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Lipid transfer proteins, such as molecules of the saposin family,
facilitate extraction of lipids from biological membranes for their
loading onto CD1d molecules. Although it has been shown that
prosaposin-deficient mice fail to positively select invariant natural
killer T (iNKT) cells, it remains unclear whether saposins can facil-
itate loading of endogenous iNKT cell agonists in the periphery
during inflammatory responses. In addition, it is unclear whether
saposins, in addition to loading, also promote dissociation of lipids
bound to CD1d molecules. To address these questions, we used a
combination of cellular assays and demonstrated that saposins
influence CD1d-restricted presentation to human iNKT cells not
only of exogenous lipids but also of endogenous ligands, such as
the self-glycosphingolipid β-glucopyranosylceramide, up-regulated
by antigen-presenting cells following bacterial infection. Further-
more, we demonstrated that in human myeloid cells CD1d-load-
ing of endogenous lipids after bacterial infection, but not at
steady state, requires trafficking of CD1d molecules through
an endo-lysosomal compartment. Finally, using BIAcore assays
we demonstrated that lipid-loaded saposin B increases the off-
rate of lipids bound to CD1d molecules, providing important
insights into the mechanisms by which it acts as a “lipid editor,”
capable of fine-tuning loading and unloading of CD1d mole-
cules. These results have important implications in understand-
ing how to optimize lipid-loading onto antigen-presenting cells,
to better harness iNKT cells central role at the interface between
innate and adaptive immunity.

autoreactivity | inflammation | innate immunity | lipid binding proteins

In addition to MHC-peptide complexes, subsets of T cells are
capable of recognizing lipids in the context of CD1 molecules

(1). Of the five CD1 molecules, CD1d restricts the activity of a
family of cells known as invariant natural killer T (iNKT) cells,
because of their semi-invariant T cell receptor (TCR) use (2). Over
the years, it has been shown that lipid-specific iNKT cells play an
important immunoregulatory role in cancer, autoimmunity and
infections (3). Furthermore, iNKT cells efficiently modulate adap-
tive immune responses through their cross-talk with dendritic cells
(DC) and B cells, resulting in DC maturation and B-cell activation.
This property sets iNKT cell agonists as promising powerful im-
mune adjuvants (4), and understanding the molecular mechanisms
of lipid antigen presentation and the requirements for iNKT cell
activation is essential for clinical harnessing of this population.
Because lipids are water-insoluble in nature, lipid transfer

proteins play a crucial role in assisting their extraction from
membranes, solubilization for transport and processing, before
loading onto CD1 molecules. In the endoplasmic reticulum
(ER), the microsomal triglyceride transfer protein has been shown

to assist loading of nascent CD1d molecules with self-phospholipids
(5, 6). In the lysosomal compartment, lipid transfer proteins be-
longing to the saposin family have been shown to play an im-
portant role in loading lipids onto CD1d and CD1b molecules
(7–11). Saposins are a group of four, small, heat-stable glyco-
proteins required for hydrolysis of sphingolipids by lysosomal
hydrolases and membrane remodeling (12). The four saposins
A–D derive from the lysosomal processing of the 68- to 73-kDa
precursor protein prosaposin by a mechanism not completely
understood, but requiring at least cathepsin D function (13). The
physiological significance of the saposins in sphingolipid me-
tabolism is underscored by the severe and fatal sphingolipidoses
in humans with loss-of-function mutations in the prosaposin gene
(14). It is also known that saposins play a crucial role in iNKT cell
positive selection by cortical thymocytes, as prosaposin-deficient
mice fail to select iNKT cells (9), thus highlighting their pivotal
immunological function (15). However, it remains unclear whether
saposins can facilitate loading of endogenous iNKT cell agonists in
the periphery during inflammatory responses. Indeed, prosaposin-
deficient mice have very few residual iNKT cells, and it has not
been possible to investigate the role of saposins in modulating
presentation of self-lipids by peripheral antigen-presenting cells
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(APCs) upon infection or during inflammation. We decided,
therefore, to address the above question by investigating the
role of saposins in CD1d lipid presentation in human APCs in
combination with functional and kinetic studies with human
recombinant saposins, which have provided insights into the
molecular mechanisms of saposin-assisted lipid-loading and
lipid exchange.

Results
Presentation of Endogenous CD1d Antigenic Lipids Is Prosaposin-
Dependent. A feature of CD1d-restricted T cells is weak activa-
tion triggered by recognition of CD1d molecules loaded with self
lipids (16). This basal recognition of self-lipid complexes can be
further amplified by innate signals and cytokine-driven signals
(17–19), leading to iNKT cell activation during microbial infec-
tions, even upon exposure to pathogens not known to contain
iNKT cell antigens (20). To study the importance of prosaposin
in controlling iNKT cell autoreactivity to activated human APCs,
we silenced prosaposin expression in the myelomonocytic cell
line THP-1 (Fig. S1). After establishing the extent of prosaposin
knockdown with four different shRNA lentiviruses, we used the
cell line with the highest level of knockdown (90%) for all sub-
sequent cellular experiments. A scramble shRNA lentivirus-
transduced cell line was used as a control for nonspecific off-
target silencing effects. In initial experiments with synthetic
iNKT cell agonists, we confirmed that presentation of the

α-galactosyl ceramide (α-GalCer) analog C20:2 was saposin-
independent, as this lipid is preferentially loaded extracellularly
(21) (Fig. S2A). Conversely, presentation of α-GalCer, of the
nonglycosidic derivative threitol ceramide [ThrCer (22)] and
of the glycolipid Gal(α1→2)GalCer (hereafter referred to as
GalGalCer), which requires processing of the terminal galactose
by α-galactosidase A (23), was severely affected by the lack of
prosaposin (Fig. S2A). The Gal(α1→2) derivative of ThrCer
(GalThr) was also saposin-dependent (Fig. S2A).
CD1d surface expression was not affected by lack of prosa-

posin (Fig. S2B), suggesting that the lower iNKT cell stimu-
latory capacity of prosaposin-deficient THP-1 was likely to be
because of reduced loading of CD1d molecules with iNKT cell
agonists. Indeed, prosaposin-deficient THP-1 cells showed a
decreased staining with a fluorescent tetrameric soluble iNKT
TCR (Fig. 1A), which could be corrected by transducing pro-
saposin deficient cells with a prosaposin retrovirus (Fig. 1A,
Bottom lines).
Having optimized an assay to study the importance of prosa-

posin in controlling iNKT cell activation, we next infected pro-
saposin-competent and -deficient THP-1 cells with the Gram-
positive bacterium Listeria monocytogenes, because it is known
that iNKT cells are critical in vivo for the development of pro-
tective immunity against Listeria (24), despite the absence of
known iNKT cell antigens encoded by this microbe (20). We
observed that iNKT cells displayed strong CD1d-dependent
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Fig. 1. Presentation of endogenous lipids is saposin-dependent. (A) THP-1–CD1d cells transduced with control (Top), prosaposin shRNA (Middle), and the
latter reconstituted with a prosaposin retrovirus (Bottom) were pulsed overnight with decreasing concentrations (green, red, and blue lines) of α-GalCer (300,
100, 30 ng/mL); C20:2 (300, 100, 30 ng/mL), ThrCer (1,000, 300, 100 ng/mL), or GalGalCer (1,000, 500, 250 ng/mL). Flow cytometry of cells stained with soluble
iNKT TCR tetramers is shown. Data are representative of five independent experiments. Gray dotted lines represent vehicle-pulsed cells. (B) THP-1–CD1d cells
transduced with control or prosaposin shRNA were infected with L. monocytogenes at the indicated MOI and incubated with iNKT cells, in the presence or
absence of the anti-CD1d blocking antibody. IFN-γ secreted in the supernatant at 36 h was measured by ELISA (mean ± SD). The response of seven other iNKT
cell lines is shown in Fig S3. (C) THP-1–CD1d cells transduced with control (Top), prosaposin (C), or UGCG shRNA (Bottom) were infected with L. mono-
cytogenes (Left), E. faecalis (Center), or K. aerogenes (Right), at the indicated MOI (colored histograms). Flow cytometry of cells stained with soluble iNKT TCR
tetramers is shown. Data are representative of three to four independent experiments (cumulative results are shown in Fig. S2C). Gray lines represent un-
infected cells and cyan lines represent cells stained with a control tetramer. (D) THP-1–CD1d cells transduced with control (Left), prosaposin shRNA (Center),
and the latter reconstituted with a prosaposin retrovirus (Right) were pulsed overnight with the indicated concentrations of β-GlcCer (colored histograms).
Flow cytometry of cells stained with soluble iNKT TCR tetramers is shown. Data are representative of three independent experiments (cumulative results are
shown in Fig. S2C). Gray dotted lines represent vehicle-pulsed cells.
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reactivity in response to Listeria-infected THP-1, which was
reduced in the absence of prosaposin (Fig. 1). We observed
comparable results with six of eight different iNKT cell lines,
but with two iNKT lines, the reactivity against saposin-competent
and -deficient cells was almost comparable (Fig. S3). The autore-
active iNKT cell response to bacterial infected THP-1 cells was
dominated by IFN-γ secretion, and no significant increase in IL-4
secretion was detected (Fig. S3). iNKT cell activation in response
to APCs infected with microbes depends on CD1d-mediated
triggering of the TCR and is further modulated by cytokines,
such as IL-12, released by APC in response to pattern-recogni-
tion receptor triggering (17). To investigate the contribution of
CD1d-self lipids toward TCR-mediated iNKT cell activation in the
absence of the confounding cytokine signals, we stained Listeria-
infected prosaposin-competent and -deficient THP-1 cells with
the soluble iNKT TCR, which we have previously shown to be
able to detect up-regulation of CD1d-self lipid complexes at the
cell surface of Toll-like receptor (TLR) agonist-matured THP-1
cells (19). We demonstrated that Listeria-infected prosaposin-
deficient THP-1 cells displayed fewer CD1d–lipid complexes at
the cell surface, compared with control THP-1 cells (Fig. 1C,
Top and Middle rows, and Fig. S2C). Secretion of comparable
amounts of IL-8 by prosaposin-competent and -deficient cells ex-
posed to Listeria suggested equal infection of the two cell types
(Fig. S4C). In addition, we observed similar results upon in-
fection with other bacteria, both Gram-positive (Enterococcus
faecalis) and Gram-negative (Klebsiella aerogenes) (Fig. 1C, Top
and Middle rows, and Fig. S2C), suggesting a common mechanism
of iNKT cell activation.
Because no antigenic lipids have been identified from Listeria

extracts (20), we explored the possibility of iNKT cell activation
by self-antigens. It has recently been shown that an abundant
endogenous lipid, β-D-glucopyranosylceramide (β-GlcCer), is a
potent iNKT cell self-antigen in mice and humans, contributing
to iNKT cell activation following myeloid cell infection and in
response to TLR agonists (25). We therefore silenced with shRNA
β-glucosylceramide synthase (UGCG) to assess the contribution of
β-GlcCer to iNKT cell autoreactivity in our experimental system.
shRNA silencing of UGCG in THP-1 cells completely abrogated
detection of CD1d–lipid complexes upon bacterial infection (Fig.
1C, Bottom). UGCG-silenced cells expressed comparable levels
of CD1d to control cells, presented equally well GalGalCer, and
released similar amounts of IL-8 upon bacteria infection (Fig.
S4), excluding nonspecific effects on antigen presentation be-
cause of gene silencing. As an extension of the above results, we
showed that recognition of synthetic β-GlcCer by human iNKT
cells is prosaposin-dependent, as β-GlcCer pulsed prosaposin-
deficient THP-1 cells displayed fewer CD1d–lipid complexes at
the cell surface than wild-type controls (Fig. 1D and Fig. S2C).
Defective β-GlcCer presentation by prosaposin-deficient cells
was corrected following transduction with a prosaposin-encoding
retrovirus (Fig. 1D).
Taken together, these results underscore an important role for

saposins in facilitating loading of β-GlcCer–derived self-antigens
up-regulated by THP-1 cells during bacterial infection for CD1d-
dependent recognition by human iNKT cells.

Prosaposin-Dependent Presentation of Endogenous iNKT Cell Agonists
Requires an Intact CD1d Cytoplasmic Domain. Reactivity of human
and murine iNKT cells to synthetic agonists depends on CD1d
trafficking through the endolysosomal compartment. Conversely,
although it is established that reactivity of murine iNKT cells to
CD1d loaded with endogenous iNKT cell agonists requires
trafficking of CD1d molecules through the lysosome (26–29), the
contribution of the endolysosomal environment to human iNKT
cell autoreactivity upon infection is unclear. To address this
question, we overexpressed in THP-1 cells CD1d molecules de-
leted of the last 10 amino acids of the cytoplasmic tail [TD-CD1d

(30)]. Upon infection with L. monocytogenes, THP-1 cells
expressing TD-CD1d elicited lower iNKT cell activation (Fig.
2A) and displayed fewer CD1d–lipid complexes than cells
expressing WT CD1d (Fig. 2B). Moreover, in the absence of
prosaposin expression, CD1d–lipid complexes were no longer
detectable at the cell surface of infected THP-1 cells transduced
with TD-CD1d molecules (Fig. 2B). Loading of TD-CD1d
molecules with exogenous synthetic iNKT cell agonists was also
reduced (Fig. S5).
Taken together, these results indicate that presentation of self-

lipids to human iNKT cells by bacteria-infected human APCs
requires trafficking of CD1d molecules through the lysosomal
compartment and saposin-assisted loading. Furthermore, these
results are consistent with the known role of the cytoplasmic
tail of murine CD1d in modulating trafficking of CD1d mole-
cules and their loading with endogenous iNKT cell agonists
(26, 28, 29).

Lipid-Loaded Saposin B Mediates Lipid Transfer onto CD1d Molecules
and Accelerates Dissociation of CD1d-Bound Lipids. The crystal
structure of saposin B has revealed the presence of a large hy-
drophobic binding site capable of accommodating a broad
range of different lipids (31). Although it is accepted that
lipid-loaded saposins promote lipid transfer onto CD1d
molecules (9), it remains unclear whether they also accelerate
the rate of dissociation of lipids already bound to CD1d
molecules. To address this question, we developed a surface
plasmon resonance assay (SPR or BIAcore) based on the
binding of soluble iNKT TCR to CD1d molecules coated onto
BIAcore chips in the presence or absence of recombinant
saposin molecules.
In initial experiments using a combination of cellular and

plate-bound assays, we compared all four recombinant saposins
for their ability to load iNKT cell agonists onto CD1d molecules.
In agreement with previously published reports (8, 32), we
showed a dominant role of saposin B in accelerating and over-
all enhancing loading of soluble lipids onto CD1d molecules
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(Fig. S6). Based on these results we decided to use recombinant
saposin B for the cell-free studies. To prove the ability of the
recombinant saposin B to bind synthetic iNKT cell agonists, we
synthesized radiolabeled ThrCer (14C-ThrCer). We demon-
strated that saposin B binds to 14C-ThrCer at a range of con-
centrations and, as expected, with higher affinity at pH 5 (Kd =
1.8 μM) than at pH 7 (Kd = 4.5 μM) (Fig. 3A).

We next measured saposin B-mediated lipid-loading onto
CD1d molecules in a BIAcore assay. Lipids (α-GalCer or ThrCer),
recombinant saposin B, or a premix of saposin B-lipid were
injected, each onto one flow-cell of a BIAcore chip where the
same amount of CD1d was immobilized (Fig. 3 B and C). The
level of CD1d loading with the antigenic lipids was assessed with
the iNKT TCR. In all cases, loading of lipids alone for the short
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equilibrium of increasing concentrations of iNKT TCR to loaded CD1d molecules. Binding affinities (Kd) measured at equilibrium are also shown in each panel.
(Insets) The Scatchard plots of the same data. (E) Real-time exchange of CD1d-bound lipids by saposin B. Immobilized CD1d molecules were loaded to sat-
uration with ThrCer, followed by the injection of SapB premixed with GalGalCer (black bars), or SapB alone (white bars) to displace ThrCer. CD1d loading was
detected with the soluble iNKT TCR (which recognizes ThrCer–CD1d complexes but not GalGalCer–CD1d, Left) or the 9B antibody (which recognizes the
galactose head group and not ThrCer–CD1d, (Right). Plotted are the Bmax values, representing saturating amounts of TCR bound to CD1d. (F) Half-life of
CD1d–ThrCer complexes in the presence or absence of lipid-loaded saposin B. Bacterially expressed human CD1d molecules, refolded with ThrCer, were
immobilized on three flow cells of a BIAcore chip. One flow cell was left untreated to assess the spontaneous off-rate of the ThrCer–CD1d complex. SapB
alone or premixed with GalGalCer was injected onto the second and third flow cells, respectively, for 5 min after 60, 120, and 240 min (time is indicated on the
x axis). ThrCer–CD1d complexes were quantified passing serial dilution of the iNKT TCR and the response units at saturation are plotted on the y axis.
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time of this assay did not result in detectable iNKT TCR rec-
ognition (Fig. 3 B and C). However, we detected a significant
increase in iNKT TCR binding to CD1d molecules loaded with
α-GalCer or ThrCer in the presence of saposin B (Fig. 3 B and
C). Notably, the α-GalCer analog C20:2 could be loaded on
CD1d molecules even in the absence of saposin B (Fig. 3D).
However, saposin B markedly enhanced loading of C20:2 (Fig.
3D), as also observed in a cell-free plate-bound assay. This result
is consistent with the observation that the diunsaturated C20:2
analog has less stringent requirements for loading (21) and can
be presented equally well by prosaposin-deficient THP-1 (Fig.
S2A). No difference in the affinity of binding of the iNKT TCR
for CD1d-C20:2 complexes was observed in the presence or ab-
sence of saposin B, demonstrating that saposin B mainly accel-
erates the loading process without altering the position of the
lipid in the antigen binding groove.
Having established that recombinant saposin B can bind to

exogenous lipids and enhances their loading onto CD1d mole-
cules, we set up an assay to assess whether lipid-loaded saposin B
is also capable of displacing lipids already bound in the CD1d
groove. To specifically test the lipid exchange activity of saposin
B by BIAcore assay, we used, in addition to the soluble iNKT
TCR, the phage display-derived recombinant antibody 9B,
which recognizes CD1d molecules loaded with lipids linked to
α-anomeric galactose head groups (33, 34). Because the iNKT
TCR and the 9B antibody have different specificity, they can
be used to distinguish between CD1d molecules loaded with
GalGalCer (which are specifically seen by the 9B antibody, but
not by the iNKT TCR) and CD1d molecules loaded with ThrCer
(which are specifically seen by the iNKT TCR, but not by the 9B
antibody). As expected, after loading to saturation CD1d mole-
cules immobilized on the BIAcore chip with saposin B and
ThrCer, these complexes could only be detected by the iNKT
TCR (Fig. 3E, Left, first and third columns), but not by the 9B

antibody (Fig. 3E, Right, first column). We then injected in the
ThrCer/CD1d-saturated flow cells either saposin B loaded with
GalGalCer complexes or saposin B alone, and compared the
binding of iNKT TCR and the 9B antibody to CD1d molecules.
We demonstrated that injection of saposin B alone in the ThrCer/
CD1d-saturated flow cell was not sufficient to reduce the iNKT
TCR signal (Fig. 3E, Left, fourth column, white), but injection of
saposin B–GalGalCer complexes led to a decrease of the iNKT
TCR signal (Fig. 3E, Left, second column) and an increase in the
9B signal (Fig. 3E, Right, second column).
Finally, confirming the ability of saposin B to displace CD1d-

bound lipids, we observed that the off-rate of ThrCer bound to
CD1d molecules was enhanced by saposin B–GalGalCer com-
plexes, but not by saposin B alone (Fig. 3F).
These results indicate that only lipid-loaded saposin B is able

to increase the off-rate of CD1d-bound lipids, thus facilitating
the loading of its lipid cargo onto the CD1d groove. Because it is
likely that lysosomal saposin B will be loaded with a spectrum of
lipids, we speculate that the efficiency of its lipid-exchange ability
may vary depending on the molecular identity of the lipids bound
to both saposin B and CD1d molecules, underscoring the fun-
damental role for saposins in editing the profile of lipids bound
to CD1 molecules.

Mathematical Model of Saposin-Mediated Lipid Exchange. To illus-
trate the observed effect of saposin B on lipid-loading onto
CD1d, we constructed a mathematical model that includes the
essential features of these molecular interactions (Fig. 4). The
model includes CD1d molecules that are either loaded with irrel-
evant (C) or relevant (C*) lipids that exchange based on two pos-
sible mechanisms (Fig. 4A): a constitutive saposin-independent
exchange at a low basal rate and a saposin-dependent exchange
at a higher rate. Importantly, we did not include any binding
preference of the relevant or irrelevant lipid with saposin or
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Fig. 4. A mathematical model of saposin-mediated lipid exchange. (A) Simplified schematic showing the reactions included in the mathematical model. (B)
The steady-state normalized concentration of CD1d bound to relevant lipid (C*/(C* + C) (y axis) was determined for increasing concentrations of relevant lipids
at a fixed concentration of irrelevant lipids (L*, x axis) for the indicated concentrations of saposin B. (C) Immunoprecipitation of CD1d/β2M complexes, as
indicated by the presence of β2m in precipitates with anti CD1d42.1 antibody. Lysates of THP-1 cells transduced with a control or prosaposin shRNA were
incubated on ice for 2 h (lanes 1, 5, 9, 13) or at 37 °C for 45 min, 2 h, or 2 h in the presence of α-GalCer (10 μg/mL) (Upper) or 4.5 h with and without α-GalCer
(Lower). A conformation-specific anti-CD1d antibody was used to precipitate intact CD1d/β2M complexes that had not fallen apart during the incubation
period. (D) Kinetics of lipid exchange at the indicated concentration of saposin B. The normalized concentration of CD1d with relevant lipids (C*/(C* + C)
(y axis) is plotted as a function of time following the addition of 1 μM of relevant lipids. Increasing the saposin concentration decreases the timescale to reach
the maximum concentration of C*. Note that the maximum reached after a long time (steady state) is identical at all saposin concentrations, as expected
based on B. The model equations and parameters used to generate B and D of this figure are described in SI Text.
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CD1d (i.e., CD1d and saposin interacted with both L and L*
with identical reaction parameters). Calculations of the steady-
state concentration of CD1d bound to relevant lipids (C*)
increased as the concentration of the relevant lipid (L*) was
increased, but saposin had no effect on lipid-loading (Fig. 4B). In
agreement with this, when we measured the stability of CD1d–
lipid complexes immunoprecipitated from saposin-competent
or -deficient cells, we observed no differences (Fig. 4C). How-
ever, when we examined the kinetic effects of saposin B, we
observed that it decreased the timescale of lipid exchange (Fig.
4D), allowing the newly added relevant lipids to be quickly
loaded onto CD1d molecules previously occupied with irrelevant
lipids, in agreement with the experimental data shown in Fig. 3.
Of note, the present model is similar—and is expected to give
qualitatively similar results in the steady-state limit—to a re-
cently published model of the role of Tapasin in mediating
peptide-exchange from MHC molecules (35).

Discussion
In this study, using a soluble iNKT TCR and iNKT cell lines, we
have demonstrated an important role of prosaposin in loading
human CD1d molecules with iNKT cell agonists that are up-
regulated following bacterial infection of APCs. We have also
provided evidence for a previously unappreciated role for lipid-
loaded saposin B in increasing the off-rate of CD1d-bound lipids,
thus promoting lipid exchange.
To investigate the role of saposins in modulating CD1d-

dependent human iNKT cells autoreactivity to myeloid cells upon
microbial recognition, we set up an in vitro system using THP-1
cells in which prosaposin expression was silenced by lentiviral
shRNA. Using a soluble iNKT TCR, we have demonstrated that
prosaposin-deficient THP-1 cells pulsed with synthetic iNKT cell
agonists displayed fewer CD1d–lipid complexes at the cell surface,
and therefore elicited reduced iNKT cell activation. This defect
could be corrected either reexpressing prosaposin in the prosaposin-
deficient THP-1 cells or adding recombinant saposins (as also
seen by ref. 8). In agreement with previous results obtained
by Kang and Cresswell with saposin-deficient murine fibro-
blasts expressing human CD1d (10), we did not detect any
significant difference in iNKT basal autoreactivity between
saposin-competent and -deficient cells. However, upon exposure
to a range of different bacteria or incubation with TLR agonists,
prosaposin-deficient cells displayed fewer CD1d–lipid complexes
at the cell surface that could be recognized by a soluble tetra-
meric iNKT TCR. Although we have no biochemical evidence of
the lipids recognized upon bacterial infection of THP-1, silencing
of UGCG, the enzyme responsible for β-GlcCer biosynthesis, pre-
vented detection of CD1d–lipid complexes at the cell surface upon
bacterial infection of prosaposin-competent cells, consistent with
the role of the self-glycosphingolipid β-GlcCer (25) as a domi-
nant self-antigen. Furthermore, we have shown that presentation
of synthetic β-GlcCer is also saposin-dependent.
The cellular compartment in which β-GlcCer or other self-

lipids responsible for iNKT cell autoreactivity could be loaded
onto CD1d molecules is currently unknown, and it might be
anywhere between the luminal side of the secretory compart-
ment and the saposin-positive endolysosomal compartment. It is
known that β-GlcCer is synthesized on the cytoplasmic face of
the Golgi apparatus from the precursor ceramide that is trans-
ported from the ER to the Golgi via a ceramide transport pro-
tein-dependent mechanism (36). β-GlcCer is then flipped to the
luminal Golgi side [although the molecular identity of the flip-
pase is still controversial (37)] and transported by the lipid
transfer protein FAPP2 (38) toward the distal parts of the Golgi
for biosynthesis of more complex glycosphingolipids. By vesicular
and nonvesicular transport through the cell, β-GlcCer and other
self-lipids might then access the endolysosomal compartment,
where exposure to acidic hydrolases and lipid transfer proteins,

such as GM2 activator (GM2a) and saposins, could orchestrate
their loading onto recycling CD1d molecules. Cellular lipids
bound to human CD1d molecules isolated from different cellular
compartments have been determined by high-resolution mass
spectrometry (39–41). Neo-synthesized CD1d molecules have
been shown to acquire phosphatidylcholine in the ER, which is
then exchanged for sphingomyelin when CD1d traffics through
the Golgi (41). The identity of the lipid transfer protein facili-
tating exchange of CD1d-bound lipids in the Golgi is currently
unknown; however, prosaposin itself might be involved, as it
possesses functional lipid transfer activity and binds gangliosides
(42, 43). Indeed, in preliminary experiments we have observed
that prosaposin enhances loading of β-GlcCer on plate-bound
CD1d molecules at pH 7. Whether β-GlcCer could be identified
as a major species associated with secreted or recycling CD1d
molecules remains an open question, as the previous analysis
was performed on resting Epstein-Barr virus-B cells (39, 41) or in
myeloid cells after digestion with ceramide glycanase, which does
not cleave monohexoses from the ceramide backbone (40).
To further dissect the role of saposins in lipid-loading in the

secretory versus the endolysosomal compartments, we expressed
in prosaposin-sufficient and -deficient THP-1 cells CD1d mole-
cules lacking the cytoplasmic motif known to be important for its
internalization and endo-lysosomal targeting (TD-CD1d) (30).
By confocal microscopy we observed that tail-deleted CD1d
molecules could still reach the lysosomal Lamp-1+ compartment
(Fig. S7), although less efficiently (likely because of association
with invariant chain), which is highly expressed in myeloid cells
(30, 44, 45). Consequently, presentation of exogenous synthetic
iNKT cell agonists was only moderately affected by tail-deleted
CD1d molecules, yet it remained dependent on prosaposin
expression. However, following bacterial infection, fewer CD1d-
self lipid complexes were displayed at the cell surface of THP-1–
expressing TD-CD1d molecules, and no complexes were detec-
ted in the absence of prosaposin. The observation that basal but
not inflammatory autoreactivity is maintained in the absence of
prosaposin expression suggests that a qualitative and quantitative
difference in the lipid profile exists between uninfected and
infected THP-1. For example, basal autoreactivity to phospho-
lipids, such as phosphatidylinositol, has been demonstrated for
murine iNKT cells (46), and this may not be prosaposin-dependent
despite the ability of saposin B to bind and transfer phospholipids
in vitro at acidic pH (47). Furthermore, the saposin-dependence
of peroxisome-derived lipids (48) or of lysophospholipids (49),
which stimulate thymic and peripheral iNKT cells, remains to be
determined. It is also possible that in myeloid cells association
of the TD-CD1d molecules with the invariant chain in the ER
(30, 44, 45) may alter the kinetics of trafficking to the lysosomes,
rendering these CD1d molecules more sensitive to the presence
or absence of prosaposin. Our results underscore the important
role for prosaposin and CD1d trafficking through the endolyso-
somal compartment for CD1d-restricted presentation of endoge-
nous lipids by infected human APCs. Ultimately, a high-resolution
analysis of the lipid repertoire associated with secreted and
recycling CD1d molecules will unambiguously reveal the identity
of the lipid profile of immature versus stimulated myeloid cells
and the changes in the presence or absence of prosaposin.
Prosaposin deficiency leads to altered cellular sphingolipid

metabolism and storage of multiple sphingolipids (50). To in-
vestigate the role of saposins as lipid transfer proteins indepen-
dently of any storage phenotype, we designed cell-free assays and
measured binding of Escherichia coli-purified recombinant sap-
osins to synthetic lipids and subsequent loading of CD1d mole-
cules. Although there is evidence that glycosylation influences
the ability of recombinant saposins to mobilize lipids from mem-
branes and liposomes (51, 52), nonglycosylated proteins have been
shown to retain comparable lipid binding and hydrolase-activating
capacity. Despite high homology, the four saposins have different
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lipid specificities, as demonstrated by the phenotype of patients
with selective deficiency of individual molecules (53). We limited
our study to the role of saposin B, because evidence from our
own works and from the literature (8, 11, 32) suggested its domi-
nant role in loading soluble lipids onto CD1d molecules. We de-
termined the binding affinity of saposin B to a radiolabeled version
of ThrCer at pH5 and pH7 (1.8 μM and 4.5 μM, respectively), and
observed that it reached a plateau when saposin B was present in
molar excess. Furthermore, competing lipids or detergent mole-
cules easily displaced binding of ThrCer, consistent with the ability
of saposin B to bind a variety of lipids. Our results are in agree-
ment with published data on saposin B–lipid interactions, obtained
through different experimental methods: disk gel electrophoresis,
pH shift gel electrophoresis, gel filtration, lipid solubilization
assays, ion exchange assays (50), or competition assays to mea-
sure relative binding affinities to a variety of lipids (54). The
majority of investigators have reported the formation of equi-
molar complexes (1 mol per lipid per mole of saposin B dimer).
The main effect of recombinant saposins was to enhance and

accelerate the loading of CD1d molecules with iNKT cell ago-
nists, both in a plate-bound assay and in a real-time SPR assay.
Notably, a soluble iNKT TCR bound with similar affinity to
CD1d molecules loaded with C20:2 in the presence or absence of
saposin B, hence formally demonstrating that saposin-assisted
loading of iNKT cell agonists onto CD1d molecules does not
alter the binding affinity of the iNKT TCR.
The recombinant human CD1d molecules used in our cell-free

assays are purified from HEK293T cells and are loaded with
a spectrum of cell lipids derived from the ER, Golgi, and se-
cretory compartment (55), some of which are reported to be
antigenic for human iNKT cells (56). Therefore, the capacity of
lipid-bound saposin B to load these recombinant CD1d mole-
cules also implied its ability to promote lipid exchange. Indeed,
using a combination of reagents that selectively recognize CD1d
bound to ThrCer or GalGalCer, we have been able to demon-
strate specific lipid exchange occurring in the SPR assay. In
agreement with results shown by Zhou et al. (9) and Yuan et al.
(8), saposin B alone (not precomplexed with an iNKT cell ago-
nist) could not remove lipids already bound to CD1d molecules,
unlike what has been shown for CD1e (57). However, we have
shown that lipid-loaded saposin B specifically increased the off-
rate of lipids bound to CD1d molecules. Importantly, our ex-
perimental data are consistent with a mechanistic mathematical
model whereby lipid exchange can take place by both a saposin-
independent (low exchange rate) and a saposin-dependent (high
exchange rate) mechanism. This conclusion suggests a role for
saposins similar to that played by tapasin in peptide exchange on
MHC class I molecules, which has been recently modeled (35).
Together, these results highlight the important role of saposins
as lipid-editors for CD1d antigen presentation, in addition to
GM2a (9) and Niemann Pick type C2 protein (NPC2) (58). In
contrast to DM molecules, which edit the repertoire of peptides
bound to MHC class II molecules (59), saposins do not have an
enzymatic mechanism of action and we and others have not been
able to demonstrate physical association with human CD1d
molecules (8), unlike what has been shown for murine CD1d and
saposin A (9) or human CD1b and CD1c and saposin C (7, 11).
Despite extensive in vivo and in vitro studies, the ultimate
mechanism of hydrolase activation by saposins is unclear and
that of lipid transfer onto CD1d molecules remains unknown.
The two main proposed modes of action of saposin (11, 60, 61)
are the “detergent-like or solubilizer” (saposin B and GM2a), in
which saposins extract lipids from bilayers and present them to
hydrolases as a soluble protein–lipid complex, and the “liftase
model” (saposin C), whereby saposins remodel the bilayer surface
facilitating binding of the hydrolases to the relative substrates. We
speculate that saposin B molecules, dimeric at neutral and low pH
and with a large hydrophobic cavity (31), may readily solubilize

lipids and offer them to recycling CD1d molecules throughout
the endocytic compartment, actively promoting lipid exchange
in the groove of CD1d molecules by increasing the off-rate of
already bound ligands. Lipid transfer proteins might be required
to facilitate exchange of complex lipids bound to CD1d molecules,
but the acidic pH in the presence of competing lipids (naturally
present in the lysosome) already induces rapid, spontaneous dis-
sociation of iNKT cell agonists with shorter acyl or phytosphingo-
sine chains (62). In conclusion, in concert with their ability to
promote glycosphingolipid degradation, the four members of the
saposin family may use different strategies to facilitate access of
a variety of endogenous and microbial lipid antigens to the CD1d
groove, thus shaping the repertoire of agonists available for iNKT
cell recognition.

Experimental Procedures
Medium and Reagents. The complete medium (CM) used throughout was
RPMI 1640 (Gibco) for THP-1, IMDM (Gibco) for iNKT cells, and DMEM (Gibco)
for fibroblasts. CM was supplemented with 2 mM L-glutamine, 1% non-
essential amino acids, 1% sodium pyruvate, 1% pen/strep, 5 × 10−5 2 ME (all
from Gibco), and serum: 10% (vol/vol) FCS (Sigma) for THP-1; 5% (vol/vol)
Human AB Serum (Sigma) for iNKT cells, and 20% (vol/vol) FCS for fibro-
blasts. Recombinant human IL-2 was produced in our laboratory, as pre-
viously described (63).

Lipids: C24:1 Glucosyl(β)Ceramide [D18:1/24:1 (15Z)] was purchased from
Avanti Polar Lipids. α-GalCer, C20:2, Gal(α1→2)GalCer, and Threitol Ceramide
were synthesized by a strategy described previously (64–66) and their
structures were confirmed by mass spectrometry. The dried lipids were dis-
solved at 10 mg/mL in a solution of chloroform:methanol:water [10:10:3 (vol/
vol/vol)], followed by dilution in 150 mM NaCl, 0.5% Tween 20 (vehicle
solution) at 100–200 μg/mL stock solution (depending on solubility). The
solution was heated at 80 °C for 5 min followed by sonication for 5 min in
an ultrasonic water bath. 14C-ThrCer was synthesized as previously de-
scribed (67).

cDNAs encoding full-length prosaposin (10) or mutants deleted of each
individual saposin (8) were cloned in the retroviral expression vector pBMN
and retroviruses produced according to published protocols (www.stanford.
edu/group/nolan/protocols/pro_helper_dep.html).

Recombinant hexahistidine-tagged human saposins were cloned and
purified from E. coli as described previously (68), and their identity con-
firmed with saposin-specific antibodies (69). His6-tagged full-length prosa-
posin was expressed HEK293T cells using the pHLSec vector and purified as
described previously (70).

Recombinant human CD1d molecules were cloned and purified from
HEK293T cells as described previously (71). The α-GalCer-CD1d specific anti-
body 9B was generated and purified as described (33). For the experiment
described in Fig. 3F, bacterially purified human CD1d was refolded with
ThrCer, as previously described (22).

Generation of iNKT Cells. Blood was purchased from the U.K. National Blood
Service. Human iNKT cells were isolated by cell sorting with CD1d–α-GalCer
tetramers or Vα24 and Vβ11 antibodies (Immunotech) directly from pe-
ripheral blood mononuclear cells or after expansion with autologous DCs
pulsed with α-GalCer, as described previously (72). iNKT cells were grown in
CM [containing 5% (vol/vol) human AB serum instead of FCS] supplemented
with 1,000 U/mL IL-2 and periodically restimulated.

Generation of THP-1 Cells Overexpressing Human CD1d Constructs. Full-length
human CD1d was cloned in the pHR-SIN lentiviral vector. Lentivirus particles
were made as previously described (19) and used to infect THP-1 cells (ATCC).
Tail-deleted (TD) human CD1d, lacking the last 10 amino acids, was cloned in
the pHR-SIN lentiviral vector using a strategy previously described (30).

Stimulation Assays. THP-1 and THP-1-CD1d cells were plated at 50,000 per
well in U bottom 96-well plates and used to stimulate iNKT cells (20,000–
30,000 per well in duplicate or triplicate) in the presence of lipids at the
indicated concentration.

THP-1 and iNKT cell activation was assessed by ELISA (IFN-γ, IL-4, IL-12 p40,
and IL-8, all from BD Pharmingen; GM-CSF from eBiosciences) on super-
natants harvested after 36 h.

Bacterial Infection. L. monocytogenes (a mutant with deletion of actA and
inlB) was grown in BHI medium. E. faecalis and K. aerogenes were grown in
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LB. An overnight culture of the bacteria was reinoculated at a dilution of
1:100 and expanded for further 4 h before harvesting and extensive washing
with PBS. OD600 was measured to determine bacterial numbers and bacteria
were UV killed. Bacteria were applied to THP-1 at the indicated multiplicity
of infection (MOI) for 3 h. Cells were washed and incubated overnight be-
fore analysis with the soluble iNTK TCR. Alternatively, after washing,
infected THP-1 were incubated with iNKT cell for 36 h and supernatants
collected for ELISA. In some experiments, the anti-CD1d blocking antibody
CD1d-42 (Pharmingen) was added at 25 μg/mL 1 h before addition of
iNKT cells.

Preparation of Soluble Heterodimeric TCRs and iNKT Tetramer Staining. Soluble
iNKT TCR heterodimers were generated as previously described (19). The
biotinylated TCR heterodimers were tetramerized by mixing at a 4:1 molar
ratio with Streptavidin PE (Molecular Probes) or PE-Cy7 (eBiosciences).

THP-1–CD1d cells were pulsed overnight with different concentrations
of lipids or infected with bacteria. Cells were washed and incubated with
0.5–1 μg iNKT-tetramer or equivalent amounts of streptavidin or control
tetramer biotin at 4° C for 1 h. Cells were washed and samples were an-
alyzed on a Cyan flow cytometer (Dako). Data were processed using
Flowjo software (TreeStar).

Scintillation Proximity Assay. Different concentrations of His6-tagged SapB
were preincubated with different concentrations of 14C-ThrCer in a total
volume of 100 μL in phosphate-citrate buffer (pH5 or 7) for 1 h at room
temperature, to reach equilibrium. The complex was added to 110 μL pre-
washed Ni-NTA agarose beads (Qiagen) and continuously mixed at 4 °C for
45 min. The beads were washed three times, the supernatant discarded, and
the radioactive signal was quantified by scintillation.

SPR Assay. SPR experiments were performed on a BIAcore 3000. Approxi-
mately 1,000 response units (RU) biotinylated hCD1d was immobilized on
streptavidin-coated sensor chips (GE Healthcare). Various concentrations of
lipids alone or premixed with SapB were passed on the captured CD1d
molecules, followed by serial dilutions of iNKT TCR to assess the level of
loading of CD1d molecules. All SPR experiments were performed at 25° C in
the standard BIAcore running buffer HBS-EP and data are shown after
subtraction from a channel loaded with empty CD1d molecules, which
remained untreated throughout the experiment.

Data analysis to obtain the binding curves shown was performed using
BIAevaluation 3.1 (BIAcore) and Prism 5.0 (GraphPad) by globally fitting the
data to a simple 1:1 Langmuir ligand-bindingmodel defined by the following
formula:

Bound ¼ Bmax × ½TCR�
Kd þ ½TCR� , [Eq.1]

where “Bound” is measured in response units, Bmax is the maximum re-
sponse (in RU), and Kd is the equilibrium dissociation constant.

Exchange Assays. Biotinylated hCD1d molecules were loaded onto strepta-
vidin-coated BIAcore chip (∼1,000 RU) and were saturated with ThrCer. For
the exchange, an equilibrium mix of 225 μg SapB ± 3 μg GalGalCer was
injected onto the chip; serial dilutions of iNKT TCR or the α-GalCer-CD1d–
specific 9B antibody were used to assess the unloading of ThrCer and
loading of GalGalCer, respectively.

Plate-Bound Assay. Biotinylated human CD1d molecules purified from HEK
293T cells were bound to streptavidin-coated 96-well plates in citrate-
phosphate buffer pH5, as described previously (73), and loaded with lipids in
the presence or absence or recombinant saposins for the indicated times
(Fig. S6 B and C). iNKT cells were added and their activation was measured
by IFN-γ ELISA on supernatants harvested after 36 h.

Immunoprecipitation. The protocol for immunoprecipitation was adapted
from ref. 74. For this protocol, 107 THP-1 cells expressing wild-type or mutant
CD1d were lysed for 30 min on ice in 2 mL 0.5% Triton X 100 lysis buffer
containing protease inhibitors mixture (Roche). Cell debris was removed by
10 min at 15,000 × g 4 °C centrifugation and supernatant was split into
several tubes. One tube was left on ice and the others were incubated at 37 °C
for 45 min, 2 h, or 4.5 h with or without α-GalCer (10 μg/mL). Samples were
shaken throughout. After incubation all samples were transferred to ice and
precleared for 2 h using protein G Plus-agarose (Santa Cruz), which was then
pelleted and removed. Anti-CD1d42.1 antibody (Pharmingen) was added to
supernatant (10 μg/mL) and left on ice for 1 h, protein G Plus-agarose was
added and tubes rotated at 4 °C for 1 h. Agarose was washed four times in
lysis buffer, resuspended in loading buffer containing SDS and DTT (New
England Biolabs), and heated to 80 °C while shaking for 5 min. Proteins
in the samples were separated using SDS/PAGE and transferred to PVDF
membranes (Bio-Rad), which were then blocked with 5% (vol/vol) skimmed
milk in 0.5% Tween 20 in PBS for 2 h at room temperature. The membranes
were then probed using antihuman β-2 microglobulin specific antibody
(BBM.1) and HRP conjugated goat antimouse secondary antibody. HRP re-
action was developed using Supersignal West Pico kit (Thermo Scientific).

Statistical Analysis. Descriptive statistics are expressed as the mean ± SD
values. Comparisons between groups were performed using two-tailed t test
and a P value of <0.05 was considered significant. See Tables S1 and S2 for
phenotypes of the iNKT cell lines and parameter values used in this paper.
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