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Abstract

Lipid antigens are presented to T cells by the non-polymorphic MHC class I-related CD1

molecules. Microsomal triglyceride transfer protein (MTP) is an endoplasmic reticulum (ER)-

resident chaperone that has been shown to lipidate the group 2 CD1 molecule CD1d and thus to

regulate its function. We now report that MTP also regulates the function of group 1 CD1

molecules CD1a, CD1b, and CD1c. Pharmacological inhibition of MTP in monocyte-derived

dendritic cells and lymphoblastoid B cell lines transfected with group 1 CD1 resulted in a

substantial decrease in endogenous self lipid antigen presentation to several CD1-restricted T cell

lines. Silencing MTP expression in CD1c-transfected HeLa cells similarly resulted in decreased

self reactivity. Unexpectedly, inhibition of ER-resident MTP, which was confirmed by confocal

microscopy, also markedly decreased presentation of exogenous, endosomally loaded,

mycobacterial lipid antigens by CD1a and CD1c to T cells. Thus, these studies indicate that MTP,

despite its ER localization, regulates endogenous as well as exogenous lipid antigen presentation,

and suggest a broad role for MTP in the regulation of CD1 antigen presentation.
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Introduction

The immune system has evolved a number of different strategies to recognize self

(endogenous) and foreign (exogenous) antigens. Major histocompatibility class (MHC) class

I molecules serve the function of presenting intracellularly derived peptides to CD8+ T cells,
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whereas MHC class II molecules present peptides sampled from the endocytic system to

CD4+ T cells [1]. Endogenous and foreign lipid antigens are recognized by the immune

system through presentation by CD1 molecules, which are an MHC class I-related and non-

polymorphic class of molecules that like MHC class I molecules consist of a heavy chain

non-covalently linked to β2 microglobulin (β2m) [2]. The human genome encodes five CD1

isoforms, which are grouped based upon sequence homology into either group 1 (CD1a,

CD1b, and CD1c) or group 2 (CD1d), with CD1e being an intermediate between both

groups [3]. Mice, in contrast, only contain CD1d orthologues [2]. CD1 molecules survey

different endocytic compartments for lipid antigens, with CD1a trafficking through the early

endocytic system, CD1b and murine CD1d exhibiting a localization to late endosomes and

lysosomes, and CD1c and human CD1d having a broad distribution throughout the

endocytic system [2, 4].

Group 1 CD1 molecules present microbial fatty acids, glycolipids, phospholipids, and

lipopeptide antigens to T cells expressing diverse TCR-α and TCR-β chains [2, 5]. T cells

that recognize group 1 CD1-antigen complexes are either double-negative, CD4+ or CD8+,

making it clear that group 1 CD1-restricted T cells are a component of all major phenotypic

groups of T cells previously thought to be MHC class I- and class II-restricted [2]. Most

group 1 CD1-restricted T cell lines and clones derived thus far recognize lipid antigens

purified from the lipid-rich cell walls of Mycobacterium species.

The newly synthesized CD1 heavy chains are translocated into the endoplasmic reticulum

(ER), where N-linked glycans are attached and interactions occur with ER-resident

chaperones (ERp57, calnexin, calreticulin), leading to association with β2m [4, 6]. In

contrast to MHC class I, CD1d association with β2m occurs after chaperone-mediated

folding of the CD1d heavy chain [2]. This is consistent with the differences in the

requirement of CD1b and CD1d for an association with β2m before exiting the ER: CD1b

heavy chains are confined to the ER in β2m-deficient cells in contrast to CD1d heavy chains

that can exit the ER and reach the cell surface in the absence of β2m [7–9]. Newly

synthesized CD1 molecules are rapidly delivered from the Golgi apparatus to the plasma

membrane, most likely along the secretory pathway [4].

The exit of MHC class I molecules from the ER requires occupation of their peptide-binding

grooves with proteasome-derived peptides that are translocated into the ER by the

transporter associated with antigen processing (TAP) [1, 10]. Similarly, the peptide-binding

groove of MHC class II molecules is occupied through its association with invariant chain,

which also serves to target the multimeric complex to the endocytic system [1, 10].

Due to the hydrophobic nature of the CD1 antigen-binding groove, occupation of the CD1

antigen-binding groove by self lipids in the ER has been postulated [11, 12]. Specifically,

self lipids (phosphatidylinositol and phosphatidylethanolamine) associate with CD1d during

assembly in the ER and are thought to occupy the hydrophobic antigen-binding groove

during traffic through the secretory and endocytic systems [12]. Consistent with this, CD1d-

restricted T cells have been described that are specific for phosphatidylinositol [13].

Similarly, autoreactive human T cells clones have been identified that are restricted by

CD1a, CD1b, and CD1c, suggesting that lipid loading also occurs within the ER for these
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molecules as autoreactivity is still evident with deletion at the cytoplasmic tail [14].

However, it is unclear whether such lipid loading constitutes an essential step in the

assembly and folding of CD1 before exit from the ER. Likewise, it is unknown whether

composition of the lipids that occupy the CD1 groove during assembly and secretion

influences the exchange of self and foreign lipids in the endocytic system by the saposins

[15–17] or the stability of CD1 molecules on the cell surface.

Microsomal triglyceride transfer protein (MTP), previously known for its role in the

lipidation of apolipoprotein (Apo)B48 and ApoB100 and hence the generation of

chylomicrons and very-low-density lipid particles [18–20], respectively, has recently been

shown to regulate CD1d function in vivo and in vitro [21]. In addition to its expression in the

intestinal epithelium and hepatocytes, MTP is expressed by professional antigen-presenting

cells (APC), including dendritic cells (DC) [22, 23]. Inhibition of MTP in these cells

reduced their ability to activate both self-reactive and α-galactosylceramide-reactive CD1d-

restricted NKT cells. Furthermore, using an in vitro reductionist system, MTP was able to

transfer phospholipids, but not triglycerides to CD1d [22, 23]. These data suggest a model

whereby, during assembly in the ER, MTP lipidates CD1d in a step that is critical for CD1d

to present both endogenous (ER-loaded) and exogenous (endosomal or surface-loaded)

antigens to CD1d-restricted NKT cells. As a consequence of the regulation of CD1d by

MTP, mice with a conditional deletion of MTP are protected from CD1d-mediated

immunopathologies associated with hepatitis and colitis [21].

We hypothesized that MTP, in addition to regulating CD1d function, could have a broad

role as the primary lipid transfer protein in the ER responsible for the loading of self lipids

into CD1 molecules. Indeed, inhibition of MTP lipid transfer activity by a panel of small-

molecule MTP inhibitors (MTPi) and RNA interference-mediated silencing of MTP

expression resulted in diminished activation of CD1a-, CD1b-, and CD1c-restricted self-

reactive T cell clones and strikingly decreased presentation of exogenous mycobacterial

lipid antigens by CD1b and CD1c. These findings implicate a general role for MTP in the

generation of CD1-restricted T cell responses to both self lipids and exogenous antigens.

Results

MTP affects group 1 CD1-restricted autoreactivity

A panel of group 1 CD1-restricted T cells that recognize endogenous lipid antigens and

release IFN-γ upon stimulation with human monocyte-derived DC have been described [24,

25]. The precise intracellular site(s) where CD1a–c acquires endogenous lipids is not

known. However, it is likely that these events occur co- or post-translationally within the

ER, rendering MTP as a candidate accessory molecule involved in these processes. To test

whether MTP regulates group 1 CD1 presentation of endogenous antigens, human

monocyte-derived DC were differentiated from CD14+ monocyte precursors in the presence

of BMS212122, a specific chemical inhibitor of MTP lipid transfer function [26], for 4 days.

The resulting cells were tested for their ability to activate self-reactive CD1-restricted T cell

clones with BMS212122 present during the assay. As shown in Fig. 1A, MTPi-treated DC

induced significantly less IFN-γ secretion from both a CD1a-restricted T cell clone, Mt1.50,

and a CD1c-restricted T cell clone, Ye2.3, compared to vehicle-treated DC. Importantly,
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there was no effect of MTP inhibition on the presentation of tetanus toxoid antigen in the

context of HLA-DR to SPF3, an MHC class II-restricted T cell clone [27], indicating a

specific role for MTP in CD1-restricted antigen presentation (Fig. 1B).

To rule out an effect of BMS212122 on the responding T cells, monocyte-derived DC were

fixed with glutaraldehyde after inhibitor treatment and co-cultured with T cells in the

absence of inhibitor. As shown in Fig. 1C, inhibition of MTP with BMS212122 resulted in a

similar decrease in presentation to self-reactive CD1a-, CD1b-, and CD1c-restricted T cell

clones. Control experiments with anti-CD3 stimulation did not show any difference in IFN-γ

secretion between MTPi-treated and untreated cells (data not shown).

To confirm and extend the observations obtained with BMS212122, we tested several other

MTPi for their potential to regulate group 1 CD1 function. As shown in Fig. 2A and B,

BMS195183 [28], 197636 [29], and 200150 [30] inhibited CD1b-and CD1c-restricted

autoreactivity of T cell clones in a dose-dependent fashion to a level that was similar to that

observed with BMS212122. Importantly, BMS197567 (Bristol-Myers-Squibb, Princeton,

NJ; Fig. 2c), which is structurally similar to the other compounds tested, did not affect CD1

function at any concentration tested. This latter compound is less effective than the other

compounds at inhibiting triglyceride transfer to ApoB with an IC50 of 20 μM, compared to

the other inhibitors, which have IC50 for triglyceride transfer to ApoB in the range used in

this assay (1.3–13 μM; Bristol-Myers Squibb, personal communication). This observation

supports the likelihood that the observed phenotype is specific to blocking MTP function

rather than due to a non-specific effect of this class of compounds on CD1 function. Taken

together, these data support a role for MTP in endogenous lipid antigen presentation by

group 1 CD1-restricted proteins.

Given that chemical inhibition of MTP alters the surface expression of CD1d on human and

mouse DC [22], we assessed group 1 CD1 surface expression on inhibitor-treated monocyte-

derived DC as a possible explanation of the observed functional defect. To this end, CD14+

monocytes were differentiated to DC in the presence of BMS212122 or with a vehicle

control, and CD1 surface expression examined by FACS. As shown in Fig. 2D, the

differentiation of monocyte-derived DC in the presence of BMS212122 significantly

reduced, but did not abrogate, expression of CD1a, CD1b, and CD1c. In contrast,

BMS212122 treatment had no effect on MHC class I and II expression, and did not alter

expression of the DC activation marker CD83 (data not shown), indicating a specific effect

of inhibitor treatment on CD1 expression.

To gain insights into the mechanistic basis of decreased surface expression of CD1a, CD1b,

and CD1c in BMS212122-treated DC, we assessed mRNA expression of CD1 molecules.

As depicted in Fig. 3A, expression of all three CD1 mRNA species was decreased in

BMS212122-treated compared to DMSO-treated DC. The effect was marked for CD1a, but

minor for CD1b and CD1c. Confocal microscopy revealed pronounced surface expression of

CD1 molecules in DMSO-treated DC (Fig. 3A). As predicted from FACS analysis, CD1

surface staining was markedly reduced upon MTPi treatment, and exhibited a pronounced

intracellular staining pattern partially co-localizing with the ER marker calnexin, an

observation that was most pronounced for CD1b (Fig. 3A). Messenger RNA expression for
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β2m, HLA-A, and the MHC class I-like protein HFE was similar and slightly increased,

respectively, in DC differentiated in the presence of BMS212122 compared to DMSO (Fig.

3B).

The finding that CD1a, CD1b, and CD1c surface levels are reduced, but still present at high

levels on DC differentiated in the presence of MTPi makes it unlikely that surface levels

alone account for the results of the functional experiments. To clarify the effect of CD1

surface levels following MTP inhibition, we tested the effect of BMS212122 on CD1

surface expression in the B lymphoblastoid cell line C1R transfected with CD1a, CD1b, or

CD1c [31] (Fig. 4A). After 3 days of culture in the presence of BMS212122, CD1a, CD1b,

and CD1c were expressed on the cell surface at levels comparable to the vehicle control

cells. Strikingly, functional experiments using inhibitor-treated C1R-CD1a and C1R-CD1c

transfectants resulted in decreased activation of Mt1.50 and Ye2.3 T cells to a comparable

extent as seen with monocyte-derived DC (Fig. 4B). BMS212122 had no effect on co-

cultures of mock-transfected C1R cells and Ye2.3 and Mt1.50 T cells (data not shown).

To independently confirm the role of MTP in the presentation of endogenous self lipids by

group 1 CD1 molecules, we silenced MTP in HeLa cells stably transfected with CD1c and

tested the ability of MTP-silenced cells to activate Ye2.3 T cells. Although HeLa cells were

previously considered a cell line that did not express MTP, we could detect MTP mRNA

transcripts and transfection of MTP small interfering RNA (siRNA) into HeLa-CD1c cells

reduced MTP transcript levels by 98% (Fig. 4C). Silencing of MTP in these cells resulted in

decreased activation of Ye2.3 T cells compared to control-treated cells, without a

concomitant reduction in CD1c surface levels (Fig. 4D and E). Collectively, these studies

demonstrate a role for MTP in the generation of CD1-endogenous antigen complexes and

suggest that while MTP inhibition alters CD1 surface expression in primary cells, such

changes do not fully explain the observed functional defects.

MTP regulates exogenous antigen presentation by group 1 CD1 molecules

Previous work demonstrated that MTP regulates the presentation of both self and

exogenously added foreign lipid antigens to NKT cells by CD1d [21, 22, 32]. T cells

restricted by group 1 CD1 molecules recognize both self antigens and foreign antigens,

including a number of lipids and lipopeptides from Mycobacterium spp. Unlike endogenous

lipid antigens, which may be loaded into CD1 during assembly in the ER, CD1a, CD1b, and

CD1c are believed to acquire foreign antigens either at the cell surface or in the endocytic

system [4]. We therefore tested whether MTP regulates the presentation of Mycobacterium

antigens by group 1 CD1 molecules.

Human monocyte-derived DC were generated in the presence or absence of MTPi and

pulsed for 4 h with lipid antigens, prior to fixation and incubation with either DN1 or CD8-1

T cells. DN1 is a double-negative CD1b-restricted TCR-αβ+ T cell clone that recognizes

mycolic acid derived from mycobacterial cell walls [31, 33, 34] and CD8-1 is a CD8+ TCR-

αβ+ T cell clone that recognizes mycoketides derived from mycobacteria in a CD1c-

restricted fashion [35, 36]. As shown in Fig. 5A, three different MTPi, BMS197636,

BMS200150, and BMS212122, completely blocked presentation of mycolic acid by CD1b

to DN1 T cells compared to vehicle-treated DC or DC treated with BMS197567. Similarly,
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the same three MTPi reduced the presentation of mannosyl-β-1-phosphomycoketide to

CD8-1 T cells, with a more striking effect observed with BMS200150 and BMS212122

(Fig. 5A). To substantiate findings with monocyte-derived DC, C1R-CD1c transfectants

were cultured for 3 days with BMS200150, pulsed with antigen overnight in the presence of

BMS200150, fixed with glutaraldehyde, and then co-cultured with CD8-1 T cells.

BMS200150 decreased presentation by 50% at varying antigen doses up to the highest

concentration tested of 10 μg/mL (Fig. 5B).

Taken together, the functional data utilizing pharmacological inhibition of MTP and siRNA

knockdown indicate that MTP regulates both endogenous and physiologic exogenous CD1-

restricted antigen presentation. Since CD1 intersects lipid antigens in various intracellular

compartments, the intracellular localization of MTP and CD1b was examined. HA-tagged

MTP was expressed in HeLa cells stably transfected with CD1b, and the localization of

MTP and CD1b visualized by confocal microscopy. Consistent with previous descriptions of

MTP localization in epithelial cells, MTP-HA staining exhibited a reticular pattern

indicative of ER localization and failed to co-localize with CD1b and lysosomal-associated

membrane protein 1 (Lamp1) in lysosomal vesicles (Fig. 5C).

Discussion

Here we report that MTP has a profound role in the regulation of group 1 CD1 proteins as

we and others have previously shown for group 2 CD1 proteins of both mouse and human

[21–23, 32]. Using a panel of pharmacological MTPi as well as by silencing MTP

expression, we demonstrate that ER-resident MTP in APC and group 1 CD1-transfected cell

lines is required for activation of group 1 CD1-restricted T cells harboring TCR that

recognize endogenous self lipid antigens. Furthermore, we provide evidence that MTP also

affects presentation of exogenous lipid antigens derived from the microbial world,

highlighting a distant function of MTP on the presentation of non-ER-derived antigenic

lipids presented by CD1b and CD1c molecules. Coupled with previous reports on the

regulation of CD1d function [21–23, 32], the data presented here suggest that MTP has a

general function in regulating lipid antigen presentation by both group 1 and group 2 CD1

molecules.

As mentioned above, MTP has a significant role in the presentation of both foreign and self

lipids presented by CD1. Recently, Sagiv et al. [32] confirmed a critical role of MTP in

CD1d antigen presentation, and proposed that MTP deficiency diminishes the presentation

of lysosome-dependent exogenous lipids by reducing CD1d recycling from the lysosome to

the plasma membrane. This was supported by an observed increase in intracellular CD1d,

relative to cell surface CD1d expression, and functionally, using a panel of TCR invariant

and non-invariant CD1d-restricted T cell clones [32]. Specifically, CD1d presentation of

lysosomally processed lipid antigens was found to be MTP-dependent, whereas the

presentation of antigens that do not require lysosomal trafficking by CD1d was unaffected

[32].

In the current report we observed that MTP affects both endogenous and exogenous antigen

presentation by group 1 CD1 proteins, suggesting that MTP affects acquisition of antigens
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by CD1a, CD1b, and CD1c broadly within the secretory and endocytic system. Whether this

is due to an effect of MTP that originates within the ER and which is carried onto distal

functions of CD1 in other intracellular organelles, or is derived primarily from MTP

function outside of the ER, remains to be characterized. However, given that MTP is an ER-

resident protein with an established role in the lipidation of ApoB in the ER [19, 20], as

confirmed here, it is likely that MTP acts on CD1 molecules during their biosynthesis and

assembly prior to entering the secretory pathway.

Several mechanisms may account for the observed effects of MTP on the presentation of

exogenous lipid antigens acquired in endosomal compartments. First, pharmacological

inhibition of MTP in primary monocyte-derived DC diminishes CD1a, CD1b, and CD1c

surface expression relative to vehicle-treated controls. However, these cells maintain

moderate to high levels of CD1 surface expression that would be expected to be competent

for stimulation of T cells. Alternatively, the absence of MTP may alter the nature of the

endogenous lipids loaded into CD1, resulting in either decreased stability of the CD1-lipid

complex or an altered CD1 conformation. These changes might have distal effects at the

level of CD1-mediated antigen presentation on the plasma membrane, at saposin- or GM2-

mediated lipid exchange in the endocytic pathway, or might also contribute to a recycling

defect of CD1 molecules. These findings support a more general role for MTP in antigen

presentation for all CD1 isoforms including the presentation of self and microbial lipid

antigens that may be loaded in both the ER and non-ER compartments.

Materials and methods

Reagents and antibodies

The MTPi BMS212122 [22], BMS197567, BMS195183 (compound 20 in [28]),

BMS197636 [37], and BMS200150 [30, 37] were kindly provided by Bristol-Myers-Squibb,

dissolved in DMSO, and used at a final concentration of 13 μM [22] if not otherwise

indicated. DMSO or the structural analogue 9-fluorenyl carboxylic acid (Acros Chemicals)

[22] was used as a control. The following antibodies were used: anti-CD1a (10H3.9, mouse

IgG2a) [38], anti-CD1b (BCD1b3.2, mouse IgG1) [33], anti-CD1c (F10/21A, mouse IgG1)

[34], anti-CD83 (BD Biosciences), FITC-conjugated anti-HLA-A,B,C (BD Biosciences),

anti-HLA-DR,DP,DQ and anti-Lamp1 (BD Biosciences), FITC-anti-mouse IgG+IgM

(Biosource International), anti-HA (12ca5; Roche Applied Science, Indianapolis, IN), anti-

calnexin (rabbit IgG; Cell Signaling), AlexaFluor488-conjugated goat anti-mouse IgG

(Molecular Probes), and AlexaFluor568-conjugated goat anti-rabbit IgG (Molecular Probes).

Primer sequences were obtained from PrimerBank (http://pga.mgh.harvard.edu/primerbank/)

[39].

Cell culture

Cells were maintained in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 100

U/mL penicillin and 100 μg/mL streptomycin (R-10). Human monocytes were harvested

from the peripheral blood of healthy laboratory volunteers by positive selection on CD14-

magnetic beads (Miltenyi Biotec) and cultured in R-10 medium at 106 cells/mL,

supplemented with 200 U/mL recombinant human IL-4 and 300 U/mL recombinant human
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GM-CSF (PeproTech). After 4 days, cells were dislodged by gentle pipetting, analyzed by

flow cytometry, and assayed for antigen presentation. As indicated, MTPi were added at the

start of monocyte culture and were present until harvesting of DC. The MHC class I-

deficient B lymphoblastoid cell line C1R transfected with CD1a, CD1b, CD1c, or mock-

transfected were cultured in R-10 (supplemented with 1 mg/mL G-418) with MTPi present

as indicated during 72 h.

HeLa cells transfected with CD1c or mock-transfected [40] were maintained in Dulbecco’s

modified essential medium supplemented with 10% FBS, penicillin/streptomycin, 2 mM L-

glutamine, HEPES buffer, and non-essential amino acids (D-10), supplemented with 1

mg/mL G418. The T cell clones Mt1.50 [24] (CD1a-restricted, autoreactive), Ec2.55 [24]

(CD1b-restricted, autoreactive), Ye2.3 [24] (CD1c-restricted, autoreactive), DN1 [31, 33,

34] (CD1b-restricted, mycolic acid-specific), CD8-1 [35, 36] (CD1c-restricted,

mycopeptide-specific), and SPF3 [27] (MHC class II-restricted, tetanus toxoid-specific)

were expanded and maintained as previously described [24].

Antigen presentation assay

Monocyte-derived DC or C1R transfectants as APC were cultured in the presence of

indicated MTPi or control compounds as described above. Co-culture of APC and T cell

clones was performed at the indicated cell density in 96-well round bottom plates with MTPi

present, unless APC were fixed in glutaraldehyde [16] as indicated. As required, APC were

primed with antigen for 16 h, and washed, before start of the co-cultures. Supernatants were

harvested after 18–20 h, and assayed using IFN-γ-specific antibody pairs as recommended

by the manufacturers (Pierce, Rockford, IL, and BD Pharmingen).

Flow cytometry

Cells were stained on ice for 30 min with 50 μg/mL of primary antibodies as indicated and

50 μg/mL FITC-anti-mouse IgG+IgM as secondary antibody. Immediately after staining,

cells were collected on a FACSort (Becton Dickinson) flow cytometer, and CellQuest and

FloJo software used for data analysis.

Silencing

HeLa CD1c transfectants were passaged 24 h before electroporation of siRNA. Cells

(1×106) were resuspended in 100 μL of proprietary “solution R” (Amaxa, Gaithersburg,

MD) and Mtp-specific siRNA oligonucleotides (GGAAAAAGCCCAUCUAAAAtt and

UUUUAGAUGGGCUUUUUCCtt; Ambion) or non-specific mock siRNA added to a final

concentration of 1 μM, and electroporated with program I-013 according to

recommendations by the manufacturer (Amaxa). Cells were then cultured for 60 h in 1.5 mL

D-10 in 6-well plates, then trypsinized, seeded at 1×104 cells per well in 96-well plates,

allowed to adhere for 2 h, and then 5×104 Ye2.3 cells added for 6 h of co-culture. Culture

supernatants were collected and assayed for IFN-γ by sandwich ELISA. A portion of the 60-

h silenced cells were used for RNA extraction, and assessment of Mtp transcript knockdown

measured by quantitative PCR using SYBR green PCR reagents (BioRad) on an iCycler

(BioRad).
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Plasmid construction and confocal microscopy

A full-length cDNA of human MTP in pSV7d was kindly provided by Dr. Nicolas Davidson

(Washington University, St. Louis, MO). The full-length insert containing the endogenous

signal peptide sequence was PCR-amplified with an HA-tag sequence (5′-

TACCCATACGACGTCCCAGACTACGCT-3′) engineered in-frame at the 3′-OH end and

cloned in pcDNA3.1(+) vector (Invitrogen), and confirmed by sequencing and western

blotting of protein expressed in COS-7 cells. Primer sequences are available upon request.

Stable CD1b-HeLa cell transfectants were transiently transfected with the MTP-HA

construct using electroporation conditions as recommended by the manufacturer (Amaxa).

Cells were fixed and analyzed 16 h later, using anti-CD1b, anti-Lamp1, and 12ca5 anti-HA-

tag antibodies. For confocal analysis of DMSO-and BMS212122-treated monocyte-derived

DC, cells were fixed and analyzed using anti-calnexin, anti-CD1a, anti-CD1b, and anti-

CD1c. Nuclei were stained with TO-PRO3 (Molecular Probes).
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Figure 1.
Inhibition of MTP abrogates autoreactivity of DC. (A) CD14+ monocytes were

differentiated to DC in the presence of IL-4 and GM-CSF; the indicated number of DC were

co-cultured with 1×105 CD1a-restricted autoreactive Mt1.50 or CD1c-restricted Ye2.3 T

cells. MTPi BMS212122 (open circles) or DMSO (vehicle; filled circles) was present

throughout DC differentiation and co-culture with T cells. Supernatants were assayed for

IFN-γ release by ELISA. (B) Using similar experimental setup as described in part A, the

tetanus toxoid-reactive, MHC class II-restricted T cell line SPF3 (1×105) was co-cultured

with tetanus-toxoid loaded DC (1×105) treated with either BMS212122 or DMSO.

Activation of SPF3 was analyzed by IFN-γ release into the supernatant. (C) To exclude the

possibility that the presence of BMS212122 might affect T cell activation, DC (1×105) were

fixed with glutaraldehyde at day 4 of differentiation from monocytes, and co-cultured with

autoreactive T cell clones (1×105) restricted by CD1a (Mt1.50), CD1b (Ec2.55), and CD1c

(Ye2.3). Activation was assayed by IFN-γ release into the supernatant.
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Figure 2.
Dose dependency of various MTPi in regulating CD1b and CD1c autoreactivity. (A, B) DC

(1×105) were differentiated from monocytes over 4 days in the presence of various MTPi as

indicated, at final concentrations of 13 μM, 4.1 μM, 1.3 μM, or 0.41 μM. Cells were washed,

fixed with glutaraldehyde, and co-cultured with 1×105 autoreactive CD1b-restricted Ec2.55

(A) and CD1c-restricted Ye2.3 (B) T cells, and supernatants assayed for IFN-γ release from

T cells. (C) Structure of the novel MTPi BMS197567. (D) DC on day 4 of differentiation

were analyzed for CD1, MHC class I, and MHC class II surface expression after incubation

with vehicle (DMSO) or MTPi BMS212122.
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Figure 3.
MTP inhibition leads to intracellular redistribution of CD1 molecules in DC. (A) DC were

differentiated from monocytes over 4 days in the presence of BMS212122 (final

concentration 13 μM) or DMSO, fixed, and stained with anti-CD1a, anti-CD1b, and anti-

CD1c as indicated (green), the ER marker anti-calnexin (red), and the nuclear marker TO-

PRO3 (blue). Messenger RNA expression of CD1a, CD1b, and CD1c was determined by

qPCR at the same time point and expressed as ratio to GAPDH expression. (B) Messenger

RNA expression of β2m, HLA-A, and MHC class I-like HFE in DC treated with DMSO and

BMS212122 as described in part A.
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Figure 4.
MTP regulates autoreactivity of C1R and HeLa transfectants without affecting CD1 surface

expression. (A) B lymphoblastoid C1R cells stably transfected with CD1a, CD1b, or CD1c

were cultured with BMS212122 or vehicle (DMSO) for 72 h and surface expression of CD1

molecules analyzed by flow cytometery. (B) C1R cells were treated as above, and

subsequently co-cultured at indicated numbers with 1×105 autoreactive CD1a-restricted

Mt1.50 and CD1c-restricted Ye2.3 T cells in the continued presence of MTPi (open circles)

or DMSO (filled circles). Activation of T cells was measured by IFN-γ release into the

supernatant. (C) HeLa cells stably transfected with CD1c were electroporated with MTP
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siRNA (MTP 8259) or mock siRNA, and MTP mRNA expression analyzed 60 h later by

quantitative PCR. Data are presented normalized to β-actin mRNA expression. (D) MTP-

silenced or mock-silenced HeLa CD1c transfectants (1×104 per well) were co-cultured with

5×104 autoreactive CD1c-restricted Ye2.3 cells for 6 h, and IFN-γ release as a measure of T

cell activation measured in the supernatant. (E) Surface CD1c expression on MTP- and

mock-silenced HeLa CD1c transfectants was analyzed by flow cytometry.
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Figure 5.
MTP regulates exogenous antigen presentation by DC and C1R transfectants. (A) Day-4 DC

(1×105) differentiated from monocytes in the presence of vehicle (DMSO; filled circles) or

various MTPi (BMS197567, filled squares; BMS197636, open triangles; BMS200150, open

circles; BMS212122, open squares), were loaded with antigen (mycobacterial extracts) for 4

h at the indicated concentrations, washed, fixed with glutaraldehyde, and co-cultured with

1×105 mycolic acid-reactive CD1b-restricted DN1 T cells [41] and mannosyl-β-1-phos-

soprenoid-reactive CD1c-restricted CD8-1 T cells [42]. T cell activation was measured by

IFN-γ release into the supernatant. (B) CD1c-transfected C1R cells (3×105) were treated

with BMS200150 (open circles) or vehicle (DMSO; filled circles) for 72 h, loaded with

antigen overnight at the indicated concentrations, washed, fixed with glutar-aldehyde, co-

cultured with the CD1c-restricted CD8-1 T cell line (1×105), and IFN-γ measured in the

supernatant. (C) MTP localizes to the ER in HeLa transfectants. N-terminally HA-tagged

MTP (red) was transiently expressed in HeLa cells stably transfected with CD1b (blue) and

analyzed for co-localization of CD1b and a lysosomal marker, Lamp1 (green). A reticular

staining pattern indicative of ER localization is observed for MTP. MTP-HA does not co-

localize with CD1b or Lamp1.
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