’s
spleen GlcCer contained appreciable GlcCer d18:1/24:1 (Fig.
S4), yet did not activate iNKT cells, we questioned whether the
synthetic $-GlcCer d18:1/24:1 that we have previously studied
might contain an activating contaminant from the synthetic pro-
cess. To test the possibility that the p-GlcCer 24:1 synthetic com-
pound was contaminated with a-GlcCer, we used human re-
combinant lysosomal glucocerebrosidase (GCase) to remove the
B-GlcCer component. Digestion was confirmed by reduction in
density at the GlcCer retention time along with the appearance of
a density comigrating with free ceramide by TLC. a-GlcCer was
not cleaved by the enzyme used for these studies (Fig. 34). After
digestion, the GlcCer retention time fraction was purified by
preparative TLC and tested for activity. Although >95% of the
B-GlcCer 24:1 synthetic compound was removed by GCase treat-
ment, activity was not reduced. An inactive p-GlcCer d18:1/16:0
remained inactive after GCase digestion. The activity of a syn-
thetic a-GlcCer d18:1/24:1 was unaltered by treatment with GCase

Brennan et al.

(Fig. 3B). We had previously analyzed synthetic p-GlcCer
d18:1/24:1 by NMR, and were unable to detect a-GlcCer.
Analysis of the current commercially available B-GlcCer
d18:1/24:1 lot with a more sensitive methodology using 1D-
proton and 1D-TOCSY 900 MHz NMR and acquiring numerous
scans, we were able to detect a-glucosyl linkages contaminating
the B-GlcCer synthetic product at 0.5-1% (Fig. S54). To de-
termine whether a small contamination with a-GlcCer could lead
to the degree of activity that we had observed for the p-GlcCer
d18:1/24:1 synthetic compound, we titrated a-GlcCer with an
inactive B-GlcCer synthetic compound bearing a 16:0 carbon
N-acyl chain. Activity of the p-GlcCer d18:1/24:1 synthetic com-
pound was less than a 1% a-GlcCer contaminant, but more
than that from a 0.1% a-GlcCer contaminant (Fig. S5B). We
concluded from these studies that the activity of the p-GlcCer
d18:1/24:1 synthetic compound studies was largely attributable to
a minor component of this product, and that a-GlcCer con-
tamination was most likely the major source of this activity.

Activity of Natural GlcCer Is Due To a Rare Active Component. In light
of the newly appreciated contamination of the synthetic f-GlcCer
d18:1/24:1 compound, we next asked whether the activity ob-
served in the naturally occurring p-GlcCer compounds might also
be due to a highly-active minor constituent. We used cow’s milk
GlcCer as an abundant, readily available, and naturally occurring
antigenic source of GlcCer. Cow’s milk GlcCer was digested by
GCase treatment (Fig. 44), and we recovered the remaining
GlcCer retention time fraction by preparative TLC for assay.
Despite nearly complete digestion of cow’s milk GlcCer, no de-
crease in activity was observed using the DN32/RAW coculture
system (Fig. 4B). We confirmed these results using GlcCer purified
from calf thymus and from mouse thymus. Similar to what was
observed with cow’s milk GlcCer, despite nearly complete digestion
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Fig. 3. Glucocerebrosidase (GCase) digestion of synthetic GlcCer compounds.
(A) Normal phase TLC of synthetic GlcCers either GCase digested, or mock-
digested (no enzyme). For each sample, 2 pg of lipid (or the equivalent
amount of lipid added to the enzymatic digestion) was loaded and visual-
ized with a-naphthol stain. An arrow marks the retention time of a GlcCer
standard. Phosphatidylserine (PS) is a component of the digestion assay and
does not comigrate with GlcCer. Ceramide d18:1/24:1 (Ceramide) shows the
migration of free ceramide in this TLC system. Note liberated ceramide
densities near the top edge of the plate. (B) Activity of antigenic p-GlcCer
d18:1/24:1, nonantigenic f-GlcCer d18:1/16:0, or a-GlcCer d18:1/24:1, either
digested or mock-digested was measured by coculture with DN32 and
RAW-CD1d or RAW-WT cells after repurification by preparative TLC. Data
presented are release of IL-2 by DN32 as measured by ELISA. Experiments
were repeated at least twice and a representative experiment is shown.
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Fig. 4. GCase digestion of cow’s milk GlcCer. (A) Normal phase TLC of cow'’s
milk GlcCer, either GCase digested, or mock-digested (no enzyme). Lipid
(2 pg; or the equivalent amount based on lipid added to the initial enzymatic
digestion) was loaded and visualized with a-naphthol stain. An arrow marks
the retention time of a GlcCer standard. (B) Antigenic activity of cow’s milk
GlcCer, either digested or mock-digested was measured by coculture with
DN32 and RAW-CD1d or RAW-WT cells after repurification by preparative
TLC. (C) Cow’s milk GlcCer, either digested or mock-digested, was loaded
into biotintylated CD1d and subsequently bound to a streptavidin-coated
plate. Activity of loaded lipids was assayed by culturing a primary mouse
iNKT cell line with the plate-bound, lipid-loaded CD1d. (D) RAW-CD1d cells
were loaded with 10 pg/mL o-GlcCer d18:1/24:1 overnight and then stained
with L363, an antibody that is known to stain a-GalCer-loaded CD1d. The
black tracing shows lipid-loaded RAW-CD1d cells, shaded tracing is from an
unloaded control. (E) L363 was used for functional blocking in a DN32 and
RAW-CD1d coculture assay. Data presented in B and E are release of IL-2, and
data presented in C are release of IFN-y (IFN-y) as measured by ELISA.
Experiments were repeated at least twice, and a representative experiment
is shown.

of the calf and mouse thymus GlcCers, activity of the GlcCer
fraction was not diminished (Fig. S6). The digested cow’s milk
GlcCer fraction was also tested in an antigen-presenting cell-free
assay using plate-bound, lipid-loaded CD1d. In this plate-bound
CD1d assay system, increased activity was observed in the digested
GlcCer fraction (Fig. 4C). This result is consistent with a rare,
GCase-resistant activating lipid with decreased competition for
CD1d binding sites following digestion.

The L363 monoclonal antibody was developed to recognize
a-galactosylceramide bound to CD1d, and has proved a
valuable tool for tracking a-galactosylceramide and other
a-galactosphingolipids bound to CD1d (20, 21). a-GlcCer rec-
ognition by L363 has not been previously reported, and we were
able to demonstrate binding of this reagent to CD1d-transfected
RAW 246.7 cells loaded with a-GlcCer (Fig. 4D). We next used
L363 for in vitro blocking studies using the DN32/RAW-CD1d
coculture assay system. Addition of 1363 to the coculture di-
minished the activity of a-GlcCer d18:1/24:1 and cow’s milk
GlcCer, but had no effect on activation by anti-CD3e (Fig. 4E).
These results are consistent with the presence of an a-anomeric
glycolipid antigen in the cow’s milk GlcCer fraction.

Next, we sought to develop a method for separation of
a-GlcCer from f-GlcCer that did not require enzymatic di-
gestion or incubation at low pH. Separation of underivatized
synthetic GlcCer anomers was achieved with a TLC solvent
system (“HICMW?” comprised by hexane, isopropanol, chloro-
form, methanol, and water) modified from Holzl et al. (22). In
this system, a-GlcCer had a longer retention time than p-GlcCer
with the same fatty acid composition (Fig. 54). When the HICMW
system was used for preparative TLC of the p-GlcCer d18:1/24:1
synthetic known to be contaminated with a-GlcCer, most of the
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activity was contained in the longer retention time fraction that
comigrated with oa-GlcCer d18:1/24:1 (Fig. 5B and Fig. S7A4).
Separation of an inactive synthetic -GlcCer d18:1/16:0 using the
HICMW did not reveal activity in the longer retention time frac-
tion (Fig. S7B). We next fractionated cow’s milk GlcCer with our
TLC system, and as with p-GlcCer 24:1, activity was contained in
the longer retention time fractions, despite that no clear density
could be visualized in this region by TLC (Fig. 5 C and D). We
concluded that the activity in cow’s milk GlcCer was due to a minor
component of the total GlcCer fraction, and that the active mol-
ecule purified in our HICMW TLC system had a retention time
similar to that of a-GlcCer.

Together, GCase digestion, chromatographic, and 1363 stud-
ies described above suggested the presence of a minor activating
component in cow’s milk GlcCer. These studies were consistent
with the presence of a-GlcCer in this mammalian product, yet
lipids with an a-anomeric glucose or galactose have not been
demonstrated to occur in mammalian tissues. Fucosylceramide
with an a-anomeric carbohydrate linage has been described (23,
24), but we did not detect fucosylceramide by MS in any of the
samples analyzed. Additionally, our data did not exclude the
possibility of a modified p-GlcCer or a novel activating structure
comigrating with B-GlcCer by normal phase TLC. To address
these possibilities, we sought additional evidence to identify the
minor activating component of cow’s milk GlcCer. MS was used
to identify possible modified GlcCer variants or ions corre-
sponding to novel compounds. NMR was used to investigate the
possibility of a-glycosyl moieties.

We had previously analyzed cow’s milk GlcCer by NMR and
were unable to detect a-GlcCer (13). To address the possibility
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Fig. 5. A TLC system for the separation of GlcCer anomers. (A) Cow’s milk
GlcCer, a p-GlcCer d18:1/24:1 synthetic, or an a-GlcCer d18:1/24:1 synthetic
were resolved on a silica TLC plate using a novel solvent system (HICMW, see
Materials and Methods) and visualized with a-naphthol stain. R.T., retention
time. (B) A B-GlcCer d18:1/24:1 synthetic known to be contaminated with
a-GlcCer was fractionated by preparative TLC using the HICMW system, and
the indicated fractions were tested for activity by coculture with the DN32
and RAW-CD1d or RAW-WT cells. (C) Cow’s milk GlcCer was fractionated by
preparative TLC using the HICMW system. (D) The indicated fractions were
tested for activity by coculture with DN32 and RAW-CD1d or RAW-WT cells.
Data presented in B and D are release of IL-2 by DN32 as measured by ELISA.
Experiments were repeated at least twice, and a representative experiment
is shown.
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that our previous investigations were limited by the sensitivity of
NMR, we performed a large-scale, sequential double-enrichment
of the active fraction from cow’s milk GlcCer. Purified cow’s milk
GlcCer (50 mg) was digested with GCase and then repurified by
preparative TLC. The resulting product retained activity (Fig.
S8A). The digested cow’s milk GlcCer was further fractionated
using preparative HICMW TLC, and as we had previously ob-
served, activity was limited to the longer retention time fractions
(Fig. S8B). These fractions were analyzed by MS and NMR. In
all fractions, MS analyses revealed only GlcCer species as major
ions. The N-acyl chain complements of inactive fraction 1 and
active fraction 3 showed a striking degree of similarity (Fig. 64),
despite that fraction 3 was active, whereas fraction 1 was inactive.
This result is consistent with a stereochemical difference between
the GlcCer species in these two fractions. One-dimensional pro-
ton NMR analysis of fraction 2 (the most active fraction) dem-
onstrated a doublet with a chemical shift of 4.86 ppm and a
coupling constant of 3.6 Hz run in 2:1 CDCl;:CD;0D (vol:vol),
consistent with the H1 resonance of a-glucose (Fig. 68). ID-TOCSY
analysis, however, was unable to definitively confirm the presence
of adjacent resonant peaks from a-glucose or a-glucosylceramide
in the cow’s milk GlcCer active fraction. No signal near to 4.8 ppm
was detected in cow’s milk GlcCer before activity enrichment.
As a control, Gaucher’s spleen GlcCer was enriched in the same
manner as cow’s milk GlcCer, and a chemical shift consistent
with a-glucose was not seen in this biologically inactive sample.
We concluded from these studies that the cow’s milk GlcCer
lipid fraction may contain trace a-GlcCer, and that a-GlcCer
could be responsible for activity of this lipid fraction.

Discussion

The search for endogenous iNKT cell antigens has been full of
unexpected twists and turns. Lipid antigen presentation by CD1
molecules was first described in 1994 (25), CD1d restriction of
iNKT cells was described in 1995 (26), and the discovery of
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Fig. 6. Large-scale enrichment of the active fraction in cow’s milk GlcCer.
(A) CID-MS" analysis of inactive (fraction 1) and active (Fig. S8B, fractions #2
and #3) fractions, with major GlcCer ions annotated in blue. Asterisk above
an ion series indicates an additional adduct (chloride) of an annotated series.
(B) Fraction #2 (Fig. S8B) was analyzed by 1D-proton NMR. Signals corre-
sponding to H1 of a-glucose are shown with the coupling constant indicated.
1D spectra from o-GlcCer d18:0/26:0 and p-GlcCer 24:1 (contains 0.5-1%
a-GlcCer) are shown for comparison. Large-scale enrichment and experi-
ments were performed twice.
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a-galactosylceramide was reported in 1997 (3). Despite many
fascinating discoveries since those initial steps, the endoge-
nous antigenic lipids that contribute to iNKT cell activation in
most situations are still not clear (9). Our description of ac-
tivity with mammalian GlcCer provided a promising candi-
date antigen (13), and in this report, we have extended our
structural characterization of antigenic glucosylceramides. Al-
though we had previously interpreted our data to indicate that
B-GlcCer was the active lipid in the glucosylceramide fraction,
the refined data presented in this report demonstrate that the
majority of f-GlcCer species do not potently activate iNKT
cells. Possible explanations for the observed activity include
a rare a-GlcCer component, another a-glycolipid such as such
as a-galactosylceramide or a-glucuronic acid, an a-linked cho-
lesterol glycoside (27, 28), a modified p-GlcCer that is GCase-
resistant, or another copurifying novel structure. Although
a-GlcCer remains a strong candidate, NMR analyses were not
able to definitively identify a-GlcCer. Despite large-scale en-
richment efforts, the activating lipid may still have been at low
abundance or insufficient purity for detection by NMR. It has
been thought that anomeric o-linked glycolipids are limited to
select microbes and ocean-bound porifera. An a-anomeric gal-
actolipid has recently been reported in the gastrointestinal mi-
crobial flora, although this lipid may inhibit, rather than activate
iNKT cells (29, 30). Our data suggest the possibility that a-
glycolipids are widely found in mammals, but only in very low
abundance. Using genetic or chemical inhibition of GlcCer syn-
thesis, we have previously demonstrated that self lipid reactivity
correlates with p-GlcCer abundance (13). If the antigenic activity
we have detected is indeed a-GlcCer, this raises the possibility
that a-glycolipids are generated at some low rate during the
synthesis of B-glycolipids, or that a-linked lipids can be generated
through conversion of B-glycolipids. Enzymatic or nonenzymatic
pathways by which o-linked lipids could be generated by mam-
mals have not been described, and elucidation of these mecha-
nisms would be an important area of investigation for the field
going forward.

Our data now raises the question as to whether p-linked lipids
have relevant activity for iNKT cells. In addition to our report
that focused on p-glucosylceramides, several other p-linked antigens
have been proposed. iGB3 has a terminal a-linked sugar. However,
the anomeric glucose that is recognized by the iNKT cell T-cell
receptor has been reported as p-linked (10). Trimolecular cocrystals
consisting of CD1d, lipid, and T-cell receptor have been generated
for both iGB3 and p-GalCer, and suggested that these lipids are
“pushed” into an a-like configuration by the T-cell receptor for
recognition. Additionally, a measurable affinity has been reported
for p-linked ceramides by surface plasmon resonance (31, 32).
A fungal p-linked lipid, Aspermide B, has also been recently
reported as antigenic for iNKT cells (33). In each of these
examples, it is possible that the synthetic or purified lipids
tested contained trace a-glycolipids responsible for the ob-
served activity, as our data suggests is possible for cow’s milk
GlcCer. It will be important to determine whether trace
a-anomeric linkages form the basis for the activity for these
other proposed p-glycolipid antigens.

Our report demonstrates a large range of iNKT lipid antigen
activity between the GlcCer fractions from multiple sources, and
the underlying basis for these activity differences remains un-
clear. Several factors influence the observed activity of a lipid in
assay, including the iNKT cell T-cell receptor repertoire, CD1d
species and expression levels, lipid loading, and costimulatory
factors. Such variables are likely to have contributed to the ac-
tivity differences we observed between GlcCers from different
species, and it is also possible that the content of a rare activating
lipid differs between GlcCer fractions from different sources.
It is notable that the GlcCer fraction from ruminants appears
to be especially activating for iNKT cells. Ruminant milks
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are an abundant component of the human diet, and are rich in
glycosphingolipids (34). The possibility that dietary lipids might
contribute to iNKT cell activation is an exciting one. Supporting
a possible role for oral lipid antigens, two studies have used
orally-administered a-galactosylceramide as a vaccine adjuvant,
and both studies reported a measureable result with oral ad-
ministration (35, 36). Studies of lipid antigens from commensal
bacteria also support a role for lipids antigens in the digestive
system (29, 30, 37, 38). Our studies demonstrate reactivity of
human iNKT cells to a component of the GlcCer-enriched lipid
fraction from human milk, cow’s milk, and soy milk. In addition,
milk sphingomylein has been reported as antigenic for iNKT
cells from some human donors (39). Humans are the only
mammal that continues to drink milk past early life, and con-
sumption of milk or other dietary lipid antigens may play an
important role in the regulation of immune responses.

An additional observation from this report has important
implications for the iNKT cell field. Our studies on serum
GlcCers suggest that there is great variability in the antigenicity
of sera from different animal species. Interestingly, ruminants
had the highest level of antigenic activity in the GlcCer fraction.
Although it is not clear whether this observation has physiolog-
ical relevance, it certainly has relevance to experimental design
and interpretation. For every in vitro assay published, it must
now be considered that exogenous antigens were provided in
the calf serum that was used for cell culture, and that in vitro
‘self’ reactivity may be contributed from lipid antigens found
in bovine serum.
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The study of lipid antigens for iNKT cells presents numerous
technical challenges. This report demonstrates that rare, nearly
undetectable lipids can critically determine activity, and high-
lights the need for integration of immunology, synthetic chem-
istry, MS, and NMR approaches. Clinically important immuno-
logical outcomes for host defense, cancer, and allergic disease
may be due to a set of rare microbial and endogenous lipid
antigens, and defining these antigens remains a fundamental
step toward understanding the biology of iNKT cells.

Materials and Methods

The lipids used in this report were purified by extraction from tissues in
organic solvents, or purchased commercially. Lipid activity on iNKT cells was
assessed by coculture with lipid, iNKT cells, and antigen-presenting cells for
16 h at 37 °C. iNKT cell response was measured by cytokine ELISA. CID-MS"
was performed as previously described (13). Proton NMR was performed on
a Varian VNMRS 900 MHz spectrometer. For details of experimental con-
ditions and analysis, see SI Materials and Methods.
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