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Invariant natural killer T (iNKT) cells are innate T lymphocytes that
specifically recognize a-linked glycosphingolipids (a-GSLs) as antigens
presented by CD1d molecules. Activating iNKT cells by administering
a-GSLs improves disease outcomes in murine cancer models and, thus,
there is great interest in the clinical potential of these lipids for treat-
ing human cancers. However, humans possess several other CD1 iso-
forms that are not present in mice and it is not clear whether these CD1
molecules, which also bind lipids, affect human iNKT cell responses.
We demonstrate here that CD1c, which is co-expressed with CD1d
on blood dendritic cells and on a fraction of B cells, is able to pres-
ent a-galactosylceramide (a-GalCer) as a weak agonist to human iNKT
cells, and that the presence of CD1c synergistically enhances a-GalCer-
dependent activation of iNKT cells by CD1d. Primary human B cells
expressing CD1c induced stronger iNKT cell responses to a-GalCer
than the CD1c- subset, and an antibody against CD1c inhibited iNKT
cell cytokine secretion. These results suggest that therapeutic activation
of human iNKT cells by a-GSLs will be driven preferentially by CD1c+
cell types. Thus, B cell neoplasias that co-express CD1c and CD1d may
be particularly susceptible to a-GSL therapy, and cancer vaccines using
a-GSLs as adjuvants may be most effective when presented by CD1c+
antigen-presenting cells.
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Introduction

Invariant natural killer T (iNKT) cells are a population of
innate T lymphocytes that are conserved in most mammalian
species, including mice and humans. They recognize lipids and
glycolipids as antigens presented by CD1d molecules and are able
to promote anti-tumor immune responses (1). The anti-tumor
effects of iNKT cells are thought to be mainly due to their early
production of Th1 cytokines such as IFN-y, and to their ability
to activate antigen-presenting cells (APCs) to secrete IL-12p70
via co-stimulation by CD40L (2-5). These iNKT cell functions
enhance the tumoricidal effects of natural killer (NK) cells and
cytotoxic T lymphocytes (CTLs), and also lead to improved cell-
mediated responses to tumor vaccines (6-9). Thus, iNKT cells
carry out adjuvant-like functions that could be exploited in clin-
ical contexts to enhance human anti-tumor immunity.

An attractive approach to engaging the functions of iNKT
cells clinically is to specifically activate them in vivo by admin-
istering a cognate antigen. The prototypical antigens recognized
by iNKT cells comprise an unusual class of glycolipids called
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a-glycosphingolipids (a-GSLs), in which a sugar is linked in an
a-anomeric conformation to the polar head group of thelipid (10).
Administration of antigens of this type, which include a potent
activator of iNKT cells called a-galactosylceramide (a-GalCer),
has been shown in murine models to produce marked immuno-
logical activation in vivo, and studies with knockout mice have
established that the effects of a-GalCer treatment are completely
dependent on the presence of iNKT cells and CD1d molecules
(11, 12). Studies of human subjects have confirmed that admin-
istration of a-GalCer-pulsed dendritic cells can result in the acti-
vation of human iNKT cells in vivo (13-15). Moreover, based on
the ability of iNKT cells that have been activated by a-GalCer to
promote tumor rejection in murine model systems, a number of
clinical trials have been performed to investigate using a-GalCer
for treatment of human cancers (16-19). Finally, there is also
growing interest in the possibility of using a-GSLs to co-activate
iNKT cells when tumor vaccines are administered as a means
of generating more potent effector and memory T cell responses
against tumor antigens (20). Thus, a substantial amount of accu-
mulated data suggests that administration of a-GSLs, such as
a-GalCer or related compounds, may be a viable strategy to elicit
or enhance anti-tumor immune responses in human patients.

However, most investigations of the anti-tumor effects of
a-GSLs have been performed in murine model systems. Whereas
mice only possess the CD1d isoform, humans express five differ-
ent CD1 genes (21). These additional CD1 isoforms also bind
lipidic ligands (i.e., lipids, glycolipids, lipopeptides) and three
of the additional isoforms (CD1a, CD1b, and CD1c) have been
shown to present lipidic antigens to T cells (22). There is some
specialization in the antigen-presenting functions of human
CD1 molecules in that they tend to sample lipids from distinct
compartments within the cell and may preferentially bind dif-
ferent types of lipids (23, 24). Yet, it is also clear that different
CD1 isoforms are capable of binding and presenting some of
the same lipids. For example, a sphingolipid called sulfatide is
able to bind and be presented by either CD1a, CD1b, CDlc, or
CD1d molecules (25). Thus, it seems likely that, in contrast to
murine model systems, human CD1d competes to some extent
with other CD1 isoforms for lipid binding, and it is possible that
pharmacological activation of human iNKT cells using a-GSLs
may be affected by the expression of other CD1 molecules. To
provide a better understanding of how best to utilize a-GSLs as
pharmacological agents for humans, here we have investigated
the impact of the CD1c molecule on a-GalCer-dependent acti-
vation of human iNKT cells.
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Results

The main human cell types known to constitutively express
CD1d are monocytes, myeloid dendritic cells (DCs), and B cells
(26). Primary monocytes are typically nearly 100% positive
for CD1d, with little or no expression of other CD1 isoforms
(Figure 1, top panels). DCs within human peripheral blood
are divided into CD1d+ and CD1d- subsets, with almost all of
the CD1d+ DCs also expressing CD1c (Figure 1, middle pan-
els). Most peripheral blood B cells are positive for CD1d, and a
fraction of these also express CD1c (Figure 1, bottom panels).
Hence, as human CD1d molecules are most often co-expressed
with CDlc, we focused our analysis on the effects of this CD1
isoform.

Binding of a-GalCer by CD1c

To investigate whether CD1c can bind an a-GSL that is anti-
genic for iNKT cells, recombinant CD1c-Fc or CD1d-Fc fusion
proteins or a negative control IgG were coated onto a microti-
ter plate. The wells were then washed, blocked with BSA, and
incubated with titrated concentrations of biotinylated a-GalCer
dissolved in PBS containing 0.1% BSA. Binding of the biotiny-
lated a-GalCer was assessed using a streptavidin-enzyme conju-
gate. The CD1c-Fc and CD1d-Fc fusion proteins showed similar
concentration-dependent signals for biotinylated a-GalCer that
were clearly above the binding observed for the negative control
IgG that was incubated with the same concentrations of biotiny-
lated a-GalCer (Figure 2A). These results suggested that recom-
binant human CD1c and CD1d molecules have a similar ability
to passively bind the a-GalCer glycolipid.

Although it is possible for lipids to load into CD1 molecules
at the cell surface, much of the physiological uptake of lipids
by CD1 molecules is thought to occur in endocytic compart-
ments. Because the cytoplasmic tails of human CD1d and CD1c
molecules both express a binding site for the AP-2 adaptor pro-
tein (27), they are expected to traffic similarly within cells and
to show an overlapping distribution in endosomal vesicles and,
thus, intracellular CD1c molecules might compete with CD1d
for a-GalCer binding. We performed fluorescence microscopy
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Co-expression of CD1c and CD1d on human peripheral blood cell types. Flow
cytometric analysis of CD1 expression on primary cells from human peripheral
blood. Light scatter and specific antibody staining were used to identify monocytes,
DCs, and B cells. Filled histograms show CD1 staining, grey lines show staining
by an isotype-matched negative control antibody. Contour plots on the right show
the distribution of CD1c vs. CD1d within the monocyte, DC, and B cell popula-
tions, respectively. Results are representative of analyses of six different donors.
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Ability of CD1c to access and bind a-GalCer molecules. (A) Binding of a-GalCer
to CDIc and CD1d. Microtiter plates coated with CD1c-Fc or CD1d-Fc fusion
proteins or an isotype-matched negative control mAb (neg IgG) were incubated
with PBS/BSA solutions containing the indicated concentrations of biotinylated
a-GalCer (shaded symbols). Open symbols on the left show the assay back-
gound from wells that were incubated with PBS/BSA alone. The amount of bioti-
nylated a-GalCer captured on the plate in each condition was detected using a
streptavidin—enzyme conjugate; for any given biotin-a-GalCer concentration,
the difference between the streptavidin signal obtained from wells coated with
CD1-Fc molecules and those coated with negative control IgG is considered to
indicate specific binding of the biotinylated a-GalCer to CD1 molecules. Error
bars (not always visible on the scale shown) show the standard deviations of the
means. Data are representative of 6 independent experiments. (B) Intracellular
co-localization of CD1c and CD1d. HeLa cells stably transduced with both CD1c
and CD1d were analyzed by immunofluorescence microscopy. The left panel
shows the CDIc staining (red), the middle panel shows CD1d staining (green),
and the right panel shows the two superimposed. (C) Impact of saposins on
a-GalCer loading into CD1c molecules. Recombinant CD1d or CD1c molecules
were preloaded with the ganglioside GT1b, then purified CDI1-lipid complexes
were incubated with a 4.5-molar excess of a-GalCer alone (passive loading) or
in the presence of the indicated saposin proteins. Native isoelectric focusing was
performed to visualize displacement of GT1b from CD1 molecules by a-GalCer,
which is seen as a “downwards” shift (from acidic to basic) of the migration of
the CD1 protein band due to the loss of the negatively charged GT1b species.
Percentages under the lanes represent the amount of the total CD1 protein sig-
nal that has shifted to the displaced band, as estimated from the band intensi-
ties. Lanes shown for CD1d on the right are reproduced from reference (30).

to confirm the subcellular co-localization of CD1d and CDlc.
HeLa cells stably expressing both isoforms revealed cell sur-
face fluorescence and a punctate pattern of intracellular stain-
ing for both CD1c and CD1d (Figure 2B). There appeared to
be substantial co-localization of the intracellular CDIc staining
with that of CD1d in co-expressing cells (Figure 2B), suggesting
that the two CD1 isoforms are indeed often present in the same
vesicles.

Since lipid transfer proteins called saposins are thought to play
a major role in mediating lipid binding to CD1 molecules within
intracellular vesicles (28, 29), we investigated the impact of these
accessory proteins on the binding of a-GalCer to CD1c molecules.
To do this, we used isoelectric focusing to analyze the ability of
a-GalCer to displace a charged lipid (i.e., the ganglioside GT1b)
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iNKT cell recognition of a-GSL presented by CD1c. (A) Comparison of the molecular structures of human CD1d and CD1c. Overlayed ribbons represent the main
chain atoms of human CD1d in orange (31) and CD1c in yellow (32). Amino acid side chains of the indicated CD1 residues are shown as ball and stick images with
carbon atoms shown in orange or yellow, nitrogen atoms in blue, and oxygen atoms in red. a-GalCer bound to CD1d is shown with carbon atoms colored green.
The bottom part of the figure shows an alignment of amino acid sequences of the a-helices shown in the figure for human and murine CD1d compared to CDIc.
Boxed residues make contacts with a-GalCer in human and murine CD1d crystal structures. Shaded residues have been implicated as CD1d TCR contacts, with those
that had a strong impact on TCR binding shown in red, moderate impact in orange, lesser impact in yellow, and slight impact in grey (33). (B) iNKT cell recogni-
tion of a-GalCer presented by CD1c-transfected APCs. Untransfected or CD1c-transfected K562 cells were pulsed with the indicated concentrations of a-GalCer (left
plot) and untransfected, CD1c-transfected, or CD1d-transfected K562 cells were pulsed with 200 ng/ml a-GalCer or treated with vehicle alone (right plot). The plots
show the amount of cytokine secretion as quantitated by ELISA by human iNKT cell clones exposed to the indicated K562 cells. Similar results were obtained in
seven independent experiments. p values were calculated using a two-tailed unpaired ¢ test. (C) Histograms showing flow cytometric staining of untransfected (dashed
line), CD1c-transfected (yellow), or CD1d-transfected (blue) K562 cells that were stained with an antibody against CD1d (left plot) or against CD1c (right plot). (D)
iNKT cell recognition of a-GalCer presented by recombinant CD1c molecules. iNKT cells were exposed to immobilized CD1c-Fc or CD1d-Fc fusion proteins that
had been pulsed with a-GalCer or vehicle, and GM-CSF secretion was quantitated by standardized ELISA. p values were calculated using a two-tailed unpaired ¢
test. Similar results were obtained in multiple independent assays using 10 different iNKT cell clones. (E) Comparison of the cytokine secretion responses of indi-
vidual iNKT cell clones to a-GSL presented by CD1c-Fc vs. CD1d-Fc. The plot on the right shows the a-GSL-induced iNKT cell cytokine secretion normalized by the
vehicle response (stimulation index) for CD1d vs. CD1c. Each symbol represents the mean from 2-4 independent experiments using the indicated iNKT cell clone.

crystal structures of human CDIc and CD1d molecules indi-
cates that the overall conformations of the al and a2 helices of

from the CD1 protein. We had previously observed that a-GalCer
loading into recombinant CD1d molecules did not require sapos-

ins (30) (relevant bands are reproduced in Figure 2C). Analysis
of recombinant CD1c molecules revealed that there was also
substantial passive loading of a-GalCer into CDlc, and the addi-
tion of saposin A or B enhanced the loading (Figure 2C). Thus,
although saposins may not be absolutely required for a-GalCer
binding to CD1c molecules, the intracellular loading of this lipid
may be facilitated by saposins A and B. Together, these results
provide strong evidence that both CD1d and CD1c molecules are
able to bind a-GalCer.

Presentation of a-GalCer by CD1c

Competition for a-GalCer by CD1c molecules co-expressed
on CD1d+ APCs might be expected to result in diminished
iNKT cell activation because the CD1c molecules might act as
a sink for a-GalCer molecules and, thus, reduce the amount of
lipid that is presented by CD1d. However, comparison of the
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the two proteins are similar, with the notable exception that the
C-terminal end of the a, helix appears disordered in the CD1c
structure and, therefore, this region may be quite structurally
divergent from that of CD1d (31, 32) (Figure 3A). With the
exception of two residues in the disordered loop, the chemical
characteristics of most of the amino acid side chains that have
been identified as important iNKT T cell receptor (TCR) con-
tacts in CD1d are conserved in CD1c (33) (Figure 3A). There
is also structural homology between CDIc and CD1d residues
in the a-helices that help to coordinate the head group of the
a-GalCer molecule (Figure 3A). Thus, based on these structural
data, an alternative possibility is that the TCRs of iNKT cells
might be able to cross-reactively recognize lipids presented by
CD1c molecules.

To test this, we investigated the responses of iNKT cell clones
to CD1c or CD1d transfectants. CD1c-transfected K562 cells
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that were pulsed with a-GalCer induced clearly detectable
iNKT cell cytokine secretion in a dose-dependent manner,
whereas the untransfected K562 cells that were similarly treated
with a-GalCer elicited little or no detectable cytokine secre-
tion (Figure 3B, left plot). CD1d-transfected K562 cells typi-
cally stimulate a modest cytokine secretion response by iNKT
cell clones even when they have not been pulsed with a-GalCer,
which is thought to be due to iNKT cell recognition of cellular
antigens (Figure 3B, right plot). In contrast, CD1c-transfected
K562 cells that were not pulsed with a-GalCer induced no
detectable response (Figure 3B, right plot), suggesting that
CD1c-mediated presentation of self-antigens is not sufficient to
activate human iNKT cell clones. This is consistent with results
from previous experiments, in which we also did not see any
evidence that human iNKT cells were able to recognize the self
lipid lysophosphatidycholine (LPC) presented by CD1c mol-
ecules (30). We chose to use K562 cells transfected with individ-
ual CD1 isoforms for these experiments because we have found
that, in contrast to many other human cell lines, untransfected
K562 cells do not appear to express endogenous CD1d mol-
ecules. However, when we performed flow cytometric analysis
of the transfected K562 cells using antibodies against CD1d, we
typically saw very weak signal for the CD1c-transfected cells
(Figure 3C, left plot). Notably, we did not typically see any signal
from the CDIc antibody staining the CD1d-transfected K562
cells (Figure 3C, right plot). This weak CD1d signal on the CD1c
transfectant is most likely due to a small amount of cross-reac-
tivity of anti-CD1d mAbs for the CD1c molecules expressed by
this transfectant, however, we could not rule out that it is due
to upregulation of endogenous CD1d molecules as a result of
ectopic CD1c expression.

Therefore, to confirm the ability of CD1c molecules to pres-
ent a-GalCer to human iNKT cells, we used purified recombi-
nant CD1c glycoproteins as the antigen-presenting molecules.
CDlc-Fc or CDI1d-Fc fusion proteins were immobilized on
microtiter plates and pulsed with a-GalCer or vehicle, then
washed and tested for their ability to stimulate cytokine secretion
by human iNKT cell clones. Human iNKT cell clones consistently
showed responses to a-GalCer-treated CD1c-Fc that were signifi-
cantly above those elicited by vehicle-treated CD1c (Figure 3D,
left plot). The iNKT cell cytokine secretion responses to CD1c-Fc
molecules were dependent on the concentration of a-GSL lipid
added, and were not simply due to auto-presentation of the lipid
antigen, since iNKT cells incubated in wells coated with a nega-
tive control IgG that were similarly treated with a-GSL produced
little or no detectable GM-CSF (Figure 3D, right plot). These
results formally established that a-GalCer presentation by CD1c
molecules is able to stimulate functional responses by human
iNKT cells.

However, we noted that CD1c-mediated presentation of satu-
rating doses of a-GSLs stimulated lower levels of cytokine secre-
tion from the iNKT cells than CD1d-mediated presentation, and
that higher lipid doses were required in order to see detectable
iNKT cell responses to CD1c (Figure 3E, left panel). Presentation
of a-GalCer by CD1c-Fc molecules typically stimulated about
10- to 100-fold less cytokine secretion from iNKT cell clones than
presentation by CD1d-Fc molecules, and the strength of CD1c-
mediated and CD1d-mediated responses showed an approximate
correlation (Figure 3E, right panel). These results suggested that
a-GalCer presented by CD1c serves as a weaker agonist for iNKT
cells than the complex of a-GalCer with CD1d.

We have previously observed that human iNKT cell recog-
nition of autoantigens presented by CD1d molecules elicits a
biased cytokine secretion response compared to recognition
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a-GalCer presentated by CD1c¢ acts as a weak agonist. (A) Cytokines produced
by human iNKT cell clones in response to a-GalCer presentation by CDlc-
molecules. The symbols each represent independent analyses of human iNKT
cell responses, and include data from clones J3N.5, JC2.8, J24L.17, GG1.2, and
the DaDu polyclonal line. The plot on the left shows the amount of each cytokine
produced in response to a-GalCer-pulsed CD1c-transfected K562 cells. The plot
on the right shows paired GM-CSF and IL-2 responses from individual iNKT
cells normalized by their responses in the same experiments to a-GalCer pulsed
CD1d-transfected K562 cells. (B) Analysis of iNKT cell calcium flux. iNKT cells
were labeled with the calcium indicator dyes Fluo-4 and Fura-Red and stimulated
by contact with CD1c- or CD1d-transfected K562 cells that were pulsed with
a-GalCer (200 ng/ml) or vehicle. Ensuing intracellular calcium levels were assessed
by flow cytometry. The data shown are from one representative experiment out of
three. (C) Effect of MAPK inhibitors on iNKT cell GM-CSF secretion in response
to a-GSL presented by plate-bound CDIc-Fc molecules. The left plot shows the
effect of the MEK inhibitor U0126, and the right plot shows that of the p38 MAPK
inhibitor SB203580. Similar results were observed in 6 independent experiments.

of CDI1d-a-GalCer complexes, probably because autoanti-
gens serve as weaker TCR agonists than a-GalCer (34). We
investigated the nature of the iNKT cell cytokine response to
CDIlc-mediated presentation of a-GalCer and observed that
the iNKT cells were stimulated to produce multiple different
cytokines (Figure 4A, left panel), although this route of activa-
tion appeared relatively more efficient for inducing GM-CSF
secretion than IL-2 secretion (Figure 4A, right panel). Our
previous studies indicated that iNKT cell secretion of GM-CSF
does not require the induction of a strong cytoplasmic calcium
flux and instead depends mainly on MAPK signaling, while
IL-2 production is much more dependent on calcium signaling
(34). Consistent with this, CD1c-mediated a-GalCer presenta-
tion stimulated little or no detectable cytoplasmic calcium flux
by iNKT cell clones (Figure 4B). However, iNKT cell cytokine
secretion in response to lipid-loaded CD1c-Fc molecules was
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Synergistic effect of concurrent stimulation by a-GSL-loaded CD1c and CD1d molecules. (A) Stimulation by the combination of both CD1c and CD1d. Microtiter
plate wells were coated with 0.5 pg/well CD1c-Fc fusion protein, or 0.05 ug/well CD1d-Fc fusion protein, or a combination of 0.05 pg/well CD1d-Fc and 0.5 pg/
well CD1c-Fc fusion protein, incubated with a-GSL, and used to stimulate iNKT cell clones. GM-CSF production was quantitated by ELISA. Similar results were
obtained in 13 independent experiments. (B) Compiled results from all 13 experiments showing the amount of GM-CSF produced in response to the combina-
tion of CD1c-Fc and CD1d-Fc divided by the sum of the responses to each CD1-Fc molecule alone. The p value comparing the results to a hypothetical median
of 1 was calculated using a two-tailed Wilcoxon signed-rank test. (C) Comparison of the effect of concurrent stimulation by a-GSL-loaded CD1c and CD1d on
iNKT cell production of four different cytokines. The plot shows the amount of each cytokine produced in a given experiment in response to the combination of
CD1c-Fc and CD1d-Fc divided by the sum of the responses to each CD1-Fc molecule alone. Results are from independent analyses of two different iNKT cell clones.

almost completely abrogated by the MEK inhibitor U0126
(Figure 4C, left panel), suggesting that recognition of CDlc-
a-GalCer complexes induces a MAPK signaling response that
depends on phosphorylation of ERK. Notably, addition of inhib-
itors of p38 MAPK kinases did not inhibit iNKT cell responses
to a-GalCer presented by CD1c (Figure 4C, right panel), fur-
ther indicating that the cytokine response to a-GalCer-loaded
CDlc molecules depends on AP-1 transcriptional activity,
which is selectively targeted by U0126-mediated inhibition of
MEK kinases. Together, these results suggest that stimulation by
CD1c molecules presenting a-GalCer delivers a comparatively
weak TCR stimulus to iNKT cells that activates MAPK signaling
but induces little cytoplasmic calcium flux.

Functional impact of CD1c-mediated presentation of a-GalCer

As CDl1c is mainly expressed on cells that also express CD1d,
we next investigated how co-expression of CDIc and CD1d
might impact iNKT cell activation by a-GalCer compared to
expression of CD1d alone. Microtiter plate wells were coated
with a suboptimal concentration of CD1d-Fc (0.05 pg/well),
either alone or in the presence of a 10-fold excess of CD1c-Fc
(i.e., 0.5 pg/well), or with 0.5 pg/well CD1c-Fc alone. The plates
were then incubated with titrated concentrations of a-GalCer
and used to stimulate human iNKT cell clones. The presence of
CDlc-Fc along with the suboptimal CD1d-Fc produced sub-
stantially more cytokine secretion by iNKT cells than expo-
sure to the same concentration of CD1d-Fc alone (Figure 5A).
Moreover, the combination of CD1d and CD1c appeared to have
a synergistic effect, with the amount of cytokine released when
both fusion proteins were present being significantly greater
than the sum of the amounts produced in response to either
fusion protein alone (Figure 5B). This synergistic enhancement
of iNKT cell cytokine secretion by concurrent exposure to CD1c
was observed for GM-CSE, IL-13, and IFN-y, but not for IL-2
(Figure 5C).

These results suggested that CD1c+ APCs might more efficiently
activate a-GalCer-dependent responses by iNKT cells than CD1c-
APCs. To test this, we flow cytometrically sorted CD1c-high or
CD1lc- B cells from fresh peripheral blood and then tested them
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for their ability to stimulate a-GalCer-dependent cytokine secre-
tion by human iNKT cell clones. CD1c-high B cells reproducibly
induced greater iNKT cell cytokine secretion than their CD1c-
counterparts (Figure 6A). Moreover, addition of an anti-CDlc
mAb to total peripheral blood B cells resulted in reduced but not
abrogated iNKT cell cytokine secretion (Figure 6B), which is con-
sistent with a role for CD1c on B cells in augmenting iNKT cell
responses to a-GalCer. Notably, inclusion of an anti-CD1d anti-
body typically resulted in almost complete abrogation of INKT cell
cytokine secretion (Figure 6B), suggesting that CD1c-mediated
presentation of a-GalCer on primary B cells is not strong enough
to induce an independent response.

Finally, since iNKT cells are known to co-stimulate APCs via
expression of ligands such as CD40L, we investigated the activa-
tion of CD1c+ and CD1c- B cells by primary iNKT cells. Freshly
isolated peripheral blood mononuclear cells (PBMCs) were incu-
bated with a-GalCer or vehicle for 48 hours, and CD69 expres-
sion on B cells was evaluated by flow cytometry. Incubation with
a-GalCer led to increased frequencies of B cells expressing CD69
compared to vehicle treatment in all of the samples tested, and
the CD1c+ B cells consistently showed more a-GalCer-dependent
CD69 upregulation than the CD1c- B cells in the same sample
(Figure 6C). These results support the premise that CD1c+ B cells
are more efficient partners for the a-GalCer-mediated responses
of primary human iNKT cells.

Discussion

The results presented here uncover a surprising complexity to
thehuman CD1 antigen-presentingsystem: that the co-expression
of CD1c isoforms on APCs may positively impact the functional
responses of CD1d-restricted iNKT cells. The ability of CD1c
molecules to bind a-GalCer and the overlap in the intracellular
localization of CD1d and CDlc suggest that in APCs that
co-express these CD1 molecules, there is likely to be competition
between CD1c and CD1d for binding to a-GSLs. Such competi-
tion might be expected to reduce the efficiency of iNKT cell acti-
vation by diminishing the number of cognate a-GalCer-CD1d
complexes available for TCR recognition. However, our results
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Figure 6
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Enhanced a-GalCer-dependent activation by CD1c+ B cells. (A) Comparison of iNKT cell activation by CD1c+ vs. CD1c- B cells. Peripheral blood B cells were flow
cytometrically sorted according to CD1c expression, then pulsed with 10 ng/ml a-GalCer or vehicle, and used to stimulate iNKT cell clones. GM-CSF secretion was
detected by ELISA. The p value was calculated using a two-tailed unpaired t test. Results are representative of 4 independent experiments using two different iNKT cell
clones. (B) Blocking of iNKT cell activation by an anti-CD1c antibody. Purified peripheral blood B cells were pulsed with the indicated concentrations of a-GalCer
and used to activate iNKT cell clones in the presence of the indicated antibodies. Results are representative of 3 independent experiments using two different iNKT cell
clones. (C) a-GalCer dependent activation of primary CD1c+ vs. CD1c- B cells. Freshly isolated PBMCs were incubated with a-GalCer or vehicle for 48 hours, and B
cell expression of CD69 was assessed by flow cytometry. Black histograms show CD69 staining for the a-GalCer condition, grey histograms show the vehicle condition,
and the dotted line indicates staining by a negative control antibody. The scatter plot shows the fold a-GalCer-dependent CD69 upregulation on CD1c+ vs. CDlc- B
cells from 11 independent analyses (vehicle-treated B cell CD69 expression was subtracted from a-GalCer-treated, and the percent CD69+ of the CDI1c+ B cells was
divided by that of the CD1c- B cells). The p value comparing the results to a hypothetical median of 1 was calculated using a two-tailed Wilcoxon signed-rank test.

reveal for the first time that the canonical Va24+/VB11+ T cell
receptors expressed by human iNKT cells appear to have an
unexpected degree of cross-reactivity for a-GalCer presented by
CD1c molecules. Because of this, CD1c-mediated presentation
of a-GalCer functions as a weak TCR stimulus for iNKT cells.
Although recognition of CDIlc-a-GalCer complexes may
have little functional impact in isolation, it is clear that CD1c
molecules are mainly present on APCs that also express CD1d,
and our results suggest that in this context, the weak agonism
provided by CD1c-mediated presentation of a-GalCer may sub-
stantially enhance iNKT cell responses. We speculate that the
synergistic impact of concurrent CDlc- and CD1d-mediated
presentation of a-GalCer that we observed may be explained as
follows: the strong TCR agonism produced by CD1d-mediated
presentation of a-GalCer is probably required to induce effi-
cient calcium signaling in iNKT cells and, thus, CD1c-mediated
presentation in the absence of CD1d elicits only modest iNKT
cell responses; however, in the presence of limiting amounts of
CD1d, CDIc-mediated presentation of a-GalCer may serve to
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increase the strength of the iNKT cell MAPK signaling and,
thus, increase the iNKT cell response beyond that delivered
by limiting the CD1d alone. According to this model, CD1c-
mediated presentation of a-GalCer does not activate a different
iNKT cell signaling pathway than CD1d-mediated presentation,
but instead has its effect by increasing the amount of MAPK
signaling that occurs in the presence of the small number of
high affinity TCR interactions delivered by the CD1d-a-GalCer
complexes. This model resembles findings that MHC molecules
loaded with self-peptides that are weak TCR agonists appear to
play an important role in enhancing T cell activation by small
numbers of high affinity ligands (35-37). Hence, rather than
simply competing for a-GSL binding and, thereby, diminishing
iNKT cell activation, co-expression of CD1c¢ in the presence of
low levels of CD1d may enhance the sensitivity of human iNKT
cells to a-GalCer-mediated activation.

Consistent with this possibility, we observed greater cytokine
secretion by human iNKT cells in response to CDlc+ pri-
mary B cells that were pulsed with a-GalCer than to their
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CDlc- counterparts. The further observation that inclusion
of an anti-CD1c antibody diminished the amount of iNKT
cell cytokine secretion supports the possibility that a-GalCer
presentation by CDIlc molecules contributes to the iNKT
cell response to primary B cells. However, it is important
to note that CD1c+ B cells may also differ in other ways that
affect iNKT cell activation. For example, we have observed
that CD1c+ B cells typically appear to have slighly higher
levels of CDI1d expression (approximately 1.5-fold) than
CDlc- B cells (data not shown). Additionally, we and others
(38) have observed that whereas the CD1c- B cell population in
peripheral blood comprises of about 80% naive B cells with the
remainder made up mostly of class-switched memory B cells,
the CDIlc+ population typically includes a sizeable fraction
(about 40%) of B cells with a marginal zone phenotype (JG
and JM, unpublished results). Thus, other APC factors beyond
CDIlc-mediated presentation of a-GalCer may contribute to
enhanced iNKT cell responsiveness to CD1c+ B cells.

Nevertheless, our results suggest that CD1c expression may
serve as a biomarker for cell types (i.e., a fraction of the blood
DCs and the CD1c+ B cell subset) that are likely to be particularly
potent in presenting a-GSLs to iNKT cells. This has important
clinical implications since CD1c and CD1d co-expression (which
is a feature of some human B cell neoplasias) might thus be associ-
ated with better responses to a-GSL therapy, whereas downregu-
lation of either CD1c or CD1d might impede responsiveness to
a-GSLs. Moreover, these findings suggest that CD1c+ DCs are
likely to be better APCs for use in vaccination protocols that aim
to engage the adjuvant functions of iNKT cells by co-presentation
of a-GSLs along with peptide antigens.

Since the immunological effects of iNKT cells are thought to
result not only from their own cytokine production but also
from their ability to activate APCs, an important area for future
investigation will be to determine how CD1d+ APCs that co-
express CD1c differ functionally from their counterparts that
are CD1c-. For example, we have found that CD1c+ B cells from
human peripheral blood show higher expression levels of CD24,
which is a marker that has been found to be highly expressed
on human B cells that have regulatory functions (39) (data not
shown). Thus, CD1c expression by human B cells may be char-
acteristic of particular subsets that have specialized functions,
and administration of a-GSLs may therefore selectively enhance
the activity of these B cells.

Itis also an important point that CD1c and CD1d expression on
myeloid DCs and B cells is differentially regulated by compounds
that affect PPAR and RAR transcription factors (38). Activators
of these transcription factors include endogenous ligands that
may be constitutively present at low levels such as lysophospha-
tidic acid and cardiolipin, as well as oxidized forms of prosta-
glandins and hydroxyoctadecadienoic acids (i.e., PGJ,, 15d-PGJ,,
9-HODE, and 13-HODE) that are characteristic of inflammatory
states (40). Additionally, compounds such as thiazolidinedione
drugs that have been used clinically to treat patients with type 2
diabetes (e.g., rosiglitazone) are activators of PPAR transcription
factors and can markedly affect the expression of CD1 molecules
on human cell types (41). Thus, both physiological and pharma-
cological compounds present during inflammatory conditions
can differentially modulate CD1d and CD1c expression on APCs
and might affect human immune responses to a-GSLs. Therefore,
in order to develop a-GSLs as therapeutic agents for clinical use
in humans, it will be important to understand not only the inter-
actions of iNKT cells with APCs that typically co-express CD1d
and CDlg, but also how the expression of these antigen-present-
ing molecules becomes altered during inflammation.
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Materials and methods

Flow cytometric analysis of CD1 expression

Protocols involving the collection and use of human tissues
were approved by the University of Wisconsin Minimal Risk
Institutional Review Board, and written informed consent was
obtained from all blood donors. Human PBMCs were purified
by density gradient centrifugation, blocked with 25% human
serum, and stained for flow cytometric analysis using com-
mercially available fluorescently labeled antibodies. B cells were
identified by expression of CD19, and monocytes and DCs
were identified by expression of CD14 or CD11b, compared to
CDl1lc.

Fluorescence microscopy of CD1-transfected APCs

HeLa cells stably expressing CD1c and CD1d were generated
using lentivirus-mediated gene transfer using the vector pHAGE-
puro (42), followed by puromycin drug selection. Cells on cov-
erslips were washed with saline buffer (PBS) and fixed with 4%
paraformaldehyde and permeablized with 0.5% saponin in PBS
and 3% BSA. The cells were then incubated with an unlabeled
antibody against CD1d (CD1d51) followed by Alexa 594-conju-
gated secondary antibody (Molecular Probes), then with an anti-
body against CD1c (F10/21A3) that had been preincubated with
Zenon Alexa 488-conjugated FAD fragments (Molecular Probes).

Analysis of a-GalCer binding to CD1 molecules

Recombinant human CD1-Fc fusion proteins were prepared as
previously described (43). CD1 fusion proteins or the negative
control IgG (clone UPC-10) were dissolved in PBS and coated
onto high protein binding microtiter plates at a concentration
of 10 ug/ml in a volume of 50 pl. After coating, the plates were
washed once with PBS, then blocked with PBS containing 0.1%
BSA. Synthetic a-GalCer (KRN7000) that was modified near
the polar head group by the covalent addition of a biotin with
an ether linkage was sonicated in a heated water bath for 20
minutes, then diluted at the indicated concentrations into PBS
containing 0.1% BSA. The fusion protein and negative control
IgG-coated wells were incubated at 37°C with 50 ul PBS/BSA
containing the biotinylated a-GalCer, or with PBS/BSA alone.
The wells were then thoroughly washed with PBS and bound
biotinylated a-GalCer was detected using a streptavidin-alkaline
phosphatase conjugate (Zymed).

Analysis of the impact of saposins on a-GalCer loading was
carried out using an assay that has been described previously,
which measures displacement of bound ganglioside GT1b from
recombinant CD1c (30, 44). Briefly, a 6-His-tagged construct
of the human CD1c ectodomain was co-expressed with human
B,-microglobulin using a baculovirus insect expression system.
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CDIc protein was purified using Ni-NTA resin, followed by
size-exclusion chromatography over a Superdex 200 column
(GE Healthcare). The CD1c was preloaded with purified tri-
sialoganglioside GT1b (Matreya), then incubated with a 4.5-
fold molar excess of a-GalCer alone or in the presence of the
indicated recombinant human saposin proteins. The species
were then separated according to charge on a native isoelectric
focusing gel (PhastGel IEF, GE Healthcare), and protein bands
were visualized by Coomassie stain. To quantitate the amount of
GT1b displacement by a-GalCer observed in the passive load-
ing condition compared to the saposin conditions, the CD1c
band intensities at the GT1b-undisplaced and -displaced posi-
tions were estimated using Image] software. The intensity of
the displaced band was divided by the sum of the displaced and
undisplaced band intensities and multiplied by 100 to generate
the percent of the CD1c that had undergone displacement of
GT1b.

iNKT cell activation by a-GalCer presented by CD1c or CD1d
Human iNKT cell clones were established and maintained
as described previously (45). Synthetic glycosphingolipids
(KRN7000, C20:2) were prepared as described (46, 47) and son-
icated for at least 20 minutes at 37°C prior to use. Recombinant
CD1d-Fc and CDlc-Fc fusion proteins were prepared as
described previously (30). CD1-Fc fusion proteins or nega-
tive control IgG were coated onto high protein binding 96-well
microtiter plates in the presence of 0.05 ug anti-LFA-1 mAb
(clone HI111, BioLegend) and used to stimulate iNKT cell clones
as previously described (30, 45). For APC-mediated activation
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of iINKT cells, K562 cells were transfected with cDNA-encoding
CD1d or CD1c as described (48). CD1¢/K562 transfectants were
a kind gift of Dr. Annemieke de Jong, Brigham and Women’s
Hospital and Harvard Medical School. Alternatively, total B cells
were purified from freshly isolated PBMCs by magnetic sort-
ing using CD19 microbeads (Miltenyi Biotec) or CDlc+ and
CDlc- B cells were flow cytometrically sorted based on CD19
and CDIc staining. APCs were pulsed with a-GalCer or vehicle
for 2-4 hours, then used to stimulate iNKT cells as previously
described (49).

Calcium flux

iNKT cells were incubated in culture medium lacking IL-2 for
18-24 hours before performing the calcium flux assay. iNKT cells
were labeled with the calcium indicator dyes Fluo-4 and Fura-
Red (Invitrogen). Flow cytometric data on iNKT cells alone
were acquired for 20 seconds to establish a baseline, then the
indicated APCs were added, and the cells were centrifuged for
10 seconds to initiate contact. Cells were resuspended by brief
vortexing, and data were acquired for the following 5 minutes.
Data analysis was performed using Flow]Jo (TreeStar) software.

B cell upregulation of CD69

PBMCs were purified from fresh blood by density gradient
centrifugation and incubated at 37°C and 5% CO, for 48 hours
with 200 ng/ml a-GalCer or vehicle (0.05% Tween 20 in PBS).
Samples were then blocked with 25% human serum and stained
for flow cytometric analysis using commercially available fluo-
rescently-labeled antibodies.
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