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Summary

The recognition of CD1-lipid complexes by T cells was discovered twenty years ago and has since
been an emerging and expanding field of investigation. Unlike protein antigens, which are
presented on MHC class | and Il molecules, lipids can only be presented by CD1 molecules, a
unique family of MHC-like proteins whose singularity is a hydrophobic antigen binding groove.
The processing and loading of lipid antigens inside this groove of CD1 molecules require
localization to late endosomal and lysosomal subcellular compartments and their acidic pHs. This
particular environment provides the necessary glycolytic enzymes and lipases that process lipid
and glycolipid antigens, as well as a set of lipid transfer proteins that load the final version of the
antigen inside the groove of CD1. The overall sequence of events needed for efficient presentation
of lipid antigens is now understood and presented in this review. However, a large number of
important details have been elusive. This elusiveness is linked to the inherent technical difficulties
of studying lipids and the lipid-protein interface in vitro and in vivo. Here, we will expose some of
those limitations and describe new approaches to address them during the characterization of
lipids and glycolipids antigen presentation.

Keywords
Natural Killer T cells; Lipid Mediators; T Cell Receptors; Antigen Presentation/Processing; CD1

Introduction

Since its inception in the 1980s, the field of antigen presentation has been dominated by
studies that have examined processing and loading of peptide fragments onto major
histocompatibility complex (MHC) molecules for presentation to T cells. No or little interest
was granted to glycans as antigenic structures because of the T-cell independent nature of
the immune recognition towards them, whilst lipids in general were considered only as

Correspondence: Iteyton@scripps.edu.

Conflict of interest statement:

I declare that none of the authors of the manuscript entitled “The processing and presentation of lipids and glycolipids to the immune
system’ have a conflict of interest with respect its the content.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vartabedian et al.

Page 2

accidental antigenic structures. The discovery of CD1, a f2-microglobulin-associated MHC
Class I-like molecule in 1986, which as we will expose below in this review is central to
lipid presentation, did not change this situation for ten years. In hindsight, it is striking to
remember that antigen presentation was so obsessed with peptides that the first antigen
isolated for CD1d was a peptide(1). It took two more years and the combination in 1994—
1995 of seminal structural work by the Wilson’s group(2) and clever biochemistry and
cellular immunology by the Brenner’s group(3) to come to the conclusion that indeed CD1
molecules were presenting lipid antigens to T cells. The interest in the processing and
presentation of lipid structures to the immune system has steadily grown over the past
twenty years using two principal models to understand the functional consequences of
presentation by CD1to T cells: NKT cells(4) and mycobacterial infections(5). However,
progress has been slowed by technical limitations that come from two fronts: the lack of
sensitivity of lipid analytical methods and the difficulty of the organic synthetic chemistry of
lipids, especially glycolipids. These persistent issues have resulted in difficulty in
determining the specificity of anti-lipid T cells and following their fate. We will highlight in
this review the classical views of lipid antigen processing and presentation as well as areas
where new approaches and new reagents should allow simpler determination of glycolipid
chemical structures to understand CD1 biology.

The Discovery of CD1 Genes and Products

The human CD1 gene cluster was first discovered in 1986 and was described as being
related to MHC despite being located on a different chromosome (6). Although initially
considered to be the human version of the mouse Thymus Leukemia (TL) antigens, CD1
genes and products were later found in the murine thymus (7) and rapidly organized based
on sequence homologies into two classes (8): group 1, inclusive of CD1a, b, ¢, and ¢, and
group 2, composed of a single member, CD1d. CD1 molecules are also found in many other
mammals, including rats, guinea pigs, rabbits, and sheep (9) as well as in chickens(10).
Evolutionarily, it appears that the CD1 cluster is the result of a gene duplication some 540
million years ago(11). Not knowing the full extent and diversity of the microbial lipid
antigen collection, it is difficult to understand some unusual features of the CD1 gene
evolution, such as the absence of the group 1 genes in the mouse, the multiplicity of CD1
genes in the guinea pig, or the emergence of CD1e in multiple species(12). It is likely that
CDL1 evolution and its selection under infectious pressure obeys the very same rules that
govern classical MHC evolution with the caveat that CD1 genes are not in a hot spot of
recombination/mutagenesis like MHC genes. However, the polymorphism found in mouse
CD1d genes both in non-coding(13) and in coding regions of the gene(14) has functional
consequences that support this general idea that selective pressure applies to CD1 genes as it
does on MHC genes.

Structure of the CD1 Molecules

Similar to the paradigm shift created by the first structure determination of an MHC protein
in 1987(15), the elucidation of the mouse CD1d structure in 1997 by Wilson’s group(2) was
a turning point in our understanding of the functions of the protein. Two key observations
came from this work: one expected, CD1 was structurally speaking an MHC class | and
class Il-like molecule, and one unexpected and paradigm changing: the revelation that the
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binding surface included two hydrophobic antigen-binding pockets, A’ and F’ (2). The A’
pocket was large, with a width of ~15A and a length of ~20A, whereas the F’ pocket was
smaller with dimensions of 6-7A by 18A. The binding groove was very narrow, allowing
interactions between side chains of residues of the opposite a helices that covered a large
part of the A’ pocket and created a narrow entrance that connected to the F’ pocket through a
long tunnel (2)(Figure 1). The occupancy and display of glycolipids by CD1d was revealed a
few years later when the structures of both mouse and human CD1d molecules were
determined in complex with a-galactosylceramide(16+ 17). The A’ pocket was filled by the
fatty acid, the F’ pocket with the sphingosine, and the top portal accommodated the neck of
the ceramide and displayed the sugar moiety for T cell recognition. This general mode of
binding and display by CD1d has been confirmed for various glycolipids and extends to type
2 CD1 members.

In the case of CD1a, for which we determined the first crystal structure in complex with
sulfatide(18), the arrangement of the binding groove and the display of the headgroup
obeyed the very same rules as in the case of CD1d, with a sulfated galactose protruding from
the center of the groove, easily accessible by anti-sulfatide T cells.

The size and complexity of the hydrophobic groove of CD1a, b, ¢, and d molecules vary to
some extent and explain some diversity of antigen binding. CD1a has the smallest groove at
~1300A3, followed by CD1d, ~1650A3, CD1c, ~1800A3, and CD1b, the largest and most
complex of all with a 2200A3 volume and two additional C’ and T’ pockets(19). Unique to
CD1c is a D’ portal, an exit portal below the a1 helix, and an E’ portal, which connects the
F’ pocket to the exterior (20). The sequence and structural differences between the binding
pockets of human CD1a, b, ¢, d and murine CD1d1 are displayed in Figure 1.

The human CD1e crystal structure has also been determined and appears similar to the other
members of the CD1 family. Its hydrophobic binding groove totals 2000 A3 with a very
large A’ pocket that can accommodate up to 30-carbon-long hydrophobic chains and an F’
pocket wider and more exposed compared to other CD1 molecules (21). However, no
structure of CD1e bound to lipids has been shown yet, and the ability and role of CD1e to
transfer lipids to other CD1 molecules remains very poorly understood at the molecular
level.

Structure of the Ligands

A number of recurring features concerning the lipids bound to the various CD1 molecules
have emerged from the small series of CD1-lipid complex structures that is now available.
As mentioned above for a-galactosylceramide bound to CD1d, the overall disposition of
glycerol-based lipids and glycosylceramides bound to the various CD1 molecules is very
similar with the headgroup exposed and protruding at the center of the groove for direct
TCR engagement, and the acyl chains occupying the A’ and F’ pockets. In the case of
ceramide binding, the occupancy of the A’ and F’ pockets by the fatty acid chain and
sphingosine chain, respectively, has always been observed. This particular orientation, and
the interaction between the neck of the ceramide and CD1(16' 17) allows very distinct
displays of the proximal sugar depending on its a- or p—linkage to the ceramide and the
consequent differential recognition of anomers of monoglycosylceramides by B and T

Immunol Rev. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vartabedian et al.

Page 4

cells(22724). In the case of diacylglycerol-based lipids, it has been shown that the A’ and F’
pockets could be alternatively filled by either of the two fatty acids orienting the head groups
differently for T cell recognition and discrimination(25).

One often overlooked structural feature of CD1 molecules is the presence of a central pole in
the A’ pocket that forces the alkyl chain to adopt a hooked conformation; such a
conformation is naturally favored by the presence of unsaturation in the acyl chain of
ceramides. One additional, recurring feature of many of the CD1-lipid structures that we
have now observed is that the hydrophobic groove always attempts to be completely filled,
and this was exemplified by the presence of a number of detergent molecules in the groove
of CD1b(19). More relevant to biology, when alkyl chains are reduced in size, the presence
of fatty acids of various lengths has been reported in the A’ pocket of both CD1d and CD1c-
lipid complexes(16: 20) and found to help fill the groove. The origins and mode of loading
of these fatty acids are still unknown. Their function for the association of CD1 molecules
with lysolipids and presentation to T cells is most likely critical (see below for CD1a). These
observations also lead to a consideration that could be relevant to clinical situations in which
small hydrophobic drugs may bind to CD1 molecules and inhibit or modify binding and T
cell recognition. This possibility is supported by the identification of stimulatory non-lipidic
small molecules capable of binding to CD1d(26).

Some anomalies or new rules?

Very recently, a body of work centered on the identification of ligands for CD1a has yielded
a series of “non-interfering” ligands that allowed T cell recognition of the roof of the A’
pocket without participation of the lipid itself(27). These permissive ligands included
headless lipids such as squalene(28), as well as common lysophospholipids such as
lysophosphatidylcholine, or common phospholipids such as phosphatidylcholine,
phosphatidylglycerol, and phosphatidylinositol(28). The need to balance the presentation of
CD1a itself, which could be defined as “real autoreactivity”, with the presentation of
common lipids by CD1a is probably best illustrated by the response to bee venom and the
production by the venom phospholipase A2 of a variety of ligands that include a mix of
“non-interfering” and recognizable ligands with exposed headgroups(29).

Overall, it appears that CD1 molecules can bind all classes and varieties of lipid ligands(27:
30' 31). This diversity is not surprising given the characteristics of the CD1 groove.
However, the physical properties of these lipids are extremely variable. While some reside in
membranes and require extraction prior to binding to CD1, others, such as fatty acids, are
reasonably soluble and capable of accessing the CD1 pockets directly. Therefore, the
biology of ligand binding to CD1 must be necessarily complex and highly regulated to allow
the immune surveillance of all lipids.

Synthesis and Trafficking of CD1 Molecules—The assembly and display of the
CD1-lipid structures that we have just described offer some obvious challenges, as this
process requires not only the presence of CD1 in a particular location but also a set of
accessory molecules capable of extracting and/or transferring lipids, and the appropriate
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physicochemical environment to allow this process to occur. As we describe below, the key
to CD1 function in antigen presentation is subcellular targeting.

Synthesis and Quality control

The beginning of the life of CD1 molecules is banal and very similar to MHC class |
molecules. Our current knowledge has been gathered over many decades and mainly from
studying murine CD1d molecules, but it appears that all group 1 and 2 CD1 molecules obey
similar rules for synthesis and assembly in the endoplasmic reticulum (E.R.)(32) Very much
like MHC class | molecules, CD1 molecules are folded and associated with [32-
microglobulin in the E.R. following a succession of quality control checkpoints including
CD1d heavy chain association with calnexin and calreticulin in a glycan-dependent
fashion(33) and association with ERp57 to allow disulfide bond formation(34). After
synthesis, CD1d heterodimers travel through the secretory pathway through the Golgi
apparatus to reach the cell surface 1 to 2.5 hours post-translation (33+ 34). Similarly to MHC
class I molecules, it appears that the CD1 binding groove does not leave the E.R. empty but
rather loaded with a lipid cargo. The nature of this cargo and its mode of loading are still
debated, mainly because of the technical limitations in characterizing lipid-protein
interactions in cells. Indeed, the repertoire of lipids bound to CD1 molecules cannot be
studied using the techniques that have been developed for analyzing the peptide repertoire of
MHC molecules. The use of detergents to access the cellular CD1 molecules will disrupt not
only the CD1-lipid interaction but also solubilize a large number of cellular lipids that can
then bind inside the CD1 groove in a competitive manner. Consequently, using these
“classic” approaches, it is not possible to directly interrogate the nature of the lipidome of
the E.R. CD1 molecules.

Indirect evidence has been reported that phospholipids were associated to CD1 molecules in
the E.R. and that microsomal triglyceride transfer protein (MTP) may play a role in this
loading(35). However, if it is clear that the biology of CD1 is profoundly affected upon
deletion of MTP in both mouse(35' 36) and man(37), and that MTP is known to affect the
lipid loading of Apolipoprotein B in the E.R., it is also obvious that MTP has a profound
effect on lysosomal functions and the loading of CD1d molecules in late endosomal
compartments(36). Similar issues have been discussed for all CD1 molecules(32).

In any instance, the way forward to study the important question of E.R. lipid loading
resides in the development of new techniques in which CD1 molecules can be recovered
without using detergents, or using detergents that are not capable of displacing the CD1-
bound lipids, or through the production of antibodies or T cell receptor tetramers specific for
particular CD1d-lipid complexes, which has been achieved for CD1d-a
galactosylceramide(38).

Trafficking and targeting of CD1 molecules to lipid antigen processing compartments

The cellular lipid antigens that CD1 molecules survey are located in various organelles and

compartments but all converge to the endosomal system for recycling and degradation. This
location is also where most exogenous lipid antigens are directed for processing. Thus, CD1
biology is totally dependent on the capacity of CD1 molecules to survey the various subsets
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of endosomal vesicles to associate with relevant antigens. This is achieved differently by the
four human CD1 molecules and the unique mouse CD1d member, using similar principles of
subcellular trafficking: cytoplasmic targeting motifs. The demonstration of this principle was
performed by deleting the cytoplasmic tail of CD1d, or the mutation of the critical tyrosine
(RFKRQTSYQGVL) of this segment, both in cell lines and in vivo after gene knock in(39~
41). This single tyrosine allows interaction with the adaptor protein AP-3(42: 43), directing
CD1d to late endosomal, Lamp-1 positive compartments, where it accumulates(42: 43). It is
important to mention that the deletion of the tail of CD1d did not impair cell surface
expression but that it profoundly affected the presentation of both endogenous and
exogenous lipid antigens(41), demonstrating the dependence of lipid presentation on the
localization of the CD1 molecules to endosomal compartments.

CD1d also interacts with the invariant chain (li), the normal targeting chaperone of MHC
class 11 molecules(39). Although this interaction has been shown for both mCD1d and
human CD1a(44), the consequences of this association on the functions of CD1 molecules
remain unclear. In the case of CD1d, li was shown to favor a direct targeting of CD1 from
the trans-Golgi network to the lysosome but this pathway did not rescue CD1d presentation
after deletion of the cytoplasmic tail(39' 41 45). In invariant chain deficient mice, the
phenotype was discrete, with an alteration of thymic selection of V7 NKT cells and an
inability of presenting antigens from Mycobacterium tuberculosis (46), indicating that some
lipid antigens, including endogenous ligands, could only be loaded onto CD1 molecules in
compartments where li could direct them. In the case of CD1a, li appeared to facilitate the
cycling of CD1 from the surface to the early recycling endosome, but the functional benefits
of this accessory function have not been evaluated, yet(44).

Human CD1 molecules

CD1a is the only human isoform to lack a tyrosine-based motif in its cytoplasmic tail(47).
Consequently, it cannot traffic to the late endosomal system and is limited geographically to
the early recycling compartments(44). As mentioned, li also plays a role in this distinctive
trafficking of CD1a in the early endosome(44).

In contrast, CD1b traffics efficiently to the late endosomes and lysosomes(47: 48) by using a
YXXZ cytoplasmic tail sequence, in which the tyrosine is spaced from a large hydrophobic
residue by two amino acids. This motif allows the binding to both AP-2 and AP-3 adaptor
proteins (48750)

A similar motif allows CD1c to access the transferrin receptor positive early and medial
endosomes, which express TfR (48), and later Lamp-1 positive compartments, giving this
isotype the broadest distribution of all human CD1 molecules(51).

Human CD1d behaves very similarly to the mouse CD1d with an AP-3-mediated
accumulation in late Lamp-1 positive endosomal/lysosomal compartments(49).

Finally, the fifth human CD1 isotype, CD1e, stands out due to its unique mode of trafficking.
Before accessing the endosomal/lysosomal compartments during the maturation of dendritic
cells and being cleaved, CD1e accumulates in the late Golgi and trans-Golgi network
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without ever accessing the cell surface. This behavior is controlled by the ubiquitination of
the cytoplasmic tail of CD1e (52).

Overall, the synthesis, quality control, trafficking, and lipid loading of CD1 molecules
described above, exemplified by CD1d, is summarized in Figure 2.

Antigens Presented by CD1 Molecules

Without going through the exhaustive list of lipid antigens that can be presented by CD1
molecules and that have been highlighted in many reviews(27: 53), we will focus on six
particular aspects of lipid biology that are relevant to CD1 antigen presentation.

Chemical diversity of lipid antigens

The examination of the diversity of peptides bound to MHC molecules using the now classic
immunoprecipitation-elution-mass spectrometry sequence(54) has its own limitations linked
to the loss of low affinity binders, the inherent affinity/avidity properties of the antibody
used for pulldown, and the sensitivity of LC MS/MS detection techniques themselves. As a
result it is estimated than no more than 30-50% of the “peptidome” associated to MHC is
actually examined using the current technology. The situation is direr for studies aimed at
analyzing the repertoire of lipids bound to CD1 molecules because they cannot be carried
out in the presence of common detergents that would disrupt the CD1-lipid interaction.
Nevertheless, the use of surface cleavable or/and soluble secreted CD1 molecules have
allowed some limited studies. Those have delivered an important message: a majority of the
most abundant phospholipids and glycolipids can associate with CD1 molecules(31: 32).
This finding establishes a fundamental difference with MHC molecules and their peptide
repertoire that is limited by the requirement for “binding motifs”.

Specificity of loading or no specificity?

This theoretical absence of discrimination of CD1 molecules for lipid binding does not mean
that all lipids will be equally represented in the groove of CD1 molecules. Important
chemical properties such as length and saturation of the acyl chains(16+ 55+ 56) will modify
critical micelle concentrations, transport, and transfer into CD1 molecules, limiting the
CD1-bound lipidome. The other important limiting factor to this lipid repertoire is the ability
of each individual lipid to load into the groove of CD1 by itself (e.g. soluble short fatty
acids), or to require assistance in this process for membrane extraction and then transfer (e.g.
glycolipids). The localization of CD1 molecules to a subset of subcellular compartments
should also be influential in repertoire selection since it is unlikely that all lipids and all
accessory lipid loading molecules are present in all late endosomal compartments. This
concept is best exemplified by the loading of gangliosides onto CD1 in compartments where
gangliosides are degraded(57) and that are rich in particular lipids such as
bis(monoacylglycero)phosphate (BMP, also called LBPA)(58' 59) which surprisingly are not
known to be loaded onto CD1. In this case, it is most likely that the absence of loading is
linked to the absence of a transfer protein capable of extracting LBPA from the membrane
and transferring it to CD1, but this discretionary loading, despite the promiscuity of the CD1
binding pocket, remains unresolved.
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Why the endosomal system for processing and loading?

As we have seen, CD1 molecules are localized to acidic compartments. In the mouse a
single isoform patrols as much of the endosomal system as possible by using a targeting
motif and the association with the invariant chain. In humans, the coverage is optimized by
the existence of four isoforms with partial localization overlap and the association with the
invariant chain. Similar to MHC class 1l molecules, CD1 localizes to the endosome/
lysosome network because it is the converging compartment where exogenous antigens are
brought for processing and endogenous antigens are recycled, giving the ability to CD1
molecules to sample both endogenous and exogenous lipids. In addition, because the late
endosomal vesicles, especially multivesicular bodies(60), are where lipids are enzymatically
degraded, CD1 can co-opt lipid-specific enzymes for its biology, namely antigen processing
and antigen binding.

Exogenous versus endogenous antigens

Exogenous lipid antigens that can be loaded onto CD1 are not all microbial in origin.

Indeed, a large number of self-lipids associated to lipoproteins are delivered constantly to
antigen presenting cells and inside the endosomal system by receptor-mediated uptake.
Similar to microbial lipids, these endocytosed lipids are destined to degradation and
utilization as metabolic sources but can be “intercepted” and loaded onto CD1 molecules.
Even though real endogenous lipids (defined as being synthesized by the cell itself and not
having left that cell) can access the lysosomes through multiple pathways(61763), it does not
appear that their processing and loading are different from that of exogenous lipids.
However, the details of endogenous CD1-binding lipid trafficking and the role of the major
lipid transport proteins needed for non-vesicular transport have not yet been investigated(63
64). Beyond the issues of trafficking between and within discrete subcellular compartments,
the main issue that splits endogenous and exogenous antigens is our ability to determine
their nature. In the case of exogenous microbial lipids, the easy access to large quantities of
homogenous material makes structural determination much easier than in the case of cellular
lipids. This situation explains why the nature of many relevant microbial glycolipids has
been determined(5' 27+ 65' 66) while so few endogenous antigens have been identified.

Anything unique about endogenous ligands?

As our knowledge stands today, within the small family of endogenous lipids that are
presented by CD1 molecules, we can distinguish two branches. One of them is made of
well-described lipids for which tissue distribution and functions are known such as
squalenes in the skin that end up being presented by CD1a molecules(28), gangliosides such
as GM2 that can be presented by CD1b(19), sulfatide, highly represented in the central
nervous system and are presented by CD1a(18) as well as mouse and human CD1d
molecules(67: 68), and phospholipids such as phosphatidylethanolamine(69) and
phosphatidylglycerol(70), ubiquitous molecules that can be presented by either CD1c or
CD1d. The frequency and potential homeostatic or pathological role that the recognition of
these CD1-self-lipid complexes could lead to are still largely unknown. The second branch
of the endogenous lipid family is shrouded in a different kind of mystery. While their
functions are well known and consist of selecting in the thymus and activating in the
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periphery NKT cells, their origin, synthesis, distribution, modification, and alternate
functions are largely unknown. They consist of a-linked monoglycosylceramides and were
thought to be produced only by lower organisms such as bacteria(65' 71+ 72), or porifera(73-
74), before being discovered in mammalian cells(22). One additional interesting
characteristic of this family of endogenous ligands is that they have been functionally
mimicked by non-ceramide based glycolipids such as a-glucosyl diacylglycerol as found in
group B streptococci or Streptococcus pneumoniae (75), or a-galactosyl diacylglycerol
made by Borrelia burgdorferi (76).

The need for synthetic ligands and their limitations

In all cases, when an immunologically relevant lipid is isolated and characterized from a
natural source, the confirmation of chemical nature, structure, and potency must be verified
by chemical synthesis. However, technical limitations impede such studies. First, chemical
synthesis of lipids and glycolipids is often challenging, especially when it comes to
producing pure anomeric forms of the sugar head group. In addition, standard methods of
detection such as mass spectrometry cannot distinguish anomers of sugars, and NMR
requires relatively large amounts of the compound and thus lacks sensitivity. As a result of
this difficult situation, investigators can be misguided and believe that one anomer is
bioactive when, in fact, a contamination with the other anomer is responsible for the
biological activity. Such a situation recently arose with the assignment of NKT cell
stimulatory activity to f-glucosylceramide(77), before it was found that a contamination of
the synthetic glycolipid was actually the active compound(22). To circumvent this important
limitation of synthetic chemistry, we pioneered a simple assay that consists of using
enzymes and/or lectins that are anomer-specific to eliminate or prove the existence of
contaminants(22). This principle, which was used successfully to distinguish a and -
glucosylceramides using recombinant acid glucosylceramidase (GBA), an enzyme specific
for B-glucosylceramide, has now been used by others(78), and expanded in our laboratory to
the testing of the anomers of galactosylceramides using recombinant galactosylceramidase
(GALC)(L.T., unpublished).

Antigen Processing and loading onto CD1 molecules—The succession of events
that will lead to the display of the lipids we have just discussed by cell surface CD1
molecules is very similar to the processing and presentation of peptides by MHC class 11
molecules. Indeed, both CD1 and MHC class Il molecules have to come to the same late
endosomal compartments to pick up ligands before they are fully degraded and used for
basic metabolic purpose. The competition between proteolysis and MHC loading is still
incompletely understood, and many of the same questions apply to CD1 presentation. The
three main classes of CD1 antigen presenting cells are B cells, dendritic cells, and thymic T
cells; the endocytic capacities of all three cell types are very different. Double positive
thymocytes expressing CD1 primarily present endogenous lipids for the selection of CD1-
restricted T cells and do not have to be efficient at endocytosis(4). B cells and dendritic cells
use phagocytosis and receptor-mediated endocytosis to capture whole or fragments of
microorganisms, respectively, in order to deliver lipids to CD1-containing subcellular
compartments, and these uptake capacities are heavily influenced by the differentiation stage
of the cell(79). An additional mode of delivery of lipids to antigen presenting cells relies on
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lipoprotein transport. Indeed, a large number of lipids traffic through organisms by using the
packaging of lipoproteins, and this aspect is not only relevant to microbial lipids but also to
all immunologically active lipids that would be administered to patients. This mode of
uptake/delivery was exemplified for a-galactosylceramide that was shown to associate to
apolipoprotein E within high density and very low density lipoproteins (LDL) to be taken up
by cells through LDL receptor-mediated endocytosis(80) as well as scavenger receptor
capture(81). In addition, it was also demonstrated that protein-mediated non-lipoprotein
lipid transfer was important for the biological activity of a-galactosylceramide and
derivatives(82).

Antigen processing

The principle of antigen processing for CD1 presentation was established first by using
synthetic derivatives of a-galactosylceramide(83). For instance, it was shown that Gal(al-
2)-a-galactosylceramide could become stimulatory only after the hydrolysis of the
additional galactoses by a-galactosidase(83). This observation has now been expanded to
natural glycolipids such as the a-galactopyranosyl(1—2)-a-glucosyl diacylglycerol of
Streptococcus pneumoniae (75) that also requires the removal of the distal galactose to
become stimulatory, or phosphatidylinositol mannosides of Mycobacterium tuberculosis that
require trimming of the mannose tree by acidic a mannosidase to be presented by CD1b and
seen by T cells(84). The hydrolysis of the headgroup of a glycolipid can also lead to its
inactivation. This processing has been shown to be critical for the inactivation of the
endogenous a-galactosylceramide and is mediated by acid a galactosidase (GLA)(22' 85).

The acyl chains of lipids are also modified to allow loading and/or stimulatory activity of
particular lipids. Lysosomal phospholipase A2 (LPLAZ2), an endocytotic compartment-
localized enzyme which cleaves the acyl chain of various phospholipids appears to be
important for the presentation of certain endogenous ligands /n vivo and the processing of
exogenous ligands such as galactosyl-a1-2-galactosyl ceramide /7 vitro and their
presentation to NKT cells(86). Similarly, we have shown that acid ceramidase was important
to degrade endogenous a-galactosylceramide and produce a-lysogalactosylceramide, a
substrate of GLA(22).

Mechanisms of lipid loading onto CD1 molecules

It was conceptually obvious that lipid loading onto CD1 molecules needed the assistance of
lipid transfer proteins (LTP) since CD1a, b, ¢, and d are not capable of extracting lipids from
membranes themselves. While MHC class 11 has co-evolved a MHC-class 11 molecule that
assists in peptide loading, CD1 members have simply co-opted the molecules that are
essential to lipid and glycolipid processing and metabolism in the lysosomes. The number of
lysosomal lipid transfer proteins is very small and has allowed an easy evaluation of each of
them in CD1 biology. Saposins A, B, C, and D, derived from prosaposin by proteolytic
cleavage upon secretion/uptake by antigen presenting cells, appear to be the most important
lipid transfer proteins for the loading and exchange of lipid within the groove of CD1
molecules(87789). Saposins are small (8—11 kDa (90)) proteins necessary for glycolipid (91)
and sphingolipid (90) degradation in the endosome. They function by non-enzymatic
mechanisms and only at acidic pHs. Structural work as well as lipid exchange experiments
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using liposomes have shown that they use a tweezer-like mechanism to extract lipids from
membranes by inserting, around the headgroup of phospho- and glycolipids, hydrophobic
residues exposed at the tip of surface loops(92). Each saposin has preferences for a subset of
lipids, based on the nature and charge of the headgroup but specificities are largely
overlapping. Similar to saposins, Gm2A, another lysosomal lipid transfer protein needed for
the enzymatic degradation of ganglioside GM2, was shown also to being capable of loading
antigens to CD1d (87). In addition, saposins and Gm2A were shown to unload lipids bound
to CD1d (87), supporting a “tug-of-war” model for antigen loading and exchange in which
the LTPs will either load or extract lipid from CD1 based on the affinity of both proteins for
the same lipid(87). The Niemann-Pick type C1 and C2 proteins (NPC1 and NPC2,
respectively) have also been shown to be important for antigen loading to CD1d. While
NPC2 was shown to function like saposins for the editing of endogenous lysosomal lipid
ligands(93), NPC1 appeared to play an indirect role by interfering with the proper late
endosome-lysosome fusion(94). There is currently no structural data supporting the
hypothesis of the “tug of war” of lipid editing onto CD1 molecules.

In humans, an additional LTP has been shown to be important for the loading of microbial
lipids to CD1b: the cleaved soluble form of CD1e(84).

Once loading is completed, the CD1 molecule can be transported to the cell surface. The
nature of the interactions that retain non-loaded or partially loaded molecules inside the
lysosome, or that inversely allow transport to the surface, are unknown.

Concluding remarks: analytical methods for lipids, limitations—If the overall
operational mode of lipid processing and loading onto CD1 molecules in the lysosome is
reasonably well understood, there is no question that further studies are limited by the
available techniques. Over the past decade, mass spectrometry (MS) has taken over the
classical biochemistry approach to studying lipids. However, MS does not offer the
sensitivity and analytical power that one might need to discover minor and/or unknown
species. The utilization of techniques such as multiple reaction monitoring MS (MRM MS)
can address sensitivity issues but they require knowledge of the spectra of the sought
compounds and the libraries of profiles for lipids and glycolipids are still very poorly
populated (95). Currently, the most complete database, “LIPID MAPS”, features about
40,000 lipids. In addition, MS is inherently plagued with its inability to distinguish anomeric
sugars and subtle regiochemistry.

As it stands, the combination of classic thin-layer chromatography or liquid chromatography
with MS-MS methods and MRM is the most sensitive approach to study non-radioactively
labeled lipids(96). Radiolabeling offers the great advantage of sensitivity but it is costly and
cumbersome, and has been used less and less. At the other end of the spectrum, NMR
spectroscopy gives the most definitive and accurate structural information, but it remains
limited by the relatively large amounts of material it requires(97). Finally, it is noteworthy to
mention that immunologists have underused one of their most powerful tools for structural
determination and discrimination of lipids: antibodies. Anti-lipid antibodies have been used
extensively in the field of neuroscience but rarely in immunology. There are still very few
anti-lipid and glycolipids antibodies available but their sensitivity and ability to distinguish
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discrete chemical variations is unsurpassed(22: 58) and could yield interesting insights into
the biology of antigen presentation by CD1 molecules.
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Figure 1. Comparison of the binding grooves of human and mouse CD1 isoforms
A: Protein sequence comparison of the binding groove of human CD1a, b, ¢, d, and mouse

CD1d1. All residues composing the surface of the binding groove are boxed with a dashed
outline. In mCD21d1, residues composing the A’ pocket are boxed in dark green, residues
composing the F’ pocket are boxed in light green, and residues composing the entrance
portal are boxed in pink. Of note is the prevalence of hydrophobic residues that contribute to
the binding groove surface.

B: Side view of the binding groove of mCD1d1 with the a1 chain in the foreground and the
a2 chain in the background. Residues and their respective surfaces composing the A’ pocket
are shaded dark green, residues and their respective surfaces composing the F’ pocket are
shaded in light green, and residues and their respective surfaces composing the entrance
portal are shaded pink (visualization was done with the Chimera software from UCSF(98)
using pdb#1CD1.

C: Top view of the binding groove of mCD1d1 with the al on the bottom and a2 chain on
top. Residues and surfaces are shaded as in Figure 1B.
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Figure 2. Cell biology of CD1d molecules
First, the CD1d mRNA is translated into the endoplasmic reticulum (E.R.), where it

undergoes chaperone-assisted folding via interaction with calnexin (CNX), calreticulin
(CALR), and ERp57 until it forms a heterodimer with f2-microglobulin and associate or not
with the invariant chain (li). Also in the E.R., microsomal triglyceride transfer protein
(MTP) may play a role in loading some lipids to CD1d. After association with 32-
microglobulin, CD1d is transported through the Golgi to the cell surface. It is internalized
through interaction between its cytoplasmic tail and the AP-3 adaptor. This interaction and
its disruption will allow trafficking through the endocytic pathway, and delivery to the late
endosome and lysosome. Association with the invariant chain in the E.R. results in CD1d
entering the trans-Golgi network, where it is directly transported to the late endosome and
lysosome. In the late endosome and lysosome, lipid processing proteins alter lipids for pH-
dependent loading to CD1d via NPC2, and saposins A, B, C, and D. The lipid-loaded CD1d
then traffics to the cell surface, where it presents its lipid antigen to T cells.
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