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ABSTRACT

HLA class II/peptide complexes (pHLA-II), organized into microdomains on
the surface of antigen presenting cells (APCs) or on APC-secreted exosomes, engage
CD4+ T cells for immune recognition. The association of the HLA-II alleles
DRB1*0401/0404 with rheumatoid arthritis may be due to their propensity to present
self-peptides for immune recognition. pHLA-II presentation on APCs is largely
determined by HLA-DM, an intracellular chaperone, and its negative regulator, HLA-DO.
Previously described DRB1*04-restricted epitopes (D11-0401, D13-0401, and D13-0404)
were found dependent, sensitive, and resistant, respectively, to HLA-DM activity. The
aims of this study were to determine whether (a) HLA-DO affects epitope expression; (b)
cell surface microdomains concentrate these epitopes; and (c) exosomes express these
epitopes. Key findings include: HLA-DO appears not essential, but its role in optimal
epitope expression may be cell-context dependent; lipid raft disruption abrogated only the
DM-dependent D11-0401epitope; exosomal expression of these epitopes was cell specific
and independent of their cell surface expression. Altogether, this study has enhanced our
knowledge of DM-dependent, -sensitive, and -resistant epitopes on rheumatoid arthritisassociated pHLA-DRB1*04 molecules.
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Chapter 1

Introduction
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1.1 The major histocompatibility complex
1.1.1 Genetic organization
The major histocompatibility complex (MHC) is a large genomic region in the
mammalian genome that contains a tightly linked cluster of genes which encode several
proteins that are involved in both innate and adaptive immunity. The human MHC, also
referred to as the human leukocyte antigen (HLA) system, is located on the short arm of
chromosome 6 and in mice on chromosome 17. More recently, the extended MHC
(xMHC) has been described as shown in Figure 1.1, which includes gene clusters
adjacent to the classical MHC (1). The xMHC contains upwards of 420 loci including
both expressed genes and pseudogenes, making it one of the most gene-dense regions of
the genome (1). Furthermore, several genes within the MHC are highly polymorphic in
that multiple variants of each gene exist within the population. The human MHC contains
several loci which encode structurally and functionally homologous proteins that are
classified as HLA class I (HLA-I or class I), including HLA-A, -B, and -C, and HLA
class II (HLA-II or class II), including HLA-DR, -DP and -DQ molecules. Both HLA-I
and HLA-II molecules were first identified because of their role in mediating tissue
rejection and acceptance in transplantation, but upon further analysis it was revealed that
their main function involved antigen presentation to T lymphocytes (2).
In humans, the MHC is organized into three distinct gene-rich regions that are
designated from telomere to centromere as class I, III, and II regions (1, 3, 4). Each
region contains several genes encoding immunologically relevant proteins detailed below,
but also includes additional genes whose function is unrelated to the immune response
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Figure 1.1. Gene map of the extended human MHC.
A selected fragment of the extended major histocompatibility complex (xMHC) on the
short arm of human chromosome 6 containing immunologically relevant genes is shown.
The class I, II, and III subregions are described in the text. Some immunologically
irrelevant genes have been excluded for ease of demonstration. Furthermore, pseudogenes
have been omitted for presentation purposes. In total, the xMHC is comprised of 421 loci,
of which 252 are classified as expressed genes, and 169 as pseudogenes and transcripts
(1). The extended class I and II subregions are not described in detail, but include genes
such as death domain associated protein (DAXX), TAP binding protein (TAPBP), retinoid
x receptor beta (RXRB), myelin oligodendrocyte glycoprotein (MOG), ubiquitin D
(UBD), protease, serine 16 (PRSS16), members of the butyrophilin subfamily of genes
(BTN1A1, BTN2A1, BTN3A3, BTN3A1, BTN2A2, BTN3A2), and hemochromatosis
(HFE). Adapted from (1).
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4

ranging from cell growth, development, DNA repair and transcriptional regulation. The
class I subregion contains genes encoding the alpha (α) chain of HLA-I molecules HLAA, -B, and -C, as well as the HLA-I-like genes encoding class Ib molecules HLA-E, -F, G, MICA, and MICB. The α chain of HLA-A, -B, and -C combine with a molecule
termed beta-2-microglobulin (B2M), encoded outside the MHC on chromosome 15,
forming a heterodimer whose function is to bind short peptides typically derived from
endogenous antigens and present them to CD8+ T lymphocytes (5). By contrast, the
functions of class Ib molecules is less well understood, but several studies demonstrate
that they act as ligands for the activation and inhibition of natural killer cells, as well as
perform important immunoregulatory functions (6-8). Several genes encoding members
of the tripartite motif family (TRIM) are also located within the class I subregion, which
are involved in a wide variety of cellular processes. Accumulating evidence suggests that
several TRIM family members are important in the regulation innate immunity, as well as
having a direct role in the restriction of viral infection in a variety of cell types (9, 10).
The class III region does not contain genes for any classical class I or II antigens;
however, approximately 62, many whose physiological function is unknown, are found in
this subregion (11). The genes for complement proteins C2, factor B, C4A and C4B are
located at the centromeric end of the class III region. Other immunologically relevant
genes in this region encode for members of the tumor necrosis factor family of cytokines
including tumor necrosis factor-α, lymphotoxin A, and lymphotoxin B (12).
The class II region is located nearest to the centromere and contains genes
encoding the classical HLA-II antigens HLA-DR, -DP, and -DQ as well as two nonclassical class II antigens HLA-DM and -DO. Both classical and non-classical class II
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antigens consist of an α and beta (β) chain which associate in the endoplasmic reticulum
to form a functional dimer. DR, DP, and DQ bind short peptides and present them to
CD4+ T lymphocytes (13). DM and DO function within the class II processing and
presentation pathway and shape the repertoire of peptides presented by class II molecules
(14). Also included in this region are genes encoding the proteins tapasin, TAP1, TAP2,
LMP2, and LMP7. Similar to DM and DO in the class II pathway, tapasin, TAP1, and
TAP2 contribute to the formation of mature peptide-MHC complexes (pMHC) in the
class I pathway as discussed below (15). Both LMP2 and LMP7 are subunits of the
immunoproteasome which is responsible for generating optimal peptides for binding to
HLA class I molecules (16).

1.1.2 Polymorphism and nomenclature
Several MHC genes exhibit a high degree of polymorphism, particularly the class
I and class II antigens, in that several allelic variants exist within the global population.
There are currently 3,399 HLA-A, 4,242 HLA-B, and 2,950 HLA-C different alleles
described (17). The class II genes exhibit a similar degree of polymorphism. Currently
911 and 644 variants have been identified for HLA-DQB1 and -DPB1 respectively and 69
and 43 alleles for HLA-DQA1 and -DPA1 respectively (17). HLA-DR exhibits
considerably more polymorphism than DP and DQ with 1883 and 7 known alleles for
HLA-DRB1 and -DRA respectively (17). Since only 7 alleles are known for DRA (2 of
which encode functional proteins), much of the DR polymorphism is a result of the DRB1
gene. The DR region is further complicated due to the fact that a second DRB gene may
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be expressed depending on the allele expressed at the DRB1 locus. With the exception of
the DRB1*01, *08 and *10 alleles, all haplotypes contain a second DRB allele in addition
to DRB1 (18). For example, the DRB3 gene is expressed when one or two of the
DRB1*11, *12, *13, *14, *17 or *18 alleles are expressed at the DRB1 locus. The DRB4
gene is expressed when one or two of the DRB1*04, *07 or *09 alleles are expressed at
the DRB1 locus. Finally, the DRB5 gene is expressed when the allele DRB1*15 or *16 is
expressed at the DRB1 locus. Several different alleles for DRB3, DRB4, and DRB5 exist
within the population, albeit not nearly as polymorphic compared to DRB1. Currently, 77,
24, and 26 alleles have been described for DRB3, DRB4, and DRB5 respectively (17). The
extensive polymorphism of the MHC decreases the likelihood that two unrelated
individuals express the same class I or II antigens. This genetic diversity confers
protection against pathogens by a population as a whole by increasing the chances that an
immune response against a given pathogen is generated in a proportion of the population
and therefore eliminated.
Due to the complexity of the class II antigens, particularly the DR loci, the system
of HLA nomenclature has evolved over the years. Initial nomenclature of HLA was based
on the identification of different HLA alleles using serological techniques (19). However,
with the advent of molecular biology, several more allelic subtypes were discovered
which could be distinguished using the serologically defined specificities. For example,
under the old classification system, two individuals may be identified as carrying the DR4
haplotype, however, they may carry very different alleles at the DRB1*04 locus. The new
nomenclature system is based on DNA sequences of alleles and is able to accommodate
the inadequacies of the old system (20). Using HLA-DRB1*04:01 as an example, ‘HLA’
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indicates the HLA region; ‘DRB1’ indicates the particular HLA locus; ‘04’ indicates the
group of alleles which encode the DR4 antigen; ‘01’ indicates the specific allele.
Additional notation is included to identify mutations and differences in level of
expression.

1.1.3 General function of HLA class I and II molecules
As stated above, both HLA class I and II molecules bind and present antigenderived peptides to CD8+ and CD4+ T lymphocytes respectively. During the early stages
of infection, an innate immune response is mounted against the pathogen. An important
feature of this early response is that proteins derived from the pathogen are taken up and
degraded by professional antigen presenting cells (pAPC) such as dendritic cells, and
subsequently presented on their surface in complex with class I or class II molecules (21).
Within the lymph nodes, dendritic cells expressing these MHC molecules in complex
with antigenic peptides on their surface are able to interact with naive CD4+ (in the case
of class II) or CD8+ (in the case of class I) T lymphocytes which bear the appropriate T
cell receptor (TCR) leading to activation, proliferation, and differentiation of these cells,
eventually mounting an adaptive immune response against the pathogen (21). In order for
differentiated T lymphocytes to exert their effector functions as the adaptive immune
response progresses, it is necessary that they recognize their corresponding pMHC on
infected or accessory immune cells. Furthermore, both class I and class II molecules are
crucial for the development of immune cells in the thymus acting as ligands for positive
and negative selection of lymphocytes (22). Therefore, class I and II molecules are
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responsible for generating the repertoire of circulating T lymphocytes, provide a vital link
between innate and adaptive immunity, and at the same time are required for initiating the
effector mechanisms of the adaptive immune response.

1.1.4 HLA class I structure and antigen processing pathway
HLA-A, -B, and -C are glycoproteins expressed by all nucleated cells within the
body and are heterodimers consisting of a polymorphic 45 kDa α chain, encoded by the
HLA-A, -B, and -C genes, and a nonpolymorphic 12 kDa protein B2M encoded outside
the MHC on chromosome 15 (Figure 1.2). The α chain contains three domains α1, α2,
and α3, with α1 and α2 forming a peptide binding groove that is distally oriented from the
plasma membrane (23). Peptides 8 to 11 amino acids in length are able to interact with
the peptide binding groove resulting in the formation of a stable pMHC that survives
trafficking through the secretory pathway and prolonged display at the cell surface (25).
The amino acid variability that exists as a result of the allelic polymorphisms is
concentrated in the domains forming the peptide binding groove, more specifically, at
residues which line the groove. Therefore, the repertoire of peptides able to bind this
groove are entirely dependent on the sequence motif of the class I molecule.
HLA class I molecules are synthesized de novo in the endoplasmic reticulum
(ER) where several co-chaperone molecule assist in assembly and peptide loading (26).
After translocation to the ER, the class I α chain associates with the chaperones calnexin
and ERp57 which facilitate binding of B2M. Binding of calnexin and ERp57 promote the
correct folding of the free α chain and retains it in the ER. The α chain eventually
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Figure 1.2. Schematic representation of the structure of HLA class I and HLA class II
molecules.
HLA class I molecules are heterodimers consisting of a 45 kDa α chain and a 12 kDa
protein B2M. The α chain contains three domains a1, α2, and α3, with α1 and α2 forming
a peptide binding groove that is distally oriented from the plasma membrane. HLA class
II molecules consist of a 35 kDA α and 29 kDa β chain forming a heterodimeric
glycoprotein. Both the α and β chain contain a membrane-proximal domain termed a2 and
b2 respectively. The membrane-distal domains of the α and β chains, termed α1 and β1
respectively, form a peptide binding groove. The amino acid residues that contribute to
formation of the peptide binding groove of both class I and class II molecules are highly
polymorphic in that the main differences in amino acid sequence of different class I and
class II alleles are within this region. Adapted from (24).
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associates with B2M followed by formation of a peptide loading complex where
calnexin-ERp57 is replaced by calreticulin-ERp57 and the entire complex associates with
the transmembrane protein tapasin which in turn is associated with the peptide transporter
TAP. This complex stabilizes the peptide receptive class I molecule so that peptides are
able to bind (27). Tapasin also acts to optimize the repertoire of peptides bound to the
class I by exchanging low affinity peptides in favor of peptides that bind with a higher
affinity and thus are more stable upon egress of the pMHC-I from the ER (28, 29). TAP,
functioning as an ATP-binding cassette transporter, allows transport of peptides
approximately 8 to 16 residues in length into the ER from the cytosol for potential
binding to MHC-I. Upon successful peptide binding, the co-chaperones and peptide
loading machinery dissociate from the pMHC-I and the stable molecule is transported to
the plasma membrane via the secretory pathway.
The majority of peptides available for binding to MHC-I are generated in the
cytosol by the proteasome and then transported into the ER by the TAP complex as
described above. Therefore, the source proteins of the peptides presented by MHC-I are
primarily of intracellular origin and include endogenous and viral antigens. MHC-I
peptides can also be generated in a proteasome-independent manner in the cytoplasm by
proteases such as calpains, tripeptidyl peptidase II, leucine aminopeptidase, bleomycin
hydrolase and puromycin-sensitive aminopeptidase and in the ER by ER-associated
aminopeptidase or ER aminopeptidase 1 and 2 (30, 31).
Dendritic cells and macrophages are able to present antigens from their
extracellular environment on MHC-I molecules in a process known as cross-presentation.
Exogenous antigens taken up by endocytosis or phagocytosis can be transferred into the

12

cytosol for degradation followed by transport into the ER for MHC-I presentation.
Alternatively, these antigens may be degraded by endosomal proteases and bind to MHCI in recycling endosomes or the ER following back-fusion of endocytic vesicles. In either
case, cross-presentation is an important mechanism in the immune surveillance of tissues
where cancers and viruses can be detected even if they do not directly infect dendritic
cells. Furthermore, this mechanism enables the immune system to monitor bacterially
infected pAPC by allowing cytotoxic T cells to eliminate cells harboring intracellular
bacteria within their phagosomes (31).

1.1.5 HLA class II structure and antigen processing pathway
HLA class II antigens HLA-DR, -DP, and -DQ consist of a non-polymorphic 35
kDA α and polymorphic 29 kDa β chain forming a heterodimeric glycoprotein (Figure
1.2). Similar to the HLA-I α3 domain, HLA-II α and β chains contain a membraneproximal domain designated α2 and β2 respectively. The membrane-distal domains of the
α and β chains, termed α1 and β1 respectively, form a peptide binding groove similar to
that of HLA-I molecules. Similar to MHC-I molecules, the amino acid variability that
exists as a result of MHC-II allelic polymorphism is concentrated at residues which form
the peptide binding groove. However, the MHC-II binding groove differs from the MHCI groove in that a) it is formed by a combination of two chains instead of one and b) the
terminal ends of the groove are open allowing longer peptides to bind, typically 13 to 25
amino acids in length.
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Compared to HLA-I, the expression of the HLA-II antigens HLA-DR, -DP, and DQ is more restricted, with constitutive expression largely confined to pAPC and thymic
epithelial cells. This is due to the transcriptional control of class II genes by the class II
MHC transactivator (CIITA) which also exhibits similar tissue restricted expression.
CIITA is referred to as a transcriptional coactivator because it does not directly bind to
DNA but instead initiates transcription of class II molecules by binding several
transcription factors including RFX, CREB, and NF-Y which are bound to regulatory
elements in the promoters of MHC-II genes. The expression of CIITA can be upregulated
by IFN-γ, resulting in increased expression of MHC-II in immune cells and induction in
endothelial and fibroblast cells. More recently, chromatin-modifying events such as
histone acetylation, methylation, deacetylation, and ubiquitination have been suggested as
additional regulators of class II and CIITA expression, suggesting that epigenetic events
are additional influences in the MHC-II presentation pathway (32).
A general schematic of the HLA class II antigen processing pathway is shown in
Figure 1.3. MHC-II α and β chains are synthesized in the endoplasmic reticulum, where
three αβ dimers associate with three invariant chain (Ii) proteins forming nonameric
(β)3Ii3 complexes (33). The function of Ii is twofold, (a) to stabilize MHC-II dimer
formation and prevent premature binding of peptides to the peptide binding groove in the
ER and during transport through the endocytic pathway and (b) to target MHC-II to
lysosome-like late endosomal compartments (34). The Ii chain contains a di-leucine motif
in the N-terminal cytoplasmic domain which is required for targeting Ii and associated
MHC-II to late endosomal compartments (35, 36). This can occur by direct targeting after
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Figure 1.3. Schematic representation of the HLA class II antigen processing and
presentation pathway.
Newly synthesized MHC-II αβ heterodimers associate with the invariant chain (Ii) in the
endoplasmic reticulum. After travelling through the Golgi apparatus, Ii-MHC-II
complexes are either directly transported to late endosomal compartments or first to the
plasma membrane where they are internalized by clathrin-mediated endocytosis. These
late endosomal vesicles have a low pH and are enriched in several proteolytic enzymes
and antigen presentation accessory molecules, and are commonly referred to as
multivesicular

endosomes,

multivesicular

bodies

(MVB),

or

MHC-II loading

compartments (MIIC) in pAPCs. Ii is sequentially degraded by proteolytic enzymes
within MIIC leading to the generation of a fragment of Ii, termed class II-associated
invariant chain peptide (CLIP), which remains in the peptide binding groove of MHC-II
molecules. CLIP is released from the peptide binding groove by HLA-DM, which
subsequently facilitates peptide binding resulting in the formation of a stable peptideMHC-II complex. The activity of DM is regulated by HLA-DO. After stable peptide
binding, mature MHC-II molecules are transported to the plasma membrane for
presentation to T lymphocytes. Adapted from (44).
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exiting the trans-Golgi network, or by clathrin-mediated endocytosis from the plasma
membrane (37-39). Following endocytosis, Ii-MHC-II complexes traffic through the
endocytic pathway with the final destination being late endosomal-lysosomal antigen
processing compartments which contain antigenic proteins and peptides (40).
Although peptide-MHC-II complexes (pMHC-II) can be produced at several
locations throughout the endocytic pathway (41), the typical antigen-loading
compartments are specialized late endosomal organelle-like vesicles which have a low pH
and are enriched in several proteolytic enzymes (40, 42, 43). Electron microscopy
initially revealed an abundance of MHC-II concentrated in these late endocytic vesicles,
and so they were termed MHC- II peptide loading compartments, or MIICs (45-47). In
pAPCs, MIICs are heterogeneous in their morphology, contain several internal
complexes, and are all forms of multivesicular bodies, or MVBs (13, 43). MVBs are so
named due to the presence of intraluminal vesicles (ILVs) which are formed by the
inward budding of the vesicle’s limiting membrane and contain several of the necessary
co-molecules required for optimal antigen processing and presentation (48, 49). Proteins
destined for degradation in lysosomes are also transported to these MHC-II-enriched late
endosomes where they are cleaved into shorter peptides by the acidic proteolytic
environment.
At the same time, some of these endolysosomal proteases degrade the Ii chain of
Ii-MHC-II complexes, leaving a short peptide fragment termed the class II associated
invariant chain peptide (CLIP) in the MHC-II peptide-binding groove (50). Ii is
sequentially degraded from its full length, which differs in size due to several isotypes, to
the intermediates LIP (22 kDa), SLIP (10 kDA), and eventually CLIP (51, 52).
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Depending on the cell type, several proteases have been implicated in these cleavage
steps. In pAPC, cathepsin S has been shown to be responsible for late stage Ii degradation
of the SLIP intermediate to CLIP (53, 54), whereas in thymic epithelial cells cathepsin L
is mainly responsible for this cleavage step (55-59). Furthermore, cathepsin S, not
cathepsin L, can degrade Ii in non-professional APC such as epithelial cells (60). Less is
known concerning the proteases responsible for full length and intermediate (LIP – SLIP)
cleavages; however, evidence suggests that multiple proteases can contribute (61). An
unidentified aspartic protease and asparaginyl endopeptidase (AEP) in mice can initiate Ii
processing (62, 63). However, others have demonstrated that AEP is dispensable and that
initial Ii processing is redundant and may depend on the MHC-II allele expressed by the
cell (64). The redundancy in Ii processing is likely a reflection of the differential
expression of proteases across APC types. However, in all cases the end result is the
creation of a MHC-II-CLIP complex, which serves as the template for MHC-II peptide
loading.
CLIP must be removed from the peptide-binding groove of MHC-II to allow the
binding of antigenic peptides. This process is facilitated by the MHC-II-like molecule
HLA-DM (DM), which is present in the MVB internal and limiting membranes, and
interacts with MHC-II-CLIP complexes that have been sorted onto ILVs within these
vesicles (13). DM acts as an enzyme to catalyze the exchange of CLIP for peptides within
MIIC by facilitating CLIP release, stabilizing the peptide-receptive MHC-II, and enabling
the stable binding of peptide species resulting in the formation of stable pMHC-II (6567). HLA-DO, a second MHC-II-like molecule expressed in B lymphocytes, thymic
medullary epithelial cells, and primary dendritic cells inhibits DM activity by directly
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binding it and preventing it from interacting with MHC-II (65, 68, 69). Following
formation of stable peptide-loaded MHC-II, they are transported from MVB in
tubulovesicular endosomes to the plasma membrane where they interact with T cell
receptors (TCR) on CD4+ T lymphocytes.
Once expressed on the cell surface, pMHC-II can be internalized through a
clathrin-independent endocytosis pathway, resulting in either transportation to lysosomes
for eventually degradation, or to early endosomes where they are recycled back to the
plasma membrane (13). Although some pMHC-II are exclusively generated with MIIC as
described above, other pMHC-II may be generated in these early endosomes in a process
that is independent of nascent MHC-II synthesis, Ii-mediated transport, and DM peptide
editing, and involves limited proteolytic processing (70-73). Furthermore, recycling
pMHC-II may also return to conventional MIIC, resulting in the formation of new
epitopes (74).

1.2 HLA class II antigen presentation
1.2.1 Role of HLA-DM and HLA-DO
As mentioned above, both DM and DO act together in pAPC to regulate the
loading of peptides derived from foreign and self antigens onto MHC-II. DM acts as a
catalytic enzyme that binds transiently to MHC-II complexes resulting in the
destabilization hydrogen bonding networks causing the release of CLIP, then stabilizing
MHC-II dimers in an open conformation allowing repeated binding and dissociation of
peptides, ultimately resulting in accumulation of stable pMHC-II with high affinity
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peptides (14, 75-77). Spontaneous dissociation of CLIP from MHC-II can also occur and
is dependent on the binding affinity of CLIP for the particular MHC-II allele (78, 79).
CLIP has been shown to dissociate more rapidly from DRB1*04:01 and DRB1*04:04
compared to DRB1*04:02 (78). Until recently, the precise mechanism by which DM
binds MHC-II to facilitate peptide exchange was not clearly known; however, two recent
studies which have identified the crystal structure of DM-MHC-II complexes provide
some important clues (80, 81). Upon binding DR, DM does not appear to undergo any
significant conformational changes when compared to crystal structures of DM alone (8284). However, DM induces a dramatic conformational alteration in DR at residues 35 to
57 of the MHC-II α subunit, which is important in forming part of the floor of the peptide
binding groove, as well as the P1 pocket (80). The P1 pocket and hydrogen bonds in this
region are important for providing a stable interaction between peptide and the MHC-II
molecule. These findings provide a direct molecular mechanism for the action of DM,
where DM binding destabilizes pMHC-II by interfering with crucial peptide – MHC-II
binding interactions (65).
The importance of DM in autoimmunity is demonstrated by several studies that
have reported a significant role for DM activity in the development of type 1 diabetes (85,
86). Eliminating DM-function in the NOD mouse model for type 1 diabetes blocked the
development of diabetes (86), suggesting that DM is responsible for the presentation of
disease-initiating peptides. In contrast, other studies support a view where DM is
responsible for editing out disease-causing peptides, and disease development is due to
the generation of an epitope in recycling endosomes where DM activity is limited (87,
88).
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As stated above, DM function is regulated by the class II-like molecule DO,
which is expressed in B lymphocytes, thymic medullary epithelial cells, and primary
dendritic cells (68, 69). DO acts as a competitive inhibitor of DM by directly binding it
and preventing interaction of DM with MHC-II-CLIP and pMHC-II complexes (89-91).
Interestingly, DO is unstable in the absence of DM and may require association with DM
in order for egress from the ER (92). Expression of DO is modulated during B cell
differentiation, where a reduction in DO expression is observed in germinal center B cells
compared to naïve and memory B cells (93). Several studies have identified roles for DO
in regulating antigen presentation and influencing the repertoire of MHC-II-bound
peptides (94-98). DO-deficient cells present endocytosed antigens internalized by fluidphase endocytosis more efficiently than in the presence of DO. Furthermore, presentation
of antigens internalized by surface immunoglobulin was improved in the presence of DO.
These results suggest that the function of DO is to focus presentation on antigens that
have been internalized by surface immunoglobulin (94). More recently, over expression
of DO in DCs in the NOD mouse model for type 1 diabetes blocked development of
diabetes suggesting that by inhibiting DM function, DO prevents the presentation of self
antigens by possibly maintaining a broad peptide repertoire (99). The importance of DO
in regulating autoimmunity is perhaps most apparent in a recent study utilizing H2-O (DO
in mouse) knockout mice (100). Whereas only a few limited changes were observed in
H2-O-/- mice in previous studies (94, 95), Gu et al. demonstrated that DO knockout mice
exhibit an autoimmune phenotype characterized by spontaneously development of higher
titers of anti-nuclear antibodies and delayed antibody responses to model antigens,
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suggesting that DO decreases immunity to self antigens while increasing immunity to
foreign antigens (100).
Since both DM and DO have a profound effect on the repertoire of peptides
presented by MHC-II molecules, much attention has concentrated on determining the
effect of these molecules on the presentation of specific peptide sequences (65, 90, 101).
Based on the effect of DM on presentation, peptide antigens or epitopes can be divided
into 3 groups (102-104). For one group of peptides, termed DM-resistant, presentation
can occur in both the presence and absence of DM. Since DM does not affect presentation
of these antigens, DM-resistant epitopes are expressed on all MHC-II+ cells (102). In
contrast, DM-sensitive epitopes are suppressed by DM, and are thus only expressed in the
absence of DM. Under circumstances of DO co-expression with DM as in pAPC, the
presentation of DM-sensitive antigens can be restored (102). Finally, there is a category
of peptides that are presented only in cells expressing DM, termed DM-dependent
epitopes (103). A main factor determining whether a particular epitope is DM-resistant, sensitive, or -dependent might be the affinity of the peptide for the specific MHC-II
molecule (103). In summary, both DM and DO contribute to the peptide repertoire
presented by MHC-II and further research will clarify the physiological roles of these
molecules in maintaining tolerance and development of autoimmunity.

1.2.2 Proteolytic processing of peptide antigens in the endocytic pathway
APCs use several cellular processes to capture external antigens and deliver them
to antigen loading compartments for processing and presentation by MHC-II, including
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macropinocytosis, receptor-mediated endocytosis, and phagocytosis (40). Internalized
antigens eventually enter acidic late endocytic vesicles containing proteases and
reductases responsible for antigen denaturation and proteolysis. Proteins contain multiple
sequences that are able to bind MHC-II, but only a few are finally presented to T cells. In
the hierarchy of epitope presentation, immunodominant epitopes are important for
immunity to pathogens, whereas subdominant and cryptic epitopes are associated with
autoimmunity (105). The expression of a specific pMHC-II epitope is dependent on
various cellular factors including the route of antigen entry, mechanism of peptide
loading, the intracellular location of degradation, and perhaps most importantly,
proteolytic processing (61, 106-108). Multiple endocytic proteases have been shown to
contribute to processing antigens for specific pMHC-II presentation, including cathepsins
B, D, L, S, and AEP (109). These proteases are typically classified according to their
proteolytic activity, the major species active within pAPC being cysteinyl and aspartyl
and either endo-, carboxy, - or aminopeptidases (110). Evidence to date suggests that
generation of some CD4+ T cell epitopes may require the action of specific proteases
while other epitopes may exhibit less strict processing requirements (61, 106, 109, 111).
This was initially suggested following studies where treatment of pAPCs with inhibitors
of endolysosomal proteases could either enhance or inhibit the presentation of epitopes
(112). Redundancy in antigen processing is supported by the observations that knock-out
mice for specific members of the cathepsin family of proteases have normal immune cell
numbers and similar peptide repertoires in terms of complexity compared to wild type
mice (113-115). Furthermore, several studies have highlighted instances where one
protease may compensate for lack of another (61, 106, 109, 116). For example, analysis
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of peptides eluted from MHC-II I-Ab-expressing embryonic fibroblast cells expressing
either cathepsin S or L revealed that the majority of peptides are presented irrespective of
the cathepsin expressed (117). However, this study also identified a subset of peptides
that

were positively or negatively regulated depending on the cathepsin expressed,

suggesting that individual proteases may contribute to the generation of specific peptides
for MHC-II presentation (117).
Several studies have investigated the effect of cathepsins on the generation of
specific epitopes (57, 61, 106, 110, 116, 118). For example, cathepsin B and S were
shown to mediate the degradation of
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I-labeled F(ab)2 fragments, whereas cathepsin D

and L were dispensable (119). Additional studies have investigated the role of cathepsins
in the presentation of the immunodominant epitope from tetanus toxoid, with cathepsin D,
E, and B implicated in generating the appropriate antigenic peptides (120-122).
Furthermore, analysis of the protease processing requirements of hen egg lysozyme
(HEL) demonstrated a reduction in expression of two H-2b-restricted T cell epitopes in
the absence of cathepsin S in murine B cells (123). Endolysosomal proteases other than
members of the cathepsin family, such as AEP and the IFN-γ inducible thiol reductase
(GILT), can also contribute to the generation of class-II epitopes (124-128). Other studies
propose that cytoplasmic processing events may also be required for the formation of
some MHC-II epitopes (30, 129).
Endolysosomal proteases can also contribute to the destructive processing of
peptide epitopes, where lysosomal proteolysis of a protein can perturb the generation of
some peptides epitopes (130, 131). For example, presentation of an I-Ab-restricted
immunoglobulin M epitope was inhibited by cathepsin S and L expression (117).
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Expression of a DRB1*15:01-retricted myelin basic protein epitope (MBP85-99) was
reduced in the presence of cathepsin G in human B lymphocytes, suggesting that this
protease contributes to the destructive processing of the immunodominant epitope (132).
Whereas the previous study demonstrated that AEP was dispensable in the processing of
MBP, a second study demonstrated that this epitope is more efficiently presented in the
absence of AEP due to a destructive cleavage by AEP within MBP85-99(60). AEP is highly
expressed in thymic APC (133) and cathepsin G in peripheral DC (134), suggesting
tissue-specific processing of the same antigen can occur and thus may contribute to the
development of tolerance or autoimmunity (109, 135).
Whereas the majority of peptides destined for MHC-II presentation are localized
and processed in endocytic vesicles as described above, approximately 10-30% of the
peptides bound to MHC-II are derived from nuclear or cytoplasmic proteins (136, 137).
Within APC, the delivery of proteins and peptides from the cytoplasm and nucleus to the
endosomal network is mediated by autophagy (137). Macroautophagy is a process where
cytoplasmic material, including organelles, is engulfed by membranes resulting in the
formation of autophagosomes which can fuse with lysosomal antigen-processing
endosomes to form autophagolysosomes (138, 139). Chaperone-mediated autophagy,
where cytoplasmic chaperones including Hsc70 and Hsp90 in conjunction with MIIC
transmembrane protein marker LAMP-2A selectively deliver peptides to late endosomes,
also contributes to the MHC-II peptide repertoire (140). Furthermore, cytoplasmic
antigens can be captured by microautophagy for transport into endosomes, although the
contribution of this process to the antigen presentation is less clear compared to the other
forms of autophagy (141). The importance of autophagy in the generation of specific
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MHC-II epitopes is highlighted by the finding that autophagy can cause the generation of
citrullinated proteins and peptides by peptidylarginine deiminase (142). The presentation
of citrullinated peptides by MHC-II has been linked to the pathophysiology of
autoimmune rheumatoid arthritis (RA) (143). Macroautophagy-deficient dendritic cells
are also unable to activate herpes simplex virus-specific CD4+ T cells, suggesting that
autophagy may be required for generation of antigen-specific MHC-II epitopes in the
periphery (144).

1.2.3 MHC-II trafficking and presentation at the plasma membrane
The precise mechanisms that regulate transport of peptide-loaded MHC-II from
antigen-loading compartments to the plasma membrane are poorly understood and most
likely differ between different types of APC (13). Kleijmeer et al. found that maturation
of DCs resulted in a loss of ILVs from MVBs, suggesting that pMHC-II containing
intraluminal vesicles back-fuse with the limiting membrane of MVB (145). However, this
study did not rule out the degradation of ILVs or their release as exosomes. Once
redistributed to the limiting membrane of MVBs, pMHC-II traffic into tubularvesicular
endosomal structures which fuse with the plasma membrane (146-148). Movement of
these tubular endosomes from MIIC to the plasma membrane involves several molecules
including Rab GTPases, actin-dependent motor proteins, and cytoskeletal proteins (149).
At the cell surface, a substantial proportion of pMHC-II cluster within distinct
membrane microdomains including lipid rafts and tetraspanin-enriched microdomains
(150, 151). Lipid rafts are cholesterol-rich stable lipid domains found in all cell types
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which provide membrane organization in a less structured plasma membrane.
Constitutive association of pMHC-II with lipid rafts has been detected in B cells, DCs,
monocytes, macrophages, and thymic epithelial cells (152). Tetraspanin-enriched
microdomains (TEMs), or tetraspanin webs, have also been shown to be responsible for
the clustering of pMHC-II (153).Incorporation of pMHC-II into membrane microdomains
is hypothesized to be functionally important for T cell activation in cases where there are
low levels of a specific pMHC-II on the surface of APC (154-156). Activation of antigenspecific CD4+ T cells requires T cell receptor-mediated recognition of cognate MHC-II
loaded with a specific peptide. The repertoire of peptides eluted from MHC-II on APC is
complex (157, 158), but T cells are somehow able to find their rare cognate pMHC-II.
Studies estimate that CD4+ T cells require as little as 200 specific pMHC-II complexes
per APC to be activated (159-161), and a more recent study demonstrates that as few as
10 pMHC-II are able to stimulate a T cell response (162). Given that APCs contain
upward of 105 pMHC-II molecules on the plasma membrane at a given time, the ability of
a T cell to recognize enough individual cognate pMHC-II to induce activation is difficult
to imagine. It has thus been proposed that identical pMHC-II complexes are clustered into
lipid rafts during transport to the cell surface of APC thus making TCR recognition of
relevant pMHC-II more efficient (152, 163).
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1.2.4 Role of membrane microdomains
1.2.4.1 Lipid rafts
Initial descriptions of the biological membranes described a membrane where all
lipid and protein molecules were free to diffuse throughout the structure independent of
other molecules in what was regarded as the fluid mosaic model (164). This model has
since evolved and it is now generally accepted that membranes are not homogenous, but
instead contain distinct and specialized membrane microdomains that are essential in a
variety of cellular processes (165). Perhaps the most well studied membrane
microdomains are lipid rafts, also known as detergent-insoluble glycolipid-enriched
complexes (DIGs) or detergent-resistant membranes (DRMs) (166, Figure 1.4A). The
alternative name DRMs is based on their insolubility in mild nonionic detergents such as
Triton X-100 at low temperatures, which is likely a product of their highly organized
structure and increased concentration of cholesterol (166). Lipid rafts are enriched in
cholesterol, sphingomyelin, and glycosphingolipids (167, 168), resulting in a highly
ordered structure compared to the adjacent cell membrane. They are also enriched in
glycosyl-phosphotidylinositol (GPI)-anchored proteins and certain transmembrane
proteins depending on cell type (169, 170). Lipid rafts are involved in a variety of cellular
processes including signal transduction, endocytosis, vesicular trafficking, and cell
adhesion (171, 172). A well described function of lipid rafts in the immune response is
their role in the recruitment and concentration of intracellular signaling molecules in the
case of T cell activation (173). Several proteins responsible for regulating T cell
activation including the Src family kinase Lck and the adapter protein LAT are
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Figure 1.4. Schematic diagram of (A) a lipid raft and (B) a tetraspanin-enriched
microdomain in the cell plasma membrane.
(A) Lipid rafts are enriched in cholesterol, sphingomyelin, glycosphingolipids, glycosylphosphotidylinositol (GPI)-anchored proteins, and certain transmembrane proteins
depending on the cell type (167-170). (B) Tetraspanin-enriched microdomains (TEMs)
are characterized by their enrichment in tetraspanin proteins (179). Several members of
the integrin family of membrane proteins are known to associate with tetraspanin proteins
and are concentrated in TEMs (180). Depending on the cell type, certain cell-specific
membrane proteins have been found to cluster in TEMs, including MHC-II molecules in
APCs (179, 181, 182). Most relevant to this study, TEMs were also shown to cluster on
the cell surface of APC with a select set of peptide-MHC-II containing the CDw78
epitope (153).
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concentrated in lipid rafts along the intracellular face of the plasma membrane and several
studies have demonstrated the importance of these lipid rafts in T cell activation (174,
175). Early studies utilizing electron microscopy and confocal microscopy revealed that
pMHC-II were not uniformly distributed on the cell surface, but instead are found in
small clusters (176, 177). The first indication which implicated the involvement of lipid
rafts in this clustering was the observation that antibody cross-linking of pMHC-II
induced association of MHC-II with Triton X-100 insoluble lipid rafts (178). An
additional study by Hiltbold et al. confirmed pMHC-II association with rafts since
pMHC-II clusters co-localized with cholera toxin B subunit, a typical lipid raft marker
that binds GM1 glycosphingolipids (150). Further evidence which suggests clustered
pMHC-II represent lipid raft-associated pMHC-II is that treatment with methyl-betacyclodextrin (MBCD), a chemical that disrupts protein association within lipid rafts by
sequestering cholesterol from the plasma membrane (183), caused a redistribution of
pMHC-II from their clustered formation (156).
Additional studies by Roche and colleagues and other laboratories have resulted in
several important findings regarding the importance of lipid rafts in antigen presentation
(150, 152, 154, 184). A substantial fraction of MHC-II is constitutively associated with
lipid rafts in APC, including Epstein-Barr virus (EBV)+ and EBV- B cell lines (154, 185,
186), primary B cells (187), monocytes (188), and DCs (155, 156, 189, 190), indicating
that MHC-II association with lipid rafts is not restricted to particular cell lines or types.
For example, approximately 50% of surface MHC-II was found to reside in membrane
rafts in both human and murine B cells (154). MHC-II molecules also colocalize with
conventional raft markers, including GM1-ganglioside, in Triton X-100-resistant
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membranes on the surface of intact B cells (150). Disruption of rafts with MBCD results
in an approximate 60% reduction in the total amount of MHC-II associated with rafts
(154). In the same study, treatment with MBCD inhibited the ability of B cells to
stimulate antigen-specific T cells in conditions of low antigen dose. Since MBCD did not
disrupt the formation of SDS-stable MHC-II dimers or total MHC-II surface expression,
this suggests that lipid rafts concentrate pMHC-II at the plasma membrane of APC prior
to T cell contact thereby allowing efficient antigen specific T cell activation at low
antigen availability (154). APC lipid rafts containing pMHC-II traffic to the
immunological synapse during the initial stages of T cell interaction with an APC and
relevant pMHC-II are eventually recruited to the central region of the synapse while
irrelevant pMHC-II are excluded (150, 191). In summary, these results support the
hypothesis the lipid rafts function to concentrate specific pMHC-II at the plasma
membrane to facilitate T cell activation.
Despite these studies evaluating the functional role of raft-associated pMHC-II,
less is known about what controls the incorporation of pMHC-II into these microdomains.
Both palmitoylation and ubiquitylation are two important post-translational modifications
that modulate protein targeting to membrane microdomains (192). However, deletion of
the cytoplasmic domain of both the α and β chains does not affect recruitment of MHC-II
into lipid rafts, suggesting raft recruitment is mediated through interaction with additional
molecules or proteins (187). Pulse-chase biosynthetic radiolabeling and protein transport
inhibiting experiments have demonstrated that MHC-II become associated with lipid rafts
prior to peptide binding, possibly as early as the Golgi apparatus, and up to 60% of these
MHC-II remain raft-associated during Ii degradation, peptide loading, and transport to the
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plasma membrane (184, 193). Interestingly, one of these studies suggested that MHC-IIbound peptides may modulate the affinity of MHC-II to membrane rafts by inducing
conformational changes (193). Some pMHC-II epitopes may exhibit an inherent affinity
for membrane lipid rafts, as evidenced by the observation that some anti-pMHC-II mAbs
recognize a subset of lipid-raft resident pMHC-II (186). However, the molecular
mechanisms governing this possible association are currently not fully understood.
Additional findings suggest that MHC-II may associate with lipid rafts during
transport onto ILVs within MVB (152, 194). ILVs contain several of the molecules
associated with lipid rafts including cholesterol, sphingomyelin, and gangliosides (195197). Furthermore, the pMHC-II present on exosomes is detergent insoluble suggesting
that exosome-, and thus ILV-associated MHC-II is largely present in lipid rafts (195).
Peptide loading is likely to occur on ILV-associated MHC-II, and it has been suggested
that fusion of ILV with the MVB limiting membrane occurs prior to transport of mature
pMHC-II to the plasma membrane (145). A hypothetical model has been proposed where
ILVs containing raft-associated MHC-II containing similar antigenic peptides fuse with
the limiting membrane of MVB, followed by outward budding of the MVB and formation
of a transport vesicle which eventually docks and fuses with the plasma membrane,
thereby delivering raft-associated pMHC-II into the plasma membrane (152). This model
is supported by the observation that pMHC-II generated in antigen-loading compartments
arrive at the plasma membrane of DCs in small microclusters which resemble lipid rafts
(156). While there is much left to be known about the role of lipid rafts in antigen
presentation, if the above model holds true, it will represent a mechanism for APCs to
temporally and spatially coordinate the presentation of relevant antigens.

33

1.2.4.2 Tetraspanin-enriched microdomains
In addition to associating with lipid raft microdomains, pMHC-II also bind a class
of membrane proteins termed tetraspanins (151, 181, 182), which form larger membrane
complexes called tetraspanin-enriched microdomains (TEMs) or the tetraspanin web
(198, 199). As their name suggests, TEMs are enriched in tetraspanins, a family of
proteins containing four transmembrane domains (Figure 1.4B). A conserved feature of
tetraspanin proteins is the presence of a small extracellular loop and large extracellular
loop that connects four transmembrane domains (200). These extracellular domains
mediate specific protein-protein interactions with laterally associated proteins within the
plasma membrane, ultimately resulting in the formation of a larger scaffolding complex.
The cytoplasmic regions of tetraspanins contain palmitoylation sites which contribute to
the clustering of tetraspanin molecules and mediate associations with cytoskeletal and
signaling molecules (201, 202). Tetraspan microdomains are important in several diverse
cellular processes including signal transduction, cell proliferation, cell adhesion, cell
fusion, cell migration, and host-pathogen interactions (203, 204).
Membrane clustering of TEMs involves several protein-protein interactions that
can be classified as primary, secondary or tertiary (199, 205). All three types of
tetraspanin interactions contribute to the formation and preservation of TEM structure and
function (206). Primary interactions involve the association of tetraspanins with other
non-tetraspanin molecules. Tetraspanin molecules can form different primary interactions
in different cell types. For example, the tetraspanin CD81 associates with CD19 in B
cells, forming part of the coreceptor for antigen recognition by surface immunoglobulin
(207). However, CD81 associates with CD4 and CD8 in T cells (208). Tetraspanins
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expressed in immune cells are also well known to directly bind a variety of integrins
(180). Secondary interactions include associations of tetraspanins with other members of
the tetraspanin family and require the palmitoylation of tetraspan cytoplasmic residues to
maintain such interactions (209). Whereas primary and secondary interactions involve
direct binding of tetraspanins, tertiary interactions involve the indirect association of
tetraspanins with additional proteins in TEMs as a result of the clustering of several
proteins (205). Similar to lipid rafts, TEMs are enriched in membrane cholesterol and are
relatively detergent insoluble (210). Furthermore, the different types of tetraspanin
interactions described above can be alternatively classified based on their susceptibility to
disruption by different detergents (211).
Tetraspanins are expressed in a variety of cell types and modulate several distinct
cellular processes including but not limited to endocytosis, exocytosis, adhesion,
migration, signaling, and intracellular protein transport (207). Nearly all cells of the
immune system express tetraspanins including CD9, CD37, CD53, CD63, CD81, CD82,
and CD151 (179, 207). There are several reports which demonstrate the ability of MHCII to associate with different tetraspanin family members (153, 179, 182, 212). The
endolysosomal tetraspanins CD81 and CD82 co-immunoprecipitate with MHC-II in
human B cell lines (182, 198, 212). CD63 associates with peptide-loaded MHC- II within
intracellular vesicles of immature DCs, whereas other tetraspanins including CD9, CD53,
and CD81 associate with MHC-II at the plasma membrane (181). Furthermore, MHC-II
associates with CD9 and CD38 in human monocytes (188), and with CD9, CD53, CD81,
and CD82 in human DCs (212).
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Tetraspanins were also reported to cluster on the cell surface of APC with a select
set of MHC-II containing the CDw78 epitope identified by the mAb FN1 which interacts
only with clustered MHC-II epitopes. Immunoprecipitation with this antibody in mild
detergents resulted in the enrichment of tetraspanins and DM, compared with an antibody
recognizing the entire pool of DM molecules (153). Moreover, these tetraspaninassociated CDw78+ clusters of MHC-II were shown contain a select set of peptides that
were functionally enhanced in their ability to activate T cell responses (151, 153, 213).
These findings supported the idea that TEMs facilitate pMHC-II clustering into distinct
membrane microdomains separate from lipid rafts (153, 214). However, an additional
study found no correlation between expression of CDw78 and expression of tetraspanins
and instead concluded that rather than defining a unique tetraspanin-associated subset of
MHC-II, CDw78 is instead a conformational epitope generated during intracellular
trafficking of MHC-II (212). It has been suggested by some that the distinction between
lipid raft microdomains and TEMs is artificial and non-existent in vivo (152), supported
by several studies which have indicated that tetraspanins can be isolated in detergentinsoluble fractions in a cholesterol-dependent manner along with lipid rafts (215, 216).
More recently, Unternaehrer et al. have suggested that the ability of distinct forms
of mouse MHC-II to cluster is largely dependent on the direct association of MHC-II with
the tetraspanin CD9 (217). Conversely, a follow-up study demonstrated that deletion of
CD9 and CD81 had no effect on this clustering of MHC-II, and that association with lipid
rafts was responsible for this clustering (190). Moreover, an additional study
demonstrated that silencing of CD9, CD63, and CD81 actually enhanced MHC-II
expression (218). Given the inconsistency in studies which have evaluated tetraspanin
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association with MHC-II, the concept that TEMs function to cluster unique functionallyrelevant subsets of pMHC-II at the surface of APC is controversial, and the functional
role of TEMs in antigen presentation remains uncertain.

1.3 Exosomes
Antigenic presentation of peptides by MHC-II to CD4+ T cells can also occur in
the absence of cell-cell contact between an APC and T cell via a mechanism involving
membrane vesicles termed exosomes (219-221). As previously mentioned, the typical
mode of MHC-II presentation involves the creation of mature pMHC-II on the ILVs
within MIICs followed by back-fusion of ILVs with the MIIC limiting membrane and
subsequent transport to the cell surface. In some instances, an entire MVB fuses directly
with the plasma membrane, releasing its entire contents including ILVs into the
extracellular milieu and the secreted ILVs are referred to as exosomes (222). The term
exosome was first used to describe microvesicles that were secreted by neoplastic cell
lines (223). However, exosomes were not widely studied until EBV-transformed B cells
were shown to secrete exosomes that could induce antigen-specific MHC-II-restricted T
cell responses (219). These results were further extended to dendritic cells (220, 221). In
addition to professional APCs, exosomes are secreted by a wide variety of cell types such
as T cells, mast cells, intestinal epithelial cells, and tumor cells (224). The possibility that
exosomes are involved in several pathological conditions including the spread of
pathogens (225, 226) and modulation of immune responses (227, 228) has stimulated
further research on these vesicles.
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Exosomes can be distinguished from other membrane vesicles based on their size,
density in sucrose, sedimentation value, intracellular origin, and protein and lipid
composition (229). Exosomes have been purified from a variety of biological sources
including plasma (230), serum (231), urine (232), milk (233), and several body tissue
fluids (234-236) suggesting that these vesicles are actively secreted from cells in vivo.
The protein composition of exosomes is dependent on the cell type which it has been
secreted from, but all exosomes share some ubiquitous protein markers. Proteomic
analysis of exosomes purified from cultured cells and biological fluids have identified a
broad range of exosomal markers including adhesion molecules (integrins, intercellular
adhesion molecule 1, lymphocyte function-associated antigen 3, CD11 a, b, and c)
signaling molecules (kinases, Src homology 2 domain-containing proteins, phosphatases,
catenins), membrane trafficking and MVB formation proteins (lysosomal-associated
membrane proteins 1 and 2, Rab GTPases, annexins), cytoskeletal proteins (tubulin,
coifilin, actin, moesin), lipid raft-associated molecules (lysobisphosphatidic acid, flotilin1, cholesterol), tetraspanins (CD9, CD37, CD53, CD63, CD81, CD82), and antigen
presentation molecules (CD86, MHC-I, MHC-II) as shown in Figure 1.5 (229, 237).
Given the variety of molecules which are carried by exosomes, these vesicles have been
implicated in a variety of cellular processes (229).
Since the initial discovery that EBV-transformed B cells secrete significant
amounts of specific pMHC-II on exosomes after incubation with intact protein which can
in turn stimulate antigen specific T cell responses (219), much work has concentrated on
understanding the role of exosomes in antigen presentation and their ability to trigger
immune responses. Exosomes themselves can function as a source of antigen for dendritic
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Figure 1.5. Diagram of the protein composition of exosomes compiled from various cell
types.
Adapted from (237).
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cells to present to T cells. For example, exosomes purified from tumor cell lines contain
tumor antigens that can induce activation of antigen-specific T cells in the presence of
DCs (238). As previously stated, exosomes can also function as APCs and present antigen
on their own when they express pMHC-II on their surface. APC-derived exosomes can
directly activate CD4+ T cell lines (219, 239) and primary CD4+ T cells in vitro and in
vivo, respectively (220, 240, 241). Furthermore, exosome-derived pMHC-II can be
transferred to recipient DCs to generate peptides to load onto their own MHC molecules
(242) or may remain intact and be expressed on the cell surface of recipient DCs for the
activation of allogeneic T cells (243). Exosomes purified from mature rather than
immature DCs are more efficient at inducing T cells activation suggesting that mature DC
co-stimulatory molecules on exosomes may assist in T cell activation (239, 242).
Plasmacytoid DCs are relatively poor activators of naïve CD4+ T cells due to their
limited phagocytic activity, but after capturing and internalizing exosomes from the
environment, they become effective T cell stimulators (244).
Interestingly, exosomes purified from human monocyte-derived DCs, various cell
lines, and human plasma were found to contain novel MHC-I structures as detected by
conformational-dependent antibodies, suggesting that exosomes may contain unique
MHC complexes or epitopes for recognition by T cells that are not present on the surface
of APCs (245). Given their ability to function as APCs and activate specific T cell
responses, preliminary studies investigating the therapeutic potential for exosomes to be
used as a possible alternative to DC-based immunotherapy have been performed,
especially in the case of anti-tumor immunotherapy (246-250). Further studies are
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required in order to understand the role of exosomes in vivo and their importance in the
immune response to pathogens and immune tolerance.

1.4 Peptide-dependent anti-MHC-II antibodies
The generation of antibodies against MHC-II molecules has proven to be useful
tools in the study of fundamental processes in antigen presentation. One of the first
identified peptide-MHC-II specific antibodies, termed Y-Ae, recognizes self Eα peptide
bound to mouse I-Ab molecules (251). Initial studies using this antibody provided the first
evidence for differential expression of pMHC-II between the thymic medulla and cortex,
supporting the hypothesis that different ligands are involved in the positive and negative
selection of T lymphocytes (252). Since its description, several additional anti-pMHC-II
antibodies have been described (253-256). For example, antibodies recognizing specific
pMHC-II complexes have been useful in quantifying the abundance of these complexes in
a variety of cell types. Using the Y-Ae antibody, the Eα peptide was found to be bound to
12% of all I-Ab molecules on APCs (256). Another mAb termed 30-2, which binds a
partially degraded intermediate of Ii in the context of I-Ab, was also used to show similar
levels of surface expression of this self pMHC-II complex when compared to Y-Ae (254).
The mAb Aw3.18 which recognizes murine I-Ak molecules bound to the peptide residues
48-62 of the exogenous antigen hen egg lysozyme, was used to determine the fraction of
I-Ak molecules loaded with this peptide after culture of APC with exogenous antigen
(253). The mAb UL-5 A1 recognizes a conformational epitope formed by
DRB1*01:01molecules containing HLA-A2 derived peptides, and binds to pMHC-II in a
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similar fashion as T cells (257). The use of these pMHC-II specific mAbs in these early
studies resulted in key findings that contributed to our early understanding of the peptide
repertoire expressed by antigen presenting cells. It has been well documented that pMHC
complexes can exist in multiple conformations as a result of their traffic through the
endocytic pathway and eventual binding of peptide (14, 258). The initial detection and
description of these conformational changes was aided by the use of anti-MHC mAbs that
were sensitive to these shifts in conformational states (259-264). One such example is the
mAb 25-9-17 (265) which was shown to bind I-Ab molecules on the surface of B cells.
25-9-17 recognized I-Ab molecules containing CLIP but failed to recognize I-Ab loaded
with a peptide derived from the Eα chain of I-E suggesting bound peptides induce subtle
changes in MHC-II conformation (266).
Additional studies using the anti-HLA-DR3 mAb 16.23 and mutant B cell lines
revealed that HLA-DR3 molecules can exist in different conformational states (267, 268).
Mutagenized B lymphoblastoid cells selected for loss of the 16.23 epitope were unable to
process and present protein antigen, contained SDS-instable MHC-II dimers, and lost the
expression of two DR3 determinants (267, 269). The role of HLA-DM in the MHC-II
pathway had not yet been uncovered; however, it was not long until the absence of HLADM was attributed to the defective antigen presenting phenotype in these mutant B
lymphoblastoid cell lines (270, 271). Formation of the 16.23 epitope was later shown to
be influenced by interaction with HLA-DM and the Ii (272, 273). These conformational
differences are important because they can affect T cell reactivity. For example, it was
shown that T cells could differentiate between the 16.23+ or – conformations of DR3
(273). Others have also found that T cells can selectively recognize distinct pMHC-II
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conformations which result from different antigen processing and peptide loading
pathways (274, 275). Given that these findings were partly based on the detection of
conformers using anti-MHC-II mAbs, one cannot discredit the value of these mAbs as a
valuable research tool in uncovering particulars of antigen presentation.

1.5 Antibody-defined epitopes on HLA-DRB1*04 molecules
1.5.1 NFLD.D1, NFLD.D2, NFLD.D10
Several mouse monoclonal antibodies that recognize different epitopes on HLADRB1*04 molecules have been previously produced and characterized in our laboratory
(276-281). These antibodies were generated using class-II-negative murine L-cell
fibroblasts transfected with human HLA-DR molecules as immunogens. The NFLD.D1
mAb recognizes an epitope in the β2 domain of all DRβ1*04 molecules (278). Both a
leucine at position 180 and a threonine at position 181 are critical for this epitope (282).
The NFLD.D2 mAb binds DRB1 molecules near the peptide binding groove which have
the amino acid sequence QKRAA or QRRAA from position 70 to 74. The epitope for
NFLD.D2 is influenced by peptide in the peptide-binding groove and other amino acids at
positions 28, 67, and 86 (278, 279). An additional mAb, NFLD.D10, recognizes an
epitope on DRB1 molecules near the peptide binding groove, with amino acids at
positions 70 and 73 playing a critical role in mAb binding (279). These mAbs have been
useful in studying the expression of HLA-DRB1*04 in professional and non-professional
antigen presenting cells (278-282).
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1.5.2 NFLD.D11 and NFLD.D13
Two other mAbs, which are the main focus of this thesis, are NFLD.D11 and
NFLD.D13. Compared with the mAbs described above, their epitopes are more restricted
in their cellular expression. NFLD.D11 was previously shown to bind an epitope on
DRB1*04:01 and 04:13, but not 04:02, 04:04, 04:05, 04:06, 04:07, 04:08, 04:10, or 04:11
molecules, in EBV-transformed B cell lines (78, 280). These results demonstrated that
both a lysine at position 71 in pocket 4 and a glycine or valine at position 86 in pocket 1of
the DRB1*04 molecule are important for NFLD.D11 binding. Further investigation
demonstrated that expression of this epitope requires co-expression of HLA-DM in the
context of DRB1*04:01, as this epitope is not expressed in B cells lacking DM but is
restored after reconstitution of DM expression (280). In addition, the epitope was not
expressed by the DM- B cell line 9.5.3 0401, but abundantly expressed by its DM+ parent
cell line 8.1.6 0401 (78). Further investigation showed that binding of NFLD.D11 to its
epitope can be prevented by blocking with antibodies which bind near the peptide binding
groove including NFLD.D2 and NFLD.D10 (283). Given the DM-requirement for
presentation of this epitope, it is similar to and can be classified as a DM-dependent
epitope as previously described (102).
The epitope recognized by NFLD.D11, hereafter referred to as D11-0401, requires
DM for expression, but DM alone is not sufficient for expression, suggesting that
formation of this epitope is contingent on other cellular factors (280). Furthermore,
several cells which express both DM and DRB1*04:01 lack expression of D11-0401
including IFN-γ stimulated synovial, epithelial, and breast cancer cells (281), as well as
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the Burkitt’s B cell lymphoma line Daudi and T cell line Jurkat transfected with
DRB1*04:01, suggesting that normal and EBV-transformed B cells contained the correct
combination of cellular factors responsible for D11-0401 expression (280).
Similar to NFLD.D11, the NFLD.D13 mAb binds an epitope on DRB1*04:01
molecules in B cell lines (283). However, whereas NFLD.D11 binding to DRB1*04:01
requires co-expression of DM, NFLD.D13 binds to DRB1*04:01 only in the absence of
DM (78). For example, the NFLD.D13 epitope on DRB1*04:01, hereafter referred to as
D13-0401, is abundantly expressed by the DM- B cell line 9.5.3 0401, whereas the DM+
parent cell line 8.1.6 0401 lacks expression of this epitope (78). D13-0401 is also
expressed on other DM- B cell lines including 5.2.4 0401, SJO Dw4, BLS Dw4, and T2
Dw4 (283). Similar to D11-0401, the D13-0401 epitope is near the peptide binding
groove of DRB1*04:01 because binding can be prevented by blocking with antibodies
that bind near this region including NFLD.D2 and NFLD.D10 (283). Since the presence
of DM prevents the presentation of the D13-0401 epitope, it can be classified as DMsensitive, as described for other peptide epitopes (102-104).
Since the 8.1.6 and 9.5.3 cell lines were important in characterizing the D11-0401
and D13-0401 epitopes in previous studies, both cell lines were routinely used in the
current study. For this reason, a brief summary of the derivation of these cell lines, as
well as an additional DM- cell line, 5.2.4, is shown in Figure 1.6. As previously reported,
9.5.3 0401 lacks expression of DM compared to its parent 8.1.6 0401, while both retain
expression of intact HLA-DR molecules (Figure 1.7).
NFLD.D13 also recognizes an additional epitope on DRB1*04:04, but not
04:05, 04:08, 04:10, 04:13, 01:01, 01:02, or 14:02 molecules, in EBV-transformed B cell
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Figure 1.6. Derivation of the cell lines 8.1.6, 5.2.4, and 9.5.3 from the B lymphoblastoid
cell line T5-1 and mapping of gene deletions.
Cell lines were derived from their parent by ethyl methane sulfonate mutagenesis
followed by immunoselection with the indicated antibody and complement lysis (267).
The vertical bars indicate approximate locations of HLA-I and HLA-II genetic loci.
Additional genes located in this region of the MHC, as shown in Figure 1.1, have been
omitted for ease of demonstration. Adapted from (271).
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Figure 1.7. The cell line 9.5.3 lacks expression of DM compared to its parent cell line
8.1.6.
The cells lines 8.1.6 and 9.5.3 (both transfected with DRB1*04:01) were stained for
HLA-DM and HLA-DR using immunocytochemistry. Cells were removed from cell
culture and washed in PBS. Cell preparations were made using a cytocentrifuge by
centrifuging 50 000 cells/prep at 1600 rpm for 5 minutes. Slides were allowed to dry at
room temperature for a couple of hours and were then fixed in ice cold acetone at -20oC
for 10 minutes followed by a 1 hour drying period at room temperature. Following
fixation, cells were rehydrated with PBS, rinsed with wash buffer (0.5% BSA, 0.05%
Tween-20 in PBS), and incubated in H2O2 for 10 minutes. Cells were then washed 3 x 5
minutes with wash buffer and blocked for 1 hour with 15% goat serum in PBS. Cells
were incubated for 1 hour at room temperature with primary antibodies anti-DR (L243),
anti-DM (MaP.DM1), and an isotype control diluted in wash buffer, followed by 3 x 5
minute washes as above and 30 minute incubation with a peroxidase-conjugated
secondary antibody. Cells were washed again as above and stained with ImmPACT 3, 3`diaminobenzidine peroxidase substrate (Vector) for 4 minutes and counterstained with
Mayers’ hematoxylin for 1 minute. Slides were viewed using a Leica stereomicroscope
and images were captured using a SPOT RT CCD Cool Camera. Images shown are 100x.
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lines. Comparing the amino acid sequence of these DRB1 molecules, four residues that
contribute to formation of the NFLD.D13 epitope, hereafter referred to as D13-0404,
were deduced: tyrosine at position 37, aspartic acid at position 57, arginine position 71,
and valine at position 86 (283). Interestingly, all four of these positions are contact points
for either T cell or peptide recognition, which suggest that this epitope is also near the
peptide-binding groove of DRB1*04:04, similar to D11-0401 and D13-0401 on
DRB1*04:01.
Unlike D11-0401 and D13-0401, it is not clear whether DM alters expression of
this epitope. As with NFLD.D11, mAbs known to bind near the peptide binding groove
such as NFLD.D2 and NFLD.D10 were able to block binding of NFLD.D13 to its epitope
on DRB1*04:04 molecules (283).
Given the allele-dependent and cell-restricted expression of the D11-0401, D130401, and D13-0404 epitopes, additional work by Spurrell D.R. examined other factors
contributing to formation of these epitopes (283). It was observed that D11-0401, D130401, and D13-0404 formation required newly synthesized DRB1*04 molecules. In
addition to being expressed at the cell surface, both D11-0401 and D13-0404 were
observed in the endosomal pathway and co-localized with markers for peptide loading
compartments. Given that these epitopes are modulated by DM, are located near the
peptide binding groove, and reside intracellularly within MIICs, he further hypothesized
that cellular-restricted peptides or specific peptide processing events contribute to the
formation of these epitopes. Both D11-0401 and D13-0401 were found to require a subset
of cysteine proteases for epitope formation, indeed suggesting that specific peptides
contribute to formation of these epitopes (283).
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1.6 Rationale and objectives
As previously described, the formation of the DRB1*04:01-restricted D11-0401
epitope requires expression of the peptide-editor HLA-DM, and is thus DM-dependent
(78, 280, 283). Conversely, the D13-0401 epitope is DM-sensitive as it is only expressed
on DRB1*04:01 molecules in the absence of DM (78, 283). Interestingly, this epitope is
similar to the D13-0404 epitope present only on DRB1*04:04 molecules. Prior to my
thesis work, Spurrell, D.R. and Drover, S. demonstrated that these epitopes mapped to the
peptide-binding groove, suggesting that peptides directly contribute to epitope formation.
Additional findings supporting this hypothesis were (a) the cell-specific expression
profile of these epitopes (278-280); (b) D11-0401 and D13-0404 co-localized with
markers of MIICs (283); and (c) inhibition of a particular subset of cellular cysteine
proteases abrogated D11-0401 and D13-0401 expression (283). The hypothesis that
bound peptide contributes to the formation of these epitopes is further investigated in this
thesis. Since these DM-modulated epitopes are expressed on DRB1 alleles carrying the
shared epitope (SE) that is strongly associated with the development of RA (284, 285),
and DM has been suggested to play a role in RA (286-288), further investigation into the
formation of these epitopes may provide insight into the mechanism of SE-associated
autoimmunity.
Although the DM requirements of these epitopes were partially understood when
this thesis work began, the role of HLA-DO to the formation of these epitopes was
unknown. HLA-DO can affect DM-mediated peptide loading and has also been shown to
alter the presentation of antigen-specific epitopes (68, 97, 289, 290). Since D11-0401
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requires DM for formation and is likely influenced by the bound peptide, we questioned
whether HLA-DO also influences this epitope. Similarly, we examined the role of DO in
the presentation of the DM-sensitive D13-0401 epitope. Understanding the antigen
processing events that govern the formation of these epitopes may give insight into the
formation of DM-resistant, DM-sensitive, and DM-dependent antigenic epitopes and their
role in DRB1*04-associated autoimmune disease.
Although the previous study identified D11-0401 complexes on exosome-like
vesicles using electron microscopy, analysis of these epitopes on purified exosome
populations was not done (283). Other evidence to suggest this included colocalization of
these epitopes with exosomal tetraspanin markers CD63 and CD82 within MVBs, the sire
of exosome biogenesis (283). EBV-transformed B lymphocytes are known to
constitutively secrete exosomes that contain functionally competent pMHC-II complexes
on their surface (219). Recently, novel MHC-I epitopes have been detected on exosomes
derived from DCs, suggesting that unique MHC epitopes not expressed on the cell surface
may be present on exosomes for recognition by the immune system (245). For these
reasons, we investigated the expression of D11-0401, D13-0401, and D13-0404 on BLCL-derived exosomes.
The tetraspanins CD63 and CD82 are also integral components of TEMs, which
are able to concentrate particular epitope-defined pMHC-II complexes in the plasma
membrane (153). These TEM-associated pMHC-II complexes were associated with DM
and contained a select set of antigenic peptides (153). After preliminary experiments
indicated that apparent disruption of TEMs caused a decrease in expression of D11-0401
and D13-0404 (283), we hypothesized that these epitopes may represent a distinct subset
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of DRB1*04 molecules that associate with TEMs similar to other previously described
epitopes (153, 217). We also investigated the role of another type of membrane
microdomain, lipid rafts, in the presentation of these epitopes, since distinct pMHC-II
molecules have been shown to associate with these microdomains (156, 163). The
possibility that the DRB1*04 epitopes described here may represent distinct pMHC-II
complexes associated with particular membrane microdomains would further our
understanding of expression of DM-sensitive, DM-dependent, and DM-resistant epitopes
and implications for T cell recognition.

Objectives:

1.

To determine the role that HLA-DO has in regulating the expression of the

D11-0401, D13-0401, and D13-0404 epitopes in B-LCL.
2.

To further investigate if endogenous cell-specific peptides are involved in

forming D11-0401, D13-0401, and D13-0404.
3.

To characterize the expression of the D11-0401, D13-0401, and D13-0404

epitopes on B-LCL-derived exosomes.
4.

To determine if lipid rafts and TEMs contain specific subsets of pMHC-II

expressing the D11-0401, D13-0401, and D13-0404 epitopes.
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Chapter 2

Materials and Methods
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2.1 Cell lines, reagents, and antibodies
The human B cell lines SAVC (DRB1*04:01), MT14B (DRB1*04:04), Boleth
(DRB1*04:01),

PF97387

(DRB1*04:01),

WT51

(DRB1*04:01),

GM2219

(DRB1*04:01), and BM92 (DRB1*04:04) were obtained through the 10th International
Histocompatibility Workshop (291). The DRB1-transfected human B cell lines 8.1.6
0401, 9.5.3 0401, 5.2.4 0401, 5.2.4 0401 DM, 5.2.4 0404, and 5.2.4 0404 DM were
kindly provided by Dr. E. D. Mellins (Stanford University) and are previously described
in detail (78, 270). The B cell lines BJAB.DO2 (BJAB DO) and BJAB.V2 (BJAB V)
were kindly provided by Dr. P. Roche (National Institutes of Health) and are described
elsewhere (68). Both B cell lines BJAB and RAMOS were kind gifts from Dr. J.
Thibodeau (University of Montreal). Ramos, BJAB, BJAB V, and BJAB DO were
transfected with DRB1*04:01 using a previously described method (292) and successful
transfection of DRB1*04:01 was confirmed by flow cytometric analysis of surface
expression. DRA*01:01 and DRB1*04:01 transfected cells lacking DM expression
(T2.Dw4, BLS-1.Dw4, SJO.Dw4) and DM-expressing cell lines (T2.Dw4DM, BLS1.Dw4 x .174, SJO.Dw4 x .174) are described elsewhere in detail (280). T2.Dw4 was
provided by Dr. W.W. Kwok (Benaroya Research Institute at Virginia Mason) while
T2.Dw4DM was a kind gift from Dr. P. Cresswell (Yale University School of Medicine).
All cell lines were maintained in either RPMI-1640 or Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 10% heat inactivated fetal calf serum (FCS), 100
units/ml penicillin, 100 g/ml streptomycin, 0.25 g/ml amphotericin B, and 2 mM L-
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glutamine (Gibco), and incubated in a humidified air chamber containing 5% CO2 at
37oC.
HLA-DR expression was analyzed using the following monoclonal antibodies
(mAbs): L243, which binds a conformational epitope on DR dimers near the peptide
groove (293, 294); NFLD.D1 specific for an epitope in the beta-2 (β2) domain of
DRB1*04 (278); NFLD.D11, specific for an allele-specific DM-dependent epitope on
DRB1*04:01 dimers; NFLD.D13, cross reactive for

a DM-sensitive epitope on

DRB1*04:01 dimers and a DM-resistant epitope on DRB1*04:04 DR dimers (78, 103,
280). Other mAbs used in this study included mAbs against HLA-DO (DOB.L1), HLADM (MaP.DM1), CLIP (cerCLIP), Ii (LN2), CD71 (M-A712), CD45 (HI30), ICAM-1
(HA58), CD55 (phycoerthryin (PE)-conjugated IA10), CD40 (5C3), CD86 (IT2.2), CD82
(50F11), and LAMP-1 (H4A3) from BD Pharmingen; GAPDH (6C5), HLA-DM (Tal
18.1), HLA-DRB (Tal 14.1), Ii (PIN.1), CD59 (MEM-43), and CD82 (TS82b) from
Abcam; and CD63 (CLB-180) from Cedarlane. The mAb clone W6/32 was used to detect
MHC-I. Isotype control mAbs were locally prepared or obtained from BD Pharmingen,
eBioscience, or Abcam depending on the application. Secondary antibodies included
peroxidase-conjugated goat anti-mouse F(ab)2 IgG and IgM for cell enzyme-linked
immunosorbent assay, PE-conjugated goat anti-mouse IgG Fcγ and PE-conjugated goat
anti-mouse IgM  chain for flow cytometry, horse radish peroxidase (HRP)-conjugated
goat anti-mouse F(ab`)2 IgG Fcγ and HRP-conjugated goat anti-mouse IgM µ chain for
immunoblotting (Jackson Immunoresearch Laboratories, Inc.), and Alexa Fluor 488-
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conjugated goat anti-mouse IgG1 Fc fragment for confocal microscopy (Life
Technologies).

2.2 Flow cytometry
Freshly harvested cells were washed twice with wash buffer (phosphate buffered
saline (PBS) containing 0.2% FCS and 0.02% sodium azide) and adjusted to 1 x 107
cells/ml for staining. 5 x 105 cells per stain were incubated with the indicated primary
antibody diluted in a total volume of 100 µl wash buffer for 30 minutes at 4oC. Incubation
with an isotype control was performed in parallel. Cells were then washed twice with
wash buffer and incubated with 100 µl of the appropriate fluorochrome-conjugated
secondary antibody diluted in wash buffer for 30 minutes at 4oC in the dark. After 2
washes as described above, cells were fixed with 1% paraformaldehyde (PFA) diluted in
PBS and analyzed using a BD FACSCalibur flow cytometer (Becton Dickinson).
Analysis of flow cytometric data was performed using FlowJo 7.6 software (FlowJo,
LLC).
For assessment of intracellular antigens by flow cytometry, cells were fixed with
2% PFA in PBS for 15 minutes at room temperature, washed with media followed by a
wash with PBS, then permeabilized with 0.2% Tween-20 diluted in PBS for 10 minutes at
room temperature. After permeabilization, cells were stained as described above for
surface staining, except that both primary and secondary antibodies were diluted in
permeabilization buffer.
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For flow cytometric analysis of exosome-coated beads, 10 µl of exosome-labeled
beads was incubated with the indicated primary antibody diluted in wash buffer (PBS
containing 0.5% bovine serum albumin (BSA)) in a total volume of 50 µl for 30 minutes
at 4oC. Incubation with an isotype control antibody was performed in parallel. Beads were
then washed twice in wash buffer and incubated with the appropriate fluorochromeconjugated secondary antibody diluted in wash buffer in a total volume of 50 µl for 30
minutes at 4oC. Beads were washed two more times and resuspended in wash buffer for
analysis. Fluorescence was analyzed on the single beads only by gating on the single bead
population.

2.3 Cell enzyme-linked immunosorbent assay
Cell surface expression of DR molecules and epitopes was measured in some
experiments using a modified enzyme-linked immunosorbent assay, termed cell enzymelinked immunosorbent assay (CELISA), as previously described in detail (295, 296).
Cells were fixed in 2% PFA diluted in PBS, washed with media followed by a wash with
PBS, and seeded in a 96 well round-bottom plate at 2.5 x 104 cells per well. Cells were
incubated for 1 hour at room temperature with the indicated primary antibody or isotype
controls. Cells were washed 3 times with CELISA wash buffer (PBS containing 0.5%
BSA and 0.05% Tween-20) and incubated for 1 hour at room temperature with the
appropriate peroxidase-conjugated secondary antibody. After 3 washes as described
above, cells were incubated for 30 minutes in the dark with o-phenylenediamine
dihydrochloride substrate (Sigma) for colorimetric detection. The reaction was stopped by
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the addition of sulfuric acid and results were analyzed using a Multiscan
spectrophotometer (Biorad) using a 490nm filter. Background optical density (OD) values
obtained from isotype controls were subtracted from each test OD and values from
triplicate samples were averaged. Where indicated, CELISA results are presented as the
fold change in expression of the particular molecule or epitope, calculated by dividing the
mean OD of treated cells by the mean OD of control cells, where a value equal to 1
indicates no change in expression.

2.4 Western blot analysis
Whole cell lysates were prepared in either Triton X-100 lysis buffer (PBS pH 8.0,
1% Triton X-100, 0.5 M ethylenediaminetetraaccetic acid (EDTA))

or 3-[(3-

Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS) lysis buffer
(PBS pH 8.0, 1% CHAPS, 0.5 M EDTA) containing the inhibitors aprotinin (1 µg/ml),
leupeptin (1 µg/ml), pepstatin A (1 µg/ml), and phenylmethylsulfonyl fluoride (10 µg/ml)
(Sigma). The protein content of lysates was determined using the bicinchoninic acid assay
(Thermo Fisher Scientific). Proteins were separated by sodium dodecyl sulfate –
polyacrylamide gel electrophoresis on 8 – 12 % gels (SDS-PAGE) under non-reducing or
reducing conditions where indicated, followed by western blotting. Nitrocellulose
membranes were blocked with blocking buffer (tris buffered saline (TBS) containing
0.05% Tween-20 and 5% milk powder) for 1 hour at room temperature and incubated
overnight with primary antibodies diluted in blocking buffer at 4oC. Membranes were
thoroughly washed with TBS containing 0.05% Tween-20. Blots were subsequently
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probed with the appropriate HRP-conjugated secondary antibody diluted in blocking
buffer for 1 hour at room temperature, followed by thorough washing as above, and
detection with Immobilon Western Chemiluminescent HRP substrate (Millipore).

2.5 Lipid raft labeling and confocal microscopy
Cells from culture were washed in serum-free culture media and incubated with
antibody against the molecule of interest for 30 minutes on ice. The cells were then
washed three times in PBS containing 2% FCS, followed by a 30 minute incubation on
ice with the appropriate fluorophore-conjugated secondary antibody. Plasma membrane
lipid rafts were detected using the Vybrant Alexa Fluor 555 Lipid Raft Labeling Kit
(Invitrogen) according to the manufacturer’s instructions. Cells were incubated with
Alexa Fluor 555-conjugated cholera toxin subunit B (CT-B) for 10 minutes at 4oC,
followed by three washes as above. Cells were then incubated with anti-CT-B antibody
for 15 minutes at 4oC. All cells were washed twice with PBS containing 2% FCS, fixed
with 4% PFA, and mounted on slides in Vectashield anti-fade mounting media (Vector
Labs). Slides were viewed using an Olympus FluoView 1000 confocal laser scanning
microscope (Olympus).

2.6 Fluorescent aerolysin (FLAER) assay
To measure the surface expression of GPI-anchored proteins on cells using flow
cytometry, we performed the unique diagnostic FLAER assay which utilizes an Alexa
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Fluor 488-conjugated version of a non-lysing, mutated form of proaerolysin (297).
Proaerolyisn is a bacterial toxin secreted by Aeromonas hydrophila. After converting to
its active form, aerolysin binds to the GPI moiety of GPI-linked molecules resulting in the
formation of channels in the cell membrane causing cell lysis (298, 299). The FLAER
assay was initially generated for clinical use to aid in the diagnosis of paraoxysmal
nocturnal hemoglobinuria (PNH) (300, 301). PNH is an acquired hematopoietic stem cell
disease characterized by a mutation in the phosphatidyl-inositol glycan gene resulting in a
deficiency of GPI-linked proteins in a clone of hematopoietic cells (302).
The FLAER assay was performed as previously described (297). Approximately 2
x 105 cells were washed with PBS and resuspended in 50 µl PBS containing 2% FCS.
Either 25 µl of a FITC-conjugated isotype control antibody (BD Pharmingen) or 5 µl of
FLAER (Protox Biotech working solution (diluted 1:10 in PBS from stock) was added to
the cells and incubated for 15 minutes at room temperature. Finally, 50 µl of PBS
containing 2% FCS was added to the cells and the samples were immediately analyzed
using a BD FACSCalibur flow cytometer.

2.7 Epitope blocking assay
The location of D11-0401, D13-0404, and D13-0401 epitopes on DRB1*04:01
and DRB1*04:04 molecules was ascertained using several mAbs with known epitopes to
block NFLD.D11 and NFLD.D13 binding measured using CELISA and flow cytometry.
For CELISA, cells were washed in PBS, plated in 96 well plates, and incubated for 1 hour
at room temperature with either anti-DRB1*04 (NFLD.D1), anti-CLIP/DR (cerCLIP), or
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anti-DR (L243) at several concentrations (4 – 500 µg/ml). Cells were washed 3 times
with PBS containing 0.5% BSA followed by a 1 hour incubation at room temperature
with either NFLD.D11 for SAVC cells or NFLD.D13 for MT14B cells. The remainder of
the assay was carried out as described above for CELISA.
For flow cytometry, cells were first incubated with anti-DR (L243) or an isotype
control antibody for 30 minutes on ice followed by 2 washes with flow cytometry wash
buffer. Cells were incubated with NFLD.D11, NFLD.D13, or isotype control antibodies
for 30 minutes on ice followed by 2 washes with flow cytometry wash buffer. Cells were
then incubated with a goat anti-mouse IgM  chain-specific PE-conjugated secondary
antibody for 30 minutes on ice in the dark. Finally, cells were fixed in 2% PFA dissolved
in PBS.

2.8 Protease inhibitor treatment
B-LCL were treated for 18 hours in culture with 25 µM leupeptin (Sigma), 25 µM
pepstatin A (Sigma), 100 µM cathepsin B inhibitor II (CBI II, Ac-Leu-Val-lysinal)
(Calbiochem), or 50µM calpeptin (Calbiochem) as previously described (30, 280).
Control cells were similarly treated with an equivalent volume of the protease inhibitor
diluent (PBS or dimethyl sulfoxide). The protease inhibitors had minimal effect on cell
viability evaluated by trypan blue exclusion. Following inhibitor treatment, cells were
harvested from culture and flow cytometry was performed to determine surface
expression of DR epitopes. Alternatively, cells were fixed with 2% PFA for 15 minutes at
4oC, washed with culture media and PBS, and analyzed by CELISA.
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2.9 Exosome purification
Exosomes were purified from SAVC, MT14B, 8.1.6 0401, and 9.5.3 0401 cultures
by differential ultracentrifugation as previously described in detail (303) and outlined in
Figure 2.1. The procedure involves successive centrifugations at increasing speeds to
eliminate dead cells and large cellular debris leading to the collection of a pellet
containing small vesicles corresponding to exosomes. Prior to cell culture, RPMI-1640
medium supplemented with 10% heat-inactivated FCS was depleted of contaminating
FCS-derived exosomes by overnight centrifugation at 100, 000 x g at 4oC in a Sorvall
Discovery 100SE ultracentrifuge (Thermo Fisher Scientific), after which the supernatant
was filtered sterilized using a vacuum-connected 0.22 µm filter attached to a sterilized
bottle. Exosome-depleted media (ED-media) was stored at 4oC up to 4 weeks until
required for exosome purification. Prior to cell culture, media was supplemented with 2
mM L-glutamine.
Cells were cultured under standard conditions in 50 ml of complete media until
they reached approximately 70% of their maximum concentration in suspension. Cells
were then centrifuged for 10 minutes at 300 x g at 4oC, and resuspended in 50 ml of EDmedia and cultured for 48 hours. Cells were then centrifuged for 10 minutes at 300 x g at
4oC to separate exosomes from the pelleted cells. Making sure not to disturb the cell
pellet, the supernatant containing exosomes was collected and transferred to a 50 ml
conical tube and centrifuged for 20 minutes at 2000 x g at 4oC. The resulting supernatant
was transferred to ultracentrifugation tubes and centrifuged for 30 minutes at 10, 000 x g
at 4oC with a Sorvall TH-641 rotor (Thermo Fisher Scientific) in a Sorvall Discovery
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Figure 2.1. Purification of exosomes from B-LCL.
Exosomes were isolated from cell culture supernatants of the B-LCL SAVC, MT14B,
8.1.6 0401, and 9.5.3 0401 by differential ultracentrifugation as described in detail in the
Materials and Methods and as illustrated in the flow diagram. Adapted from (303).
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ultracentrifugation tubes and subsequently centrifuged for 70 minutes at 100, 000 x g at
4oC, after which the supernatant was carefully removed with a pipette as not to disturb the
pelleted exosomes. Exosomes were resuspended in 1 ml PBS and pooled from several
tubes into a single ultracentrifugation tube and centrifuged for 60 minutes at 100, 000 x g
at 4oC to wash the purified vesicles. Finally, the supernatant was completely removed and
exosomes were resuspended in 100 µl PBS and cryopreserved at -80oC.

2.10 Electron microscopy analysis of exosomes
Purified exosomes were visualized by whole mount electron microscopy as
previously described (303). Exosomes were fixed in 2% PFA diluted in PBS and
deposited on formvar-carbon coated electron microscopy grids and allowed to absorb for
20 minutes. The grids were then washed with PBS and incubated with 1% glutaraldehyde
(Sigma) for 5 minutes. Finally, grids were washed 8 times with distilled water and wholemounted exosomes were imaged using a 1200EX transmission electron microscope (Jeol
Ltd).

2.11 Attachment of exosomes to latex beads for flow cytometric analysis
To determine the expression of DR epitopes and associated proteins on the surface
of exosomes, the vesicles were attached to latex beads and analyzed by flow cytometry as
previously described (303). Five micrograms of exosomes, determined using the
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bicinchoninic acid assay, was incubated with 10 µl surfactant-free aldehyde/sulfate, 4%
weight/volume 3.9 µm latex beads (Interfacial Dynamics) for 15 minutes at room
temperature to allow nonspecific absorption of the vesicles to the latex beads. The total
volume of the latex bead – exosome mixture was brought to 1ml with PBS and incubated
on a rotator wheel for 2 hours at room temperature. Free binding sites on the latex beads
not bound by exosomes were saturated by adding 110 µl of 1M glycine (Sigma) and
incubating for 30 minutes at room temperature to prevent nonspecific absorption of
reagents to the beads during downstream steps. The exosome-labeled beads were then
centrifuged for 3 minutes at 4000 rpm at room temperature. The supernatant was
discarded and the bead pellet was washed three times with 1 ml PBS containing 0.5%
BSA. After the final wash, exosome-labeled beads were resuspended in 0.5 ml PBS
containing 0.5% BSA for analysis of protein expression by flow cytometry as described
above.

2.12 Disruption of plasma membrane microdomains
To determine whether the DRB1*04 epitopes associate with membrane
microdomains, lipid rafts and TEM were disrupted using MBCD and saponin
respectively, as previously described (153). To disrupt lipid rafts, cells were washed with
serum-free culture media and cultured for 10 minutes at 37oC initially with 2.5, 5, or 10
mM MBCD (Sigma) dissolved in serum-free culture media. MBCD disrupts protein
association with lipid rafts by depleting cholesterol from the plasma membrane of cells
(304-306). After MBCD treatment, cells were washed in serum-free culture media at
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room temperature and fixed in 2% PFA in PBS for 15 minutes at 4oC to prevent the
reassembly of rafts. Fixation was stopped by washing with 100 mM glycine diluted in
PBS followed by a second wash with PBS. FCS was omitted from all buffers to prevent
incorporation of cholesterol into cholesterol-depleted cells (307). Cells were then
analyzed by flow cytometry for surface expression of relevant molecules and compared to
untreated control cells. All concentrations of MBCD selectively disrupted expression of
raft-associated proteins without compromising cell health and viability measured by
forward vs side scatter plot analysis in flow cytometry and examination of cellular
morphology by microscopy. Subsequent experiments were performed using 5 mM
MBCD treatment unless indicated otherwise.
Saponin was previously shown to selectively disrupt tetraspanin-tetraspanin
interactions (153, 210). Cells from culture were washed in PBS, fixed in 2% PFA in PBS
for 15 minutes at room temperature, and further washed with culture media and PBS.
Fixed cells were then incubated with 0.1% saponin (Sigma) diluted in PBS with 2% FCS
for 20 minutes at 4oC. Cells were washed twice with flow cytometry wash buffer. Cells
were then analyzed by flow cytometry for surface expression of relevant molecules and
compared to untreated control cells.

2.13 Isolation of detergent resistant membranes
Detergent resistant membranes (DRMs) containing lipid rafts were isolated using
sucrose density gradient ultracentrifugation as previously described (308). Freshly
harvested cells (approximately 5.5 x 107) were lysed in Triton X-100 lysis buffer (PBS
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pH 8.0, 1% Triton X-100, 0.5 M EDTA) containing the inhibitors aprotinin (1 µg/ml),
leupeptin (1 µg/ml), pepstatin A (1 µg/ml), and phenylmethanesulfonyl fluoride (10
µg/ml) for 1 hour at 4oC on a rotator. The lysate was mixed with an equal volume of 80%
sucrose dissolved in lysis buffer and overlaid with 35% sucrose and 5% sucrose dissolved
in lysis buffer. The samples were then centrifuged at 280, 000 x g for 18 hours at 4oC
with a Beckman SW 55 Ti rotor (Beckman Coulter) in a Sorvall Discovery 100SE
ultracentrifuge. Fractions approximately 400 µl in volume were carefully collected by
pipetting from the top of the gradient. The second, third and fourth fractions corresponded
to the visible 5 / 35% sucrose interface where DRMs float after ultracentrifugation in a
sucrose gradient (309). To solubilize the DRMs for SDS-PAGE and western blotting
analysis, 1% n-octylglucoside was added to each gradient fraction and incubated for 1
hour at 4oC on a rotator. For SDS-PAGE, 10 µl of each gradient fraction was loaded per
lane run under non-reducing conditions. Fractions were stored at -80oC.
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Chapter 3

Endosomal chaperones and proteases contribute to the formation of
allele specific epitopes on HLA-DRB1*04 molecules
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3.1 Preamble and objectives
As described in the rationale (Section 1.6), it was previously shown that D110401, D13-040, and D13-0404 epitopes were differentially modulated by DM, mapped to
the peptide binding groove, and were peptide-dependent (78, 278-280, 283). Since DO is
a negative regulator of DM and has a profound effect on the peptide repertoire presented
by MHC-II to T cells (14, 68, 75-77, 97, 289, 290), we hypothesized that presentation of
the DM-dependent D11-0401 and DM-sensitive D13-0401 epitopes is modulated by DO.
It should be noted that this was not addressed in any preceding published or unpublished
work and thus represents new information about these epitopes.
As described in the co-authorship statement, the role of cytoplasmic and
endogenous proteases in generating these epitopes was previously explored using various
inhibitors and the cell based assay, CELISA (283). Here we expanded the study to include
western blotting analysis of the antigen processing pathway in each cell line, as well as
new experiments using flow cytometry. For completeness and clarity and aspirations to
prepare this chapter for a manuscript for publication, some of the previous work is
included in the following results as previously detailed in the co-authorship statement.

The specific objectives addressed in this chapter are:

1.

To compare the expression of DRB1*04 epitopes in B cell lines differing in

their expression of HLA-DO.
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2.

To further investigate whether cell-restricted peptides contribute to formation of

D11-0401, D13-0401, and D13-0404 by examining the effect of protease inhibitors on the
formation of these epitopes in B cell lines.
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3.2 Results

3.2.1 DM-dependent DRB1*04:01 epitope is cell context but not DO-dependent
The DM-dependency of the allele-specific D11-0401 epitope on DRB1*04:01+
peripheral blood B lymphocytes and Epstein-Barr virus (EBV)-transformed B
lymphoblastoid cell lines (B-LCL) was demonstrated by its absence on DMDRB1*04:01+ antigen presentation mutant B cell lines and restoration in DMreconstituted cells (78, 280, 310). Given the well documented modulatory effects of DO
on DM-mediated peptide loading (65, 311) and the DM-requirements of the D11-0401
epitope (78, 280), we queried whether the DO molecule modulated D11-0401 expression.
Thus, we analyzed D11-0401 expression on DM- DO- 5.2.4 0401 cells, also derived from
8.1.6 but lacking both copies of the DOB gene (271, 312). As expected, no D11-0401
was detected on 5.2.4 0401, but surprisingly it was poorly reconstituted in the DM
transfected cells (Figure 3.1A). This was not due to reduced DRB1*04:01 since both DMand DM+ cells expressed equivalent amounts, nor due to deficient DM since severely
reduced surface MHC-II/CLIP on 5.2.4 0401 DM is indicative of functional DM in these
cells (Figure 3.1A).
D11-0401 expression was analyzed on Burkitt lymphoma (BL) cell lines, which
are DM+ but DO-deficient (93, 313, 314), potentially explaining lack of D11-0401
expression on the BL cell line, Daudi-Dw4 (280). Similarly, BL cell lines BJAB and
Ramos transfected with DRB1*04:01 barely expressed D11-0401 despite DRB1*04:01
levels comparable to the control cell SAVC (Figure 3.1B). Western blot and flow
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Figure 3.1. Expression of the DM-dependent D11-0401 epitope is cell-context
dependent.
(A) Restoration of DM in the DO- 5.2.4 0401 cell line does not reconstitute the D11-0401
epitope. Surface expression of DRB1*04 (NFLD.D1), MHC-II/CLIP (cerCLIP), and
D11-0401 was analyzed by flow cytometry on DM- and DM+ 5.2.4 0401 B cell lines.
Isotype controls are shown in grey. (B) DRB1*04 surface expression on BJAB and
Ramos transfected with DRB1*04:01 (BJAB 0401 and Ramos 0401) was compared to
SAVC using flow cytometry. Isotype controls are shown in grey. D11-0401 expression
was plotted against increasing dilutions of NFLD.D11 used to stain cells for flow
cytometry (0.1 = 1:10 dilution). Results are representative of three independent
experiments. (C) Western blot analysis of DMA (Tal 18.1) and DOB (DOB.L1)
expression in whole cell lysates of BJAB 0401 and Ramos 0401 compared to SAVC.
Results are representative of two experiments. (D) Intracellular expression of DM
(MaP.DM1), Ii (LN2), and surface expression of MHC-II/CLIP (cerCLIP) was
determined by flow cytometry. Isotype controls are shown in grey. (E) D11-0401 is not
modulated by transfection of DO in BJAB 0401 cells. Surface expression of DRB1*04
(NFLD.D1), MHC-II/CLIP (cerCLIP), and D11-0401 was analyzed by flow cytometry on
BJAB 0401, BJAB 0401 transfected with DO (BJAB DO 0401), and BJAB transfected
with a vector control (BJAB V 0401). Isotype controls are shown in grey. Results are
representative of two experiments.
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cytometric analysis demonstrated that DM expression was higher in BJAB 0401 than in
Ramos 0401, but reduced compared to SAVC (Figures 3.1C, 3.1D). Consistent with
previous reports (93, 313, 314), DOB was not detected in BJAB and was deficient in
Ramos (Figure 3.1C). Although all cells expressed similar amounts of Ii, MHC-II/CLIP
complexes were drastically reduced on BL lines compared to SAVC, indicating deficient
DO and functional DM in these cells (Figure 3.1D).
To determine whether the D11-0401 epitope could be reconstituted in BL cells,
we analyzed its expression on BJAB cells transfected with both DO and DRB1*04:01. As
shown in Figure 3.1E, D11-0401 expression remained deficient on both BJAB DO 0401
and BJAB V 0401 despite equivalent DRB1*04:01 expression. Increased MHC-II/CLIP
levels on BJAB DO 0401 compared to BJAB V 0401 and BJAB 0401 indicated
functional DO in this cell line (Figure 3.1E). Taken together, these results suggest that
DO does not contribute to formation of the D11-0401 epitope, but as will be discussed
later, it is possible that these cells are missing other factors that generate the appropriate
peptides bound to the DBR1*04:01 molecules which affects D11-0401 expression.

3.2.2 Endolysosomal and cytoplasmic cysteine proteases contribute to formation of
the D11-0401 epitope
The aforementioned and published data suggest the D11-0401 epitope is created
by peptides stably bound to the groove of DRB1*04:01 molecules (280). This idea was
further supported using antibody blocking assays, where NFLD.D11 binding to SAVC is
inhibited by mAb L243, which blocks peptide-specific T-cell responses (34-35).
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However, it was not inhibited by the pan-DRB1*04 β2 domain specific mAb NFLD.D1
(Figures 3.2A, 3.2B), or by cerCLIP, an anti-MHC-II/CLIP mAb (Figure 3.2A). While
these results suggest peptides other than CLIP are involved in the D11-0401 epitope, we
cannot prove a restricted set of peptides contributes to its topology due the unsuitability of
NFLD.D11 for pMHC-II immunoprecipitation and analysis of eluted peptides.
To investigate the peptide source and intracellular antigen processing mechanisms
contributing to D11-0401, SAVC cells were treated or not with pepstatin A, an inhibitor
of aspartyl proteases; leupeptin, a broad inhibitor of cysteine proteases; CBI II, a
cathepsin B inhibitor; or calpeptin, an inhibitor of cytoplasmic calpain proteases for 18
hours, followed by analysis using CELISA. No inhibitor significantly altered total DR or
DRB1*04:01; however, D11-0401expression was reduced by at least half in cells treated
with leupeptin, CBI II, or calpain, but not reduced in cells treated with pepstatin A
(Figure 3.3A). This suggests that antigen processing by endosomal and cytoplasmic
cysteine proteases but not aspartyl proteases, contribute to generating peptides requisite
for the D11-0401 epitope. Western blot analysis of non-reduced samples from whole cell
lysates treated with cysteine protease inhibitors as described above confirmed large
amounts of SDS-stable DR and DRB1*04 dimers in treated and untreated cell, as well as
increased DR monomers in cells treated with leupeptin and calpeptin (Figure 3.3B).
Furthermore, SAVC cells treated with both leupeptin and CBI II or calpeptin, or CBI II
and calpeptin resulted in greater than 95% decrease in D11-0401 (Figure 3.3C). By
contrast, SAVC treated with combinations of pepstatin A with each cysteine inhibitor
showed no further D11-0401 decrease compared to single inhibitor treatments, indicating
that aspartyl protease-derived peptides do not contribute to the D11-0401 epitope (Figure
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Figure 3.2. D11-0401 is located on the peptide binding groove of DRB1*04:01
molecules.
(A) D11-0401 expression measured by CELISA on SAVC cells, after prior incubation
with the indicated concentrations of blocking mAbs: NFLD.D1, specific for an epitope on
the β2 domain of all DRB1*04 molecules; cerCLIP, MHC-II/CLIP complexes; L243,
specific for a conformational epitope near the peptide binding groove on all DR
molecules. D11-0401 expression is given as OD values. (B) D11-0401 expression
measured by flow cytometry on SAVC cells, previously incubated with the blocking mAb
L243 (anti-DR) or with an isotype control mAb. Filled histograms represent isotype
control staining. Unfilled histograms represent D11-0401 expression.
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Figure 3.3. Generation of the D11-0401 epitope is partially abrogated by cysteine
protease inhibitors.
(A) SAVC cells treated with 25µM pepstatin A, 50µM calpeptin, 25µM leupeptin,
100µM CBI II, or with a diluent control and were analyzed for pan-DR (L243),
DRB1*04:01 (NFLD.D1), and D11-0401 expression by CELISA. Results are presented
as the fold change in expression (treated/control), calculated by dividing the mean OD of
inhibitor-treated cells by the mean OD of control cells. A value equal to 1 (solid line)
indicates no change in expression. Values are means of at the least three experiments with
bars representing standard error (n ≥ 3). Significant changes in expression due to protease
inhibition were determined by comparing with total DR using a paired t-test, where an
asterisk denotes p < 0.05. (B) The effect of cysteine protease inhibitors on formation of
SDS-stable DR dimers in SAVC cells. Whole cell lysates prepared from SAVC cells
treated with indicated cysteine protease inhibitors or diluent control were analyzed by
SDS-PAGE (20 µg/lane) under non-reducing conditions and western blotting to detect
SDS-stable DR dimers (L243), DRB1*04 dimers (NFLD.D1) or DRB monomers (Tal
14.1). GAPDH served as a loading control. Results are representative of two experiments.
(C) SAVC cells treated with combinations of indicated protease inhibitors were analyzed
by CELISA for DR, DRB1*04, and D11-0401 expression as described in A.
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3.3C). Since cellular expression of mature pMHC-II complexes and DRB1*04:01 were
minimally affected by protease inhibitor combinations, it is likely that D11-0401 loss was
specific and not due to a general effect on DR molecules. Similar experiments using
lactacytsin, a proteasome inhibitor; wortmannin, an autophagy inhibitor; bafilomycin, an
endosomal acidification and late autophagy inhibitor; and chloroquine, an endosomal
acidification inhibitor, did not significantly alter presentation of D11-0401 epitope
(Appendix A). Altogether, these results support the idea that endogenous proteins cleaved
by cysteine proteases within both endolysosomal and cytoplasmic compartments are the
source of peptides forming the D11-0401 epitope. Alternatively and later examined in
more detail, inhibition of cellular proteases may adversely affect the entire DM-mediated
pathway of peptide loading, thus preventing formation of the DM-dependent D11-0401
epitope.

3.2.3 Expression analysis of the DM-sensitive D13-0401 epitope
We previously showed that a cross reactive epitope on DRB1*04:01 (D13-0401)
and DRB1*04:04 (D13-0404) molecules, was strongly expressed on DM- DO+ 9.5.3
0401 cells but lost on the DM+ DO+ parental cell line 8.1.6 0401 (78). Consistent with
these results, D13-0401 was expressed on the mutant cell lines T2.Dw4, BLS-1.Dw4, and
SJO.Dw4 (all DM- DO-), and abrogated by DM restoration in these cells either by
transfection or by gene complementation (Figure 3.4A). In addition, weak D13-0401
expression observed on DM- DO- 5.2.4 0401 cells was lost after DM restoration (Figure
3.4B). Not surprisingly, DM+ BL cell lines BJAB 0401, BJAB 0401 DO, and Ramos

83

Figure 3.4. Cell surface expression of the D13-0401 epitope on DRB1*04:01 molecules
occurs in the absence of DM.
(A) DM- and DM-restored mutant B cell lines transfected with DRB1*04:01 were
analyzed for D13-0401 by flow cytometry. DM was restored by either transfection or cell
fusion with the DM-expressing cell line .174 as previously described (280). D13-0401
binding is expressed as a percentage of total DRB1*04 surface expression (NFLD.D1).
(B) Weak D13-0401 expression on DO- 5.2.4 0401 is further diminished by DM
restoration. Surface expression of D13-0401 was analyzed by flow cytometry on DMand DM-restored 5.2.4 0401 cells. Isotype controls are shown in grey. (C) BJAB 0401
and Ramos 0401 do not express D13-0401. D13-0401 surface expression on BJAB 0401
and Ramos 0401 was compared to its expression on 9.5.3 0401 cells using flow
cytometry. D13-0401 expression was plotted against increasing dilutions of NFLD.D13
used to stain cells for flow cytometry (0.1 = 1:10 dilution). Results are representative of
three experiments. (D) D13-0401 is located on the peptide binding groove of
DRB1*04:01 molecules. CELISA was used to determine NFLD.D13 binding to the D130401 epitope on 9.5.3 0401 cells after prior incubation with the blocking mAbs: antiDRB1*04 (NFLD.D1), anti-MHC-II/CLIP (cerCLIP), anti-DR (L243), or an isotype
control. D13-0401 expression is shown as OD values. Bars indicate standard deviation
from triplicate measurements (n=1).
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0401 also did not express D13-0401 (Figure 3.4C). Taken together, these results suggest
that the D13-0401 epitope is negatively modulated by DM regardless of the presence of
DO, but may well depend on whether the appropriate peptides are generated in these cell
lines.
Since DM- cells express abundant MHC-II/CLIP complexes, we initially
suspected the D13-0401 epitope was formed by CLIP bound to DRB1*04:01. However,
its weak expression on 5.2.4 0401 cells which contains abundant MHC-II/CLIP
complexes shown in Figure 3.1A suggests otherwise. Furthermore, the epitope was not
blocked by cerCLIP or NFLD.D1, while it was fully blocked by L243 (Figure 3.4D),
suggesting that peptides other than CLIP, but similar in terms of their DM-sensitivity are
responsible for its formation and cell surface expression.

3.2.4 Endolysosomal and cytoplasmic cysteine proteases are necessary for D13-0401
expression in DM- cells, but contribute to its loss in DM+ cells
Although the D13-0401 epitope is clearly sensitive to expression of DM
transgenes in antigen presentation mutants, it was variably expressed on SAVC cells. In
particular, we noted substantially increased D13-expression in leupeptin-treated cells
analyzed using CELISA (Figure 3.5A). However, this assay uses PFA-fixed cells and
wash buffer containing Tween-20 detergent which may result in membrane
permeabilization, thus allowing detection of intracellular epitopes. To clarify this, we
analyzed D13-0401 and D11-0401 expression on leupeptin-treated SAVC cells using
surface and intracellular flow cytometry. Leupeptin treatment minimally affected surface

86

Figure 3.5. Leupeptin treatment differentially modulates cell surface and intracellular
DRB1*04 epitopes in SAVC cells.
(A) SAVC cells were analyzed for D13-0401 expression by CELISA after treatment with
protease inhibitors or diluent control. Results are presented as the fold change in
expression (treated/control), calculated by dividing the mean OD of inhibitor-treated cells
by the mean OD or MFI of control-treated cells, where a value equal to 1 (solid line)
indicates no change in expression. Presneted values are the mean of at the least three
independent experiments with bars representing standard error (n ≥ 3). Significant
changes in expression due to protease inhibition were determined by comparing with total
DR using a paired t-test, where an asterisk denotes p < 0.05. (B) SAVC, treated with
25μM leupeptin (filled histograms) or with diluent (unfilled histograms), were analyzed
by flow cytometry for surface and intracellular expression of DR (L243), DRB1*04
(NFLD.D1), D11-0401, D13-0401, and DM (Map.DM1). Broken line histograms
represent isotype controls. Leupeptin-treated / diluent control-treated values (T/UT) were
calculated as: (MFI of leupeptin-treated cells – MFI of isotype control) / (MFI diluentcontrol cells – MFI isotype control). Results are representative of two independent
experiments.
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peptide-DR conformers, DRB1*04:01 and DM, but resulted in severe loss of surface
D11-0401, and slightly diminished D13-0401 (Figure 3.5B). In contrast, intracellular flow
cytometric analysis revealed a 2.5-fold increase in intracellular D13-0401 expression in
leupeptin-treated cells, no appreciable change in D11-0401, and increased expression of
pDR conformers and DM (Figure 3.5B). These results indicate that 1) the DM-sensitive
D13-0401 epitope is present intracellularly in DM+ SAVC cells, but its formation is
inhibited by cysteine proteases; 2) leupeptin-mediated increase in intracellular D13-0401
is not observed on the cell surface likely due to increased amounts of DM which prevent
surface expression of DRB1*04:01 molecules bearing the D13-0401 epitope; and 3)
leupeptin treatment diminishes surface expression of DM-dependent D11-0401 despite
increased intracellular DM levels.
To validate the effect of cellular proteases in generating the DM-sensitive and
DM-dependent DRB1*04:01 epitopes, SAVC, 8.1.6 0401, and 9.5.3 0401 cells were
treated with protease inhibitors and analyzed for D11-0401 and D13-0401 using surface
flow cytometry. Consistent with CELISA results, no inhibitor treatment significantly
affected expression of total DR or DRB1*04 in all 3 cell lines (Figures 3.6A, 3.6B, 3.6C),
while leupeptin, CBI II, and calpeptin, but not pepstatin A, significantly reduced D110401 surface expression on SAVC (Figure 3.6A). D13-0401 expression was variable on
SAVC, but not significantly altered by any treatment (Figure 3.6A). 8.1.6 0401cells
treated with leupeptin or calpeptin similarly showed a noticeable decrease in D11-0401,
while CBI II had little effect (Figure 3.6B). D13-0401, not normally expressed on the
surface 8.1.6 0401 cells, was somewhat elevated on the cysteine protease inhibitor-treated
cells (Figure 3.6B). In contrast, treatment of 9.5.3 0401 cells with the same cysteine
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Figure 3.6. Expression of DM-dependent D11-0401 and DM-sensitive D13-0401
epitopes requires similar proteases.
SAVC (A), 8.1.6 0401 (B), and 9.5.3 0401 (C) cells were treated with 25µM pepstatin A,
50µM calpeptin, 25µM leupeptin, 100µM CBI II (filled histograms), or with the
appropriate diluent control (unfilled histograms) and surface expression of DR (L243),
DRB1*04 (NFLD.D1), D11-0401, and D13-0401 was analyzed by flow cytometry.
Broken line histograms represent isotype controls. Results from one to four independent
experiments are shown in the bar plots (n = 1-4), where values represent the mean fold
change in expression due to protease inhibitor treatment (treated/control) calculated as:
(MFI of inhibitor-treated cells – MFI of isotype control) / (MFI diluent-control cells –
MFI isotype control), where a value equal to 1 (solid line) indicates no change in
expression. Error bars indicate standard error. Significant changes in expression due to
protease inhibition were determined by comparing with total DR using a paired t-test,
where an asterisk denotes p < 0.05. (D) The effect of cysteine protease inhibitors on
formation of SDS-stable DR dimers in 8.1.6 0401 and 9.5.3 0401 cells. Whole cell lysates
prepared from 8.1.6 0401 and 9.5.3 0401 cells treated with cysteine protease inhibitors or
a diluent control were analyzed by SDS-PAGE (20 µg/lane) under non-reducing
conditions and western blotting to detect SDS-stable DR dimers (L243), DRB1*04
dimers (NFLD.D1), and DRB monomers (Tal 14.1). Detection of GAPDH served as a
loading control.
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protease inhibitors resulted in severe loss of D13-0401 despite no significant reduction in
cell surface DRB1*04 surface expression (Figure 3.6C). Thus, endosomal and
cytoplasmic cysteine proteases contribute to expression of D11-0401 and loss of D130401 epitope in DM+ cells, while the same proteases are required for D13-0401
expression in DM- cells.
The sensitivity of D13-0401 to DM and cysteine proteases suggests this epitope is
formed by less stable immature DRB1*04:01/peptide complexes. We therefore compared
SDS-stable DR dimers in 8.1.6 0401 and 9.5.3 0401 cells, treated with or without the
cysteine protease inhibitors. The amount of total SDS-stable DR and DRB1*04 dimers
were noticeably decreased in lysates from leupeptin-treated 8.1.6 0401 cells along with a
concomitant increase in DRB monomers (Figure 3.6D). The effects of CBI II and
calpeptin on DR and DRB1*04 dimers in 8.1.6 0401cells were not perceptible, but DRB
monomers were increased by CBI II treatment (Figure 3.6D). Consistent with previous
reports (270), 9.5.3 0401 exhibited considerably reduced amounts of endogenous SDSstable DR dimers and increased DRB monomers compared to 8.1.6 0401, while protease
inhibitor treatment had minimal effect (Figure 3.6D). No SDS-stable DRB1*04 dimers
were observed in 9.5.3 0401 indicating that DRB1*04:01 molecules in these DM- cells
primarily exist in a SDS-unstable conformation. The amounts of DM were not
appreciably reduced in lysates from inhibitor-treated 8.1.6 0401 cells indicating that the
loss of D11-0401 and gain of D13-0401 is not a result of alterations in DM expression
(Figure 3.9A). In summary, the above results suggest that endosomal and cytoplasmic
cysteine proteases differentially effect formation and surface expression of D13-0401 in
presence or absence of DM.
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3.2.5 Expression analysis of the DM-resistant D13-0404 epitope
The cognate epitope D13-0404 recognized by the mAb NFLD.D13 was initially
identified on DRB1*04:04 molecules and is restricted to pAPCs as well as DM- antigen
presentation mutants transfected with DRB1*04:04 (283, unpublished). Flow cytometric
analysis of D13-0404 expression demonstrated that this epitope is expressed by 5.2.4
0404 irrespective of DM expression, although at noticeably reduced levels in the DM+
cells (Figure 3.7A). Similar to the other DRB1*04 epitopes, D13-0404 is unlikely formed
by DRB1*04:04/CLIP complexes as epitope blocking assays showed no inhibition of
NFLD.D13 binding by the mAb cerCLIP (Figure 3.7B). However, successfully blocking
by L243 and not with NFLD.D1 further suggests that the D13-0404 epitope is formed on
mature pMHC-II complexes (Figure 3.7C).

3.2.6 Aspartyl and cysteinyl proteases are dispensable in formation of D13-0404
The contribution of peptides generated by endosomal and cytoplasmic antigen
processing to the D13-0404 epitope was analyzed by CELISA on MT14B cells treated
with pepstatin A, leupeptin, CBI II, or calpeptin. Expression of both total DR and
DRB1*04:04, and the amounts of SDS-stable DR dimers were not appreciably affected
by any of the inhibitors, although an accumulation of DRB monomers in leupeptin-treated
cells was observed (Figures 3.8A, 3.8B). Whereas treatment with leupeptin, CBI II, or
calpeptin noticeably altered the presentation of D11-0401 and D13-0401, expression of
D13-0404 was unaffected (Figure 3.8A). Furthermore, additional experiments using
lactacystin, wortmannin, bafilomycin, chloroquine, or the endosomal cysteine protease

94

Figure 3.7. The D13-0404 epitope is a DM-resistant epitope expressed on DRB1*04:04
cells.
(A) Surface expression of DRB1*04:01 (NFLD.D1), class-II-CLIP (cerCLIP), and D130404 was measured by flow cytometry in DO- 5.2.4 0404 cells with or without
transfection with DM. Isotype controls are shown in grey. (B) The D13-0404 epitope is
located near the peptide binding groove of DRB1*04 molecules. CELISA was used to
determine binding of NFLD.D13 to the D13-0404 epitope on MT14B cells after
incubation with the indicated concentrations of the blocking mAbs: anti-DRB1*04
(NFLD.D1), anti-MHC-II/CLIP (cerCLIP), anti-DR (L243), or an isotype control. D130404 expression is shown as OD values. (C) D13-0404 expression was measured by flow
cytometry on MT14B cells previously incubated with the blocking mAb L243 (anti-DR)
or with an isotype control mAb. Filled histograms represent isotype control staining.
Unfilled histograms represent D13-0404 expression.
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inhibitor E64d, did not significantly modify presentation of D13-0404 (Appendix A).
These results demonstrate that endosomal and cytoplasmic cysteine proteases are
dispensable in generating the peptides required for D13-0404 and that there is significant
redundancy in the proteolytic processing of peptides necessary for formation this epitope.

3.2.7 Inhibition of Ii processing by protease inhibitors may modulate DRB1*04
peptide-dependent epitopes
For DM to facilitate efficient loading of endosomal peptides onto DR molecules,
Ii must be cleaved by proteases into CLIP. Incomplete degradation of Ii with an
accumulation of Ii degradation intermediates may occur in leupeptin-treated cells,
resulting in unstable pMHC-II molecules and a decrease of CLIP depending on which
MHC-II alleles are present (53, 78, 79, 117, 315, 316). Our studies on the DRB1*04
epitopes in DM+ cells using cysteine protease inhibitors similarly showed increased DRB
monomers, although the amount of surface DR and SDS-stable dimers were still abundant
(Figures 3.3, 3.6, 3.8). As an indicator of DM function, we determined the expression of
DM and Ii intermediates in all four cell lines, as well as the surface expression of MHCII/CLIP complexes. The amounts of DM were similar in inhibitor-treated and control
cells, while an accumulation of the Ii degradation intermediate Ii-p10 was observed in
cells treated with leupeptin, CBI II, or calpeptin, indicating some inhibition of Ii
degradation to CLIP (Figure 3.9A). This is further supported by diminished cell surface
expression of MHC-II/CLIP complexes in cells treated with cysteine protease inhibitors
(Figure 3.9B). Notably, the largest decreases in MHC-II/CLIP complexes occurred on
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Figure 3.8. Inhibition of aspartyl and cysteinyl proteases does not alter D13-0404
expression in MT14B cells.
(A) MT14B cells treated with 25µM pepstatin A, 50µM calpeptin, 25µM leupeptin,
100µM CBI II, or with the appropriate diluent control were analyzed for total DR (L243),
DRB1*04:01 (NFLD.D1), and D13-0404 by CELISA. The results are presented as the
fold change in expression (treated/control), calculated by dividing the mean OD of
inhibitor-treated cells by the mean OD of control cells, where a value equal to 1 (solid
line) indicates no change in expression. Values are the mean of at the least three
independent experiments with bars representing standard error (n ≥ 3). Significant
changes in expression due to protease inhibition were determined by comparing with total
DR using a paired t-test, where an asterisk denotes p < 0.05. (B) The effect of cysteine
protease inhibitors on the formation of SDS-stable DR dimers in MT14B cells. Whole
cell lysates prepared from of MT14B cells treated with cysteine protease inhibitors or
diluent as above were analyzed by SDS PAGE (20 µg/lane) under non-reducing
conditions and western blotting to detect SDS-stable DR dimers (L243), DRB1*04
dimers (NFLD.D1), and DRB monomers (Tal 14.1). Detection of GAPDH served as a
loading control. Results are representative of two experiments.
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leupeptin treated SAVC and MT14B cells (Figure 3.9B). Taken together, these results
suggest that impaired peptide loading of DRB1*04 molecules due to insufficient Ii
cleavage may contribute to a portion of the observed protease inhibitor-induced reduction
in expression of D11-0401 and D13-0401.
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Figure 3.9. The effect of protease inhibitors on DM, Ii, and MHC-II/CLIP in DRB1*04 B
cell lines.
(A) Whole cell lysates of SAVC , MT14B, 8.1.6 0401, and 9.5.3 0401 cells treated with
the indicated cysteine protease inhibitors or diluent control were analyzed by SDS-PAGE
(20 µg/lane) under non-reducing conditions and western blotting for expression of DMA
(Tal 18.1) and Ii cleavage intermediates (PIN.1). (B) Inhibition of cysteine proteases
reduces MHC-II/CLIP expression. The surface expression of MHC-II/CLIP (cerCLIP)
was analyzed by flow cytometry on SAVC, MT14B, 8.1.6 0401, and 9.5.3 0401 cells
treated with protease inhibitors or a diluent control. Results are displayed as the fold
change in expression due to protease inhibitor treatment (treated/control), calculated as:
(MFI of inhibitor-treated cells – MFI of isotype control) / (MFI diluent-control cells –
MFI isotype control), where a value equal to 1 (solid line) indicates no change in
expression. Displayed values are the mean of one to four independent experiments, with
error bars indicating standard error (n = 1-4). Significant changes in expression due to
protease inhibition were determined by comparing with total DR using a paired t-test,
where an asterisk denotes p < 0.05.
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3.3 Discussion
The results herein show that the cellular mechanisms underlying cell surface
expression of antibody-defined allele-specific DRB1*04 epitopes are multifaceted. The
epitopes, located on the peptide binding sites of DRB1*04 molecules, are formed by
allele-specific residues with bound peptides contributing to their topology. While DM
was previously known to be requisite for the D1l-0401 epitope and deleterious for the
D13-0401 epitope, we show here that co-expression of its co-chaperone, DO, only
marginally affected the epitopes in B-LCL and not in BL. Our results further suggest that
both endosomal and cytoplasmic cysteine proteases are necessary for their expression;
however, whether their role is to directly provide processed peptides or indirectly via
inhibition of Ii degradation is currently unclear. By contrast, the D13-0404 epitope
displayed much less dependence on DM or antigen processing pathways.
Preferential expression of these epitopes on EBV-transformed B-LCL suggests
either cellular specific proteins, different antigen processing mechanisms, or both acting
in concert to contribute to their presentation. The paucity of D11-0401 on BL 0401
transfectants cannot be fully explained by DM levels since DM expression in these cells,
although reduced compared to SAVC, was at least equivalent to DM in the D11-0401+
8.1.6 0401 cell line (Figure 3.1). We reasoned that since DM-mediated peptide loading is
modulated by DO, expressed MHC-II alleles, and the peptide source, the absence of D110401 on BL cells may be due to their deficiency in DO expression (Figure 3.1C, 93, 314).
However, no further enhancement of D11-0401 expression in BJAB DO 0401 (Figure
3.1E) nor in T2.Dw4DMDO cells (E. Mellins, unpublished) suggests otherwise. An
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alternative explanation is that DO may indeed influence D11-0401 expression, but the
peptide source for this epitope is not present in some cell types. For example, the
peptidome in BL cell lines likely differs substantively from B-LCL as they are derived
from germinal center B cells (317, 318), differentially express EBV genes and CD
antigens (319), and are defective in some antigen processing mechanisms (320).
Similarly, the T2 cell line, a T cell - B cell hybrid, is likely to have a different peptidome
from EBV-transformed and normal B cells.
The potential role of DO in the DM-sensitive D13-0401 epitope was also
explored. This epitope, like MHC-II/CLIP, is abundant on the DM- DO+ 9.5.3 0401 cell
line, but is also amply expressed by DM- DO- mutant cell lines and abrogated by DM
restoration (Figure 3.4C). However, low levels of D13-0401 on the T2.Dw4DMDO cells
(E. Mellins, unpublished) as well as variable membrane and intracellular expression in
SAVC cells, suggest that DO may sufficiently inhibit DM to allow low levels of D130401 expression. Such HLA-II-restricted epitopes including several endogenous minor
histocompatibility antigens and CLIP have been previously described as DM-sensitive
(102, 104). While MHC-II/CLIP was clearly upregulated in our DO+ transfected cells
regardless of DM expression, there was no strict correlation between CLIP and D13-0401
expression. The absence of D13-0401 on the CLIP+ transfectants BJAB DO 0401 and
5.2.4 0401 combined with no inhibition by the MHC-II/CLIP-specific mAb cerCLIP
(Figure 3.4), argues against CLIP contributing to the epitope.
Although we have not identified peptides contributing to the DRB1*04 epitopes,
our data suggest that both D11-0401 and D13-0401 require endogenous and not
exogenous proteins. We base this on our finding that calpeptin, an inhibitor of cytosolic
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calpain, when combined with the endosomal cysteine inhibitors leupeptin or cathepsin B,
severely reduced epitope expression in comparison to treatment with either single
inhibitor. One interpretation is that cytoplasmic proteins first processed by calpain are
translocated to MIIC to undergo further processing by cathepsin B and other leupeptinsensitive proteases before binding to DRB1*04:01. Supporting this notion are several
reports of MHC-II presentation of cytoplasmic antigens (30, 71, 139, 321-323) including
a seminal study by Lich et al. (323) where they demonstrated that a DRB1*04:01restricted endogenous glutamic decarboxylase immunodominant epitope required
cytoplasmic processing with subsequent processing in endosomes or lysosomes.

In

addition to calpain, both the proteasome and autophagy have been described as
mechanisms by which cytoplasmic antigens are degraded for presentation by the MHC-II
pathway (71, 139, 322, 324-326). However, the proteasome inhibitor lactacystin and
autophagy inhibitor wortmannin had little effect on their presentation, (Appendix A),
suggesting a different mechanism is responsible for calpain-processed peptides gaining
access to the MHC-II pathway.
In contrast to the D13-0401 loss in DM- 9.5.3 0401 cells, inhibition of calpain and
cysteine proteases in DM+ SAVC and 8.1.6 0401cells resulted in an increase in the
epitope (Figures 3.5, 3.6), suggesting that different peptides contribute to D13-0401 in
DM- and DM+ cells. Among the repertoire of endogenously-derived presented peptides
in DM+ cells are likely sets of peptides that form D13-0401 and D11-0401. However,
DM-editing licenses transport and expression of D11-0401 molecules, but not D13-0401,
for cell surface expression. In the absence of DM, DRB1*04:01/peptide complexes
forming D13-0401 (or MHC-II/CLIP) are well-expressed on the cell surface. It is
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tempting to speculate that similar peptides form DM-dependent D11-0401 and DMsensitive D13-0401 since they are inhibited by the same protease inhibitors. However,
the D13-0401 epitope formed in DM+ cells likely results from different peptides, which
become more available by inhibition of cytoplasmic and endosomal proteases. These
results suggest that it may be possible to induce the presentation of a MHC-II epitope
normally destroyed by DM by inhibiting cellular proteases, similar to a study which
demonstrated presentation of a MHC-I epitope after proteasome inhibition (327).
Current models of DM function propose that DM dissociates low-stability pMHCII and stabilizes the unbound or open conformation of MHC-II thereby allowing binding
of high affinity peptides, thus shaping the repertoire of epitopes expressed by pAPC (14).
The differing DM requirements between D11-0401 and D13-0401 may provide insight
into concepts of immunodominance and crypticity. Initial explanations for crypticity
argued that differences in proteolytic processing of immunodominant and cryptic peptides
could account for crypticity because these epitopes would be degraded during antigen
processing. However, others have demonstrated that presentation of immunodominant
epitopes are enhanced by DM while cryptic epitopes are antagonized by DM, suggesting
that DM determines the immunodominant or cryptic fate of a given MHC-II epitope (328,
329). Our results support this view because even though both D11-0401 and D13-0401
epitopes exhibit similar protease requirements, they are differentially expressed
depending on the presence or absence of DM. Furthermore, the intracellular levels of
D13-0401 epitope in DM+ DO+ B-LCL suggest that this epitope forms within the
endosomal pathway, but is antagonized by DM before it can reach the surface.
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A major limitation of this study is peptide elution and mass spectrometry studies
were not possible due to unsuitability of the NFLD.D11 and NFLD.D13 mAbs for
immunoprecipitation. Although our results suggest cytoplasmic proteins are the likely
source of peptides contributing to D11-0401 and D13-0401, we can only speculate on the
actual protein source. Given the epitopes are largely restricted to EBV-transformed B cell
lines, possible candidate antigens include B cell specific proteins such as
immunoglobulin, or EBV viral proteins including nuclear antigen, or latent membrane
proteins. Many of the latter are not expressed in BJAB and Ramos cells (330, 331), which
were notably negative for D11-0401 or D13-0401 (Figures 3.1, 3.4). Peptides derived
from HLA-I molecules are also strong candidates as they were previously shown to
constitute an antibody-defined epitope in the context of DRB1*01 (255), and were
abundant among peptides eluted from DRB1*04:01 molecules analyzed by mass
spectroscopy (158). Incomplete reconstitution of D11-0401 on T2.Dw4DM, a line which
poorly expresses HLA-I, combined with a lack of D11-0401 expression on HLA class-Inegative Daudi-Dw4 cells (280), initially suggested HLA-I molecules were the peptide
source. However, failure to induce D11-0401 in Daudi-Dw4 by transfecting with B2M to
reconstitute MHC-I expression, does not support this view (S. Drover, unpublished). A
further argument against HLA-I as the peptide source is that BJAB and Ramos both
express HLA-I, with the caveat that other defects in the HLA-I antigen processing
pathway have been reported in BL cells (320).
Given the strong genetic relationship between both DRB1*04:01 and
DRB1*04:04 and severe RA (284, 285, 332, 333), we previously tested and showed
expression of D11-0401 and D13-0404 epitopes on DRB1*04+ B cells from RA patients

107

and healthy patients (310). In that study, DRB1*04 was identified using the DR4-specific
mAb, NFLD.D1 and the designation of DRB1*04:01 and DRB1*04:04 was based on
NFLD.D11 and/or NFLD.D13 binding, not allele-specific DRB1*04 typing. Since DM is
critical to modulation of both D11-0401 and D13-0401 (potentially same topology as
D13-0404) and given reports of decreased DM levels in B cells from RA patients (286), a
further analysis of these epitopes combined with DM expression in RA is warranted.
Such a study may provide further understanding of cross reactive HLA-DRB1*04
epitopes formed from self-peptides in the context of DM expression and DRB1*04associated autoimmune disease.
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Chapter 4

A study on the role of exosomes, lipid rafts, and tetraspanin
microdomains in the formation of DRB1*04 epitopes
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4.1 Preamble and objectives
In addition to presenting pMHC-II on their cell surface, pAPC constitutively
secrete a significant amount of pMHC-II on exosomes that are able to directly and
indirectly activate antigen-specific T cells both in vitro and in vivo (219, 220, 240, 241),
as well as mediate the transfer of antigen between cells (244, 334). Exosomes have also
been found to contain unique MHC molecules that are not expressed in the plasma
membrane (245), suggesting that antigen presentation via exosomes may result in the
presentation of unique epitopes that are not generated in the classical pathway of antigen
presentation. Previous work by Spurrell D. R. identified expression of D11-0401 on
exosome-like vesicles near the cell surface of B-LCL, as well as localization of D11-0401
and D13-0404 to sites of intracellular exosome biogenesis (283). Based on this, we
hypothesized that the DRB1*04 epitopes are expressed on B-LCL-derived exosomes.
Investigating the repertoire of pMHC-II expressed on exosomes has the potential to
impact our understanding of how exosomes contribute to cellular communication between
distant immune cells.
Recent studies suggest that pMHC-II are not uniformly distributed throughout the
plasma membrane in pAPCs, but instead are concentrated and organized into
supramolecular complexes such as lipid rafts or TEMs in a way which facilitates antigen
presentation (145, 151-156, 163, 193). Preliminary work performed by Spurrell D.R.
suggested that DR molecules bearing the D11-0401 and D13-0404 epitopes were
associated with tetraspanins CD63 and CD82 and that disruption of TEMs caused a
notable decrease in surface expression of these epitopes (283), suggesting that these
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epitopes may be expressed on a distinct subset of DRB1 molecules that are associated
with TEMs. However, these previous experiments did not include the analysis of
appropriate control molecules. In addition, these experiments suggested no association of
these epitopes with lipid rafts, but MBCD treatment to disrupt rafts was performed on
cells fixed with paraformaldehyde, making it difficult to understand how this treatment
could disrupt chemically cross-linked proteins. Using an updated methodology where
MBCD treatment was performed prior to cell fixation and included analysis of additional
control molecules, as well as preparation of DRMs containing rafts, we further
investigated the hypothesis that the D11-0401, D13-0401, and D13-0404 epitopes are
concentrated in TEMs and lipid rafts. The results from these experiments will hopefully
help clarify the role of membrane microdomains in concentrating speicifc pMHC-II
complexes on the cell surface. Since an effective immune response relies heavily upon the
activation of T cells by APCs, this reaearch may further reveal the ways in wcih
membrane organization of MHC-II enhances this process.

The specific objectives addressed in this chapter are:

1.

To characterize the expression of the D11-0401, D13-0401, and D13-0404

epitopes on exosomes secreted from B-LCL to gain a further understanding of the
formation of these epitopes within the antigen processing pathway.
2.

To determine if lipid rafts and TEMs contain pMHC-II containing as specific

repertoire of peptides by examining whether the D11-0401, D13-0401, and D13-0404
epitopes segregate into these membrane microdomains.
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4.2 Results

4.2.1 DRB1*04-restricted epitopes are differentially expressed on B-LCL-derived
exosomes.
MIICs, the late endocytic vesicles where most DM-mediated peptide loading of
MHC-II occurs, are also important for exosome biogenesis (237). Co-localization of D110401 and D13-0404 with MIIC markers suggested these and possibly the D13-0401
epitope might be expressed on exosomes (283). Exosomes isolated from SAVC, MT14B,
8.1.6 0401 and 9.5.3 0401 cell cultures (Figure 4.1) were analyzed for DRB1*04 epitopes
along with known exosomal markers using a modified flow cytometric assay in which
exosomes were coupled to latex beads. The latex beads were easily detected by flow
cytometry using forward and side scatter analysis, where single, double, and multiple
clumps of beads were distinguishable (Figure 4.2A). Single beads typically represented
70% to 85% of the total bead population, denoted by the region R1 in Figure 4.2A, and
were used for all subsequent analysis.
Adsorption of exosomes to the beads was confirmed by flow cytometric analysis
using various markers (Figure 4.2B). CD82, CD86, and CD40 were present on exosomes
from all cells while ICAM-1 was detected on all except MT14B. CD59, a GPI-anchored
raft protein, was present on all except 9.5.3 0401 exosomes (Figure 4.2B), an unexpected
finding since exosomes from the parental cell line 8.1.6 0401 contained CD59. Nonexosomal proteins CD71and LAMP-1 were not detected on exosomes (Figure 4.2B), even
though they were abundant on all cell lines (Appendix B). Since the marker profile of
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Figure 4.1. Whole-mount electron microscopy of purified exosomes from B-LCL.
Whole-mount electron microscopy of the 100 000 x g pellet from MT14B culture
supernatants. The pellet consists of vesicles similar in size (< 200 nm) to that reported for
exosomes. Arrows indicate exosomes. Similar results were observed for SAVC, 8.1.6
0401, and 9.5.3 0401. No vesicles were observed in the PBS control. Images are 40 000x.
Bar = 200 nm. The image shown is representative of several fields of view for one
experiment.
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Figure 4.2. Characterization of exosomes isolated from B-LCL.
(A) Exosomes isolated from B cell culture supernatants as outlined in Figure 2.1 were
coated onto 3.9 μm latex beads and analyzed by flow cytometry using forward versus side
scatter analysis to distinguish single beads from clumps of multiple beads. Single beads,
typically representing 70-85% of the total bead population and denoted by region R1,
were selected for gating in all subsequent analysis. (B) Beads coated with exosomes from
SAVC, MT14B, 8.1.6 0401, and 9.5.3 0401were analyzed by flow cytometry to
determine expression of relevant markers. Open histograms represent exosome-coated
beads. Filled histograms represent unlabeled beads, which consistently had an MFI < 10.
Beads incubated with exosome-depleted media and exosome-coated beads labelled with
isotype control antibodies had comparable MFIs to unlabeled beads (data not shown).
Results are representative of two independent experiments.
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these vesicles was comparable to that of previously described exosomes (335, 336), we
next analyzed them for antigen presentation molecules DM and Ii, and DR complexes
including total DR, MHC-II/CLIP, and DRB1*04 epitopes. DM and Ii were not detected
on exosomes from any of the cells (Figure 4.3). In addition, MHC-II/CLIP complexes
were absent from exosomes isolated from DM+ cells (SAVC, MT14B, and 8.1.6 0401),
but were abundant on DM- 9.5.3 0401 exosomes (Figure 4.3), likely due to the inability
of CLIP to dissociate from MHC-II in the absence of DM. DR dimers and DRB1*04
molecules were present on exosomes from all four cell lines (Figure 4.3), consistent with
previous reports of abundant MHC-II on APC-derived exosomes (335, 336). D11-0401
and D13-0404 were well expressed and restricted to SAVC and MT14B exosomes,
respectively (Figure 4.3); however, D11-0401 expression was reduced on 8.1.6 0401
exosomes compared to SAVC exosomes, possibly due to reduced levels of exosomal
DRB1*04:01 (Figure 4.3). As expected, D11-0401 and D13-0401 were not detected on
9.5.3 0401 and 8.1.6 0401 exosomes, respectively, since these epitopes are not naturally
expressed on these cells. Thus, the exosomal profile of D11-0401 and D13-0404 is
consistent with their cell surface expression. Surprisingly, D13-0401 was not detected on
exosomes from 9.5.3 0401 despite abundant DRB1*04 molecules and total DR (Figure
4.3), suggesting that its expression may be dependent on different antigen processing or
trafficking mechanisms. The intriguing finding that 9.5.3 0401 exosomes lacked the GPIanchored protein CD59 led us to question whether GPI-anchored proteins influenced the
expression of these DRB1*04 epitopes.
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Figure 4.3. Epitopes D11-0401 and D13-0404, but not D13-0401, are present on
exosomes from B-LCL.
Exosome-coated latex beads, as described for Figure 4.2A, were analyzed for expression
of antigen presentation molecules and DRB1*04 epitopes by flow cytometry. Open
histograms represent exosome-coated beads. Filled histograms represent unlabeled beads
and consistently had an MFI < 10. Beads incubated with exosome-depleted media and
exosome-coated beads labelled with isotype control antibodies had comparable MFIs to
unlabeled beads (not shown). Results are representative of two independent experiments.
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4.2.2 Analysis of the contribution of GPI-anchored proteins to expression of
DRB1*04 epitopes
Consistent with the exosomal profiles, subsequent analysis using cell surface flow
cytometry revealed abundant CD59 expression on 8.1.6 0401 but only a trivial amount on
9.5.3 0401 (Figure 4.4A). Similarly, CD55, another GPI-anchored protein was
substantially reduced on 9.5.3 0401 compared to 8.1.6 0401 suggesting 9.5.3 is deficient
in GPI-anchored proteins. Further testing using FLAER, a flow cytometric assay utilizing
a fluorescently-labelled inactive variant of aerolysin which binds to GPI-linked proteins
(299), revealed significantly reduced expression on 9.5.3 0401 compared to 8.1.6 0401
(Figure 4.4A). Since 9.5.3 0401 also does not express DM and D11-0401, but is strongly
positive for D13-0401, and the converse is true for 8.1.6 0401, we hypothesized that lipid
rafts or lipid raft-associated GPI-anchored proteins may influence expression of these
epitopes.
To address this, CD59 was analyzed by flow cytometry on a panel of DM+ and
DM- DRB1*04:01 cell lines. All DM+ / D11-0401+ / D13-0401- cell lines including
SAVC, Boleth, PF97387, WT51, and 8.1.6 0401 had comparable amounts of CD59
(Figure 4.4B). Similarly, DM- / D11-0401- / D13-0401+ cells such as SJO Dw4, T2
Dw4, BLS Dw4, and 5.2.4 0401 were also positive for CD59 (Figure 4.4B). These results
suggest 1) expression of GPI-linked proteins are not required for D11-0401 expression, or
if so, it is only in the presence of DM; and 2) GPI-linked proteins do not contribute to the
D13-0401 epitope since CD59 is abundant on other D13-0401+ cell lines (Figure 4.4B).
Thus, while GPI-anchored proteins or lipid rafts cannot be eliminated as contributing
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Figure 4.4. GPI-anchored proteins are severely reduced in 9.5.3 0401 cells, but do not
associate with expression of D11-0401 or D13-0401 epitopes.
(A) Surface expression of GPI-anchored proteins CD59 (MEM-43) and CD55 (IA10),
and total GPI-anchored proteins in 9.5.3 0401 and 8.1.6 0401 were compared using flow
cytometry and the FLAER assay as described in Materials and Methods. FLAER, a nonlysing form of proaerolysin conjugated with Alexa Fluor 488, specifically binds to the
GPI moiety of GPI-linked proteins. CD59, CD55, and FLAER expression are represented
by the open histograms. Filled histograms indicate isotype controls. (B) Surface
expression of CD59 was measured on D11-0401+/D13-0401– and D11-0401– /D130401+ B-LCL by flow cytometry. Open histograms represent CD59 expression. Filled
histograms indicate isotype controls. Results are representative of two independent
experiments.
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factors to presentation of the DM-dependent D11-0401 epitope, the results suggest they
do not influence D13-0401 expression.

4.2.3 Association of DRB1*04 epitopes with membrane microdomains
MHC-II molecules are not uniformly distributed throughout the plasma
membrane, but are organized into smaller patches or clusters on the surface of pAPC,
which facilitate efficient antigen presentation to CD4+ T cells especially in circumstances
of limited antigen (152, 177, 337). Two types of membrane microdomains, lipid rafts and
tetraspanin enriched microdomains (TEMs), have been implicated in clustering MHC-II
on the surface of APC prior to interaction with T cells (153, 163). Since lipid rafts are
enriched in GPI-anchored proteins such as CD59 (338) and given the differential
expression of GPI-anchored proteins between 8.1.6 0401 and 9.5.3 0401 as previously
shown, we queried whether differences in lipid raft dynamics or other types of membrane
microdomains might underlie the expression of the DRB1*04 epitopes. This idea was
also supported by our finding that both D11-0401 and D13-0404 colocalize with
tetraspanins CD63 and CD82 and preliminary experiments showing that chemical
disruption of TEMs in B -LCL resulted in some loss of D11-0401 and D13-0404 (283).
As described below, we investigated whether D11-0401, D13-0401, and D13-0404
epitopes are modulated by clustering into membrane microdomains.
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4.2.3.1 DRB1*04 epitopes are differentially susceptible to lipid raft disruption
To evaluate whether the DRB1*04 epitopes associate with lipid raft membrane
microdomains, raft integrity was disrupted using MBCD, which extracts cholesterol from
the plasma membrane and disturbs protein association with cholesterol-enriched rafts
(304-306). Preliminary experiments were performed with MT14B cells to determine the
optimal concentration of MBCD that would selectively disrupt surface expression of lipid
rafts in cells treated with 2.5 mM, 5 mM, and 10 mM MBCD. MBCD treatment resulted
in a 30% or more decrease in CD59 and DRB1*04, while CD71 was not inhibited but
actually increased, suggesting that a proportion of cell surface DRB1*04 molecules are
associated with lipid rafts (Figures 4.5A, 4.5B). Additional analysis by confocal
microscopy confirmed the MBCD-induced disruption of lipid raft protein expression, as
evidenced by decreased CD59 and HLA-DR in MBCD-treated MT14B cells, whereas no
obvious change in CD71 expression was observed (Figure 4.5C). Furthermore, MBCD
treatment resulted in a reduction of GM1 ganglioside (Figure 4.5C), a well-known marker
of membrane rafts (174, 339, 340). Subsequent experiments were performed with 5 mM
MBCD to minimize any toxic effect of MBCD while still mainaining adequate lipid reaft
disruption.
MBCD- and control-treated SAVC, MT14B, 8.1.6 0401, and 9.5.3 0401 cells
were analyzed for surface expression of membrane proteins and DRB1*04 epitopes by
flow cytometry (Figure 4.6). Compared to control, MBCD-treatment significantly
reduced CD59 on all B-LCL except the GPI-linked protein deficient 9.5.3 0401 (Figure
4.6A), significantly reduced CD45 on MT14B, and markedly reduced CD82 and MHC-I
on all B-LCL. In contrast, CD71 expression was increased on all MBCD-treated cells
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Figure 4.5. Surface expression of lipid-raft associated molecules and HLA-DR is
adversely affected by MBCD treatment.
(A) Titration of MBCD was performed in a single experiment to determine the optimal
concentration to disrupt lipid rafts. MT14B cells were treated with 2.5 (blue), 5 (green),
and 10 mM (red) MBCD as described in the Materials and Methods. Surface expression
of CD59 (MEM-43), CD71 (M-A712), and DRB1*04 (NFLD.D1) was analyzed by flow
cytometry and compared to untreated control cells (grey histograms). Filled histograms
represent isotype controls. (B) The bar chart shows the degree of MBCD disruption of
lipid rafts. MFI values of CD59, CD71, and DRB1*04 for MBCD-treated cells were
divided by the MFI expression values of untreated control cells. The broken line
represents no change in expression mediated by MBCD. Results are representative of one
experiment. (C) MT14B cells were treated with 5 mM MBCD and surface expression of
CD59, CD71, total HLA-DR (L243), and GM1-ganglioside (Vybrant Lipid Raft Labeling
Kit) was compared to untreated control cells by immunofluorescence and confocal
microscopy. Each field of view contains approximately equal number of cells. Images
were acquired at 20x objective magnification and are representative of several fields of
view from at least two independent experiments.
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Figure 4.6. The effect of lipid raft disruption on the surface expression of transmembrane
proteins and DRB1*04 epitopes.
Lipid rafts were disrupted using MBCD to treat SAVC, MT14B, 8.1.6 0401, or 9.5.3
0401 cells. Surface expression of (A) CD59 (MEM-43), CD45 (HI30), CD71 (M-A712),
CD82 (TS82b), MHC-I (W6/32), and (B) total DR (L243), DRB1*04 (NFLD.D1), MHCII/CLIP (cerCLIP), D11-0401, and D13-0401/D13-0404 was determined following
MBCD treatment (thick lines) and compared to untreated control cells (thin lines). Filled
histograms represent isotype controls. Representative data from one experiment are
shown in the histogram plots. Cumulative data from one to five independent experiments
are shown in the bar graphs (n = 1-5), where the mean MFI was compared between
MBCD-treated (grey bars) and untreated control (black bars) cells. A paired t-test was
performed to compare expression between MBCD-treated and untreated cells and
significant differences are indicated by an asterisk (p < 0.05). Bars represent standard
error. ND = not determined. Data from individual experiments for (A) and (B) are shown
in Appendix D and E, respectively.
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(Figure 4.6A). Total DR and DRB1*04 were also significantly reduced in all four cell
lines (Figure 4.6B), suggesting that a large portion of DR molecules are located in lipid
raft microdomains. MBCD treatment had no effect on MHC-II/CLIP expression on DM+
SAVC, MT14B, and 8.1.6 0401 cells, but significantly decreased its normally strong
expression in DM- 9.5.3 0401 cells (Figure 4.6B). Similar to total DR and DRB1*04,
D11-0401 was significantly reduced on MBCD-treated SAVC cells, but unchanged on
8.1.6 0401 cells (Figure 4.6B). Both D13-0404 and D13-0401 epitopes in MT14B and
9.5.3 0401, respectively, were unaffected by MBCD-treatment (Figure 4.6B). Taken
together, the results suggest that only the D11-0401 epitope is associated with lipid rafts
in the plasma membrane.
Since D11-0401 expression was susceptible to lipid raft disruption in SAVC, but
not in 8.1.6 0401 cells, we investigated this in additional D11-0401+ B-LCL, Boleth and
PF97387. Similar to SAVC and 8.1.6 0401, MBCD treatment resulted in lipid raft
disruption in both cell lines as demonstrated by substantially reduced CD59, total DR,
and DRB1*04, with no change in CD71 (Appendix C). More importantly, D11-0401
expression was diminished in both Boleth and PF97387 comparable to that observed in
SAVC cells (Appendix C). Therefore, these results demonstrate that D11-0401 is partially
associated with membrane rafts in cells that naturally express DRB1*04:01.
To confirm that the D13-0404 epitope does not associate with lipid-rafts as was
observed on MT14B (Figure 4.6B), we performed similar experiments using another
D13-0404+ B-LCL, BM92. In contrast to MT14B, the D13-0404 was markedly decreased
in MBCD-treated BM92 (Appendix C) while changes in CD59, total HLA-DR, and
DRB1*04 and CD71 were consistent with those observed in MT14. Thus, the incongruent
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results are not due to technical issues with MBCD, but suggest D13-0404 association with
rafts could be cell type-dependent.

4.2.3.2 The D13-0404 epitope is not associated with detergent resistant membranes
extracted from MT14B
Detergent resistant membranes (DRMs) extracted from cells are closely related to
lipid rafts because both are enriched in similar lipids and proteins including cholesterol,
GPI-anchored proteins, and specific transmembrane proteins (341). Similar to DRMs,
lipid rafts are resistant to nonionic detergents, such as Triton X-100, due to extensive,
strong interactions between their constituents (342). Therefore, the association of a
protein with DRMs provides a good measure of its affinity to lipid rafts in vivo. To
determine the affinity of DRB1*04 epitopes for lipid rafts, DRMs were isolated from
MT14B, 8.1.6 0401, and 9.5.3 0401 cells using sucrose density gradient
ultracentrifugation followed by western blot analysis of gradient fractions. Although the
D11-0401 and D13-0401 epitopes are either not or poorly detected by western blotting of
total cell lysates, the possibility that DRM isolation would result in DRB1*04 molecules
with these epitopes concentrating in DRMs or detergent-soluble fractions warranted these
experiments.
As controls, the DRM-association of the GPI-anchored protein CD59 and the nonDRM protein CD71 were analyzed. CD59 was mostly located in fractions 2 to 4 in
MT14B and 8.1.6 0401, corresponding to the expected location of isolated DRMs
(Figures 4.7, 4.8A). Consistent with exosomal and surface expression, no CD59 was
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Figure 4.7. The D13-0404 epitope is located on detergent soluble DRB1*04:04
molecules.
Detergent resistant membranes were isolated by sucrose density ultracentrifugation from
MT14B total cell lysate as described in the Materials and Methods. Fractions were
collected from the top of the sucrose gradient and subject to SDS-PAGE under reducing
conditions followed by western blotting for molecules CD59 (MEM-43), CD71 (MA712), DR dimer (L243; Tal 14.1), DRB1*04 (NFLD.D1), DM (Tal 18.1), Ii (LN2), and
D13-0404. DRMs migrated to the 5/35% sucrose interface of the sucrose gradient, which
visually corresponded to fractions 2 to 4. The approximate size (kDA) of the identified
protein bands is indicated.
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Figure 4.8. 9.5.3 0401 exhibits reduced DRM-associated proteins compared to 8.1.6
0401.
Detergent resistant membranes were isolated by sucrose density ultracentrifugation from
8.1.6 0401 (A) and 9.5.3 0401 (B) total cell lysates as described in the Materials and
Methods. Fractions were collected from the top of the sucrose gradient and subject to
SDS-PAGE under reducing conditions followed by western blotting for molecules CD59
(MEM-43), CD71 (M-A712), DR dimer (L243; Tal 14.1), DRB monomer (Tal 14.1),
DRB1*04 (NFLD.D1), DM (Tal 18.1), Ii (LN2), D11-0401, and D13-0404. DRMs
migrated to the 5/35% sucrose interface of the sucrose gradient, which visually
corresponded to fractions 2 to 4. The approximate size (kDA) of the identified protein
bands is indicated.
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detected in the gradient fractions of 9.5.3 0401 cell lysates. CD71 was exclusively
detected in fractions 11 to 14 from MT14B (Figure 4.7), 8.1.6 0401 (Figure 4.8A), and
9.5.3 0401 (Figure 4.8B), corresponding to the detergent-soluble fractions. Taken
together, these results confirm that DRM-associated proteins localize to fractions 2 to 4,
while non-DRM proteins remain in the detergent-soluble lysate fractions 11 to 15.
Analysis of DRM-association of DR in MT14B showed the majority DR dimers localized
to the detergent-soluble fractions, as shown by three different anti-DR antibodies (Figure
4.7). However, a subset of DR dimers was detected in the DRMs, indicating a minor pool
of lipid-raft associated DR molecules. Both DM and Ii were predominantly found in
detergent-soluble fractions (Figure 4.7), with only a tiny fraction of Ii-complexes (60-70
kDa) and DM detected in DRMs. DRB1*04:04 molecules containing the D13-0404
epitope were only detected in the detergent soluble fractions in MT14B, indicating that
DR molecules with this epitope do not have an affinity for lipid rafts (Figure 4.7). These
results are consistent with the previous findings where the disruption of lipid rafts with
MBCD did not affect D13-0404 expression in MT14B cells (Figure 4.6B).
Similar to MT14B, SDS-stable DR dimers in 8.1.6 0401 were primarily in
detergent-soluble fractions, with only small amounts present in DRM fractions (Figure
4.8A). DRB monomers were solely detected in the detergent-soluble fractions (Figure
4.8A). Both DM and Ii molecules were confined to the detergent-soluble fractions in
8.1.6 0401, except for a small proportion of Ii-complexes found in DRMs (Figure 4.8A).
As shown, no D11-0401 epitope was detected in any fractions, even though a portion of
DRB1*04 was detected in the DRM fractions. Most likely this is due to the instability of
this epitope to detergents, as it is also poorly detected in lysates prepared from its cognate
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cell line SAVC (data not shown). No SDS-stable DR dimers or DRB monomers were
detected in the DRM fractions in 9.5.3 0401 (Figure 4.8B), which was not surprising
given that it does not express DM (Figure 4.8B). Ii and Ii-complexes were exclusively
detected in detergent-soluble fractions in 9.5.3 0401 (Figure 4.8B). Although the
NFLD.D13 mAb detected its cognate D13-0404 epitope in the detergent soluble fractions
of MT14B (Figure 4.8A), it does not detect the cross-reactive epitope D13-0401 in 9.5.3
0401 fractions (Figure 4.8B).

4.2.3.3 Saponin treatment of cells resulted in an overall decrease of membrane
proteins
Saponin treatment of B cells was previously shown to interfere with formation of
TEMs containing MHC-II molecules carrying a select set of peptide antigens defined by a
specific epitope, CDw78 (153). To determine whether D11-0401, D13-0401, or D130404 associate with TEMs, their expression was measured on B-LCL after treatment with
saponin and compared to untreated control cells. To ensure saponin treatment selectively
disrupted TEMs, TEM-associated and non-TEM proteins were analyzed by flow
cytometry. Although the tetraspanin marker CD82 was significantly decreased on
saponin-treated cells, non-tetraspanin markers CD59, CD45, and CD71 were also
significantly reduced (Figure 4.9A). In addition, MHC-I, total HLA-DR, and MHC-II/
CLIP complexes were dramatically reduced in all cell lines (Figures 4.9A, 4.9B).
Interestingly, DRB1*04 expression was unaffected on saponin-treated SAVC and MT14B
cells despite significantly reduced total DR (Figure 4.9B). As for the DRB1*04 epitopes,
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Figure 4.9. Saponin treatment of B-LCL results in a non-specific decrease in cell surface
protein expression.
SAVC, MT14B, 8.1.6 0401, and 9.5.3 0401 cells were treated with saponin to
preferentially disrupt tetraspanin microdomains and surface expression of (A) CD59
(MEM-43), CD45 (HI30), CD71 (M-A712), MHC-I (W6/32), CD82 (TS82b) and (B)
total DR (L243), DRB1*04 (NFLD.D1), MHC-II/CLIP (cerCLIP), D11-0401, and D130401/D13-0404 was compared to control cells. Cumulative data from one to five
independent experiments are displayed (n = 1-5). A paired t-test was performed to
compare expression between saponin-treated and untreated cells and significant
differences are indicated by an asterisk (p < 0.05). Bars represent standard error. ND, not
determined.
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D11-0401 was significantly reduced by saponin treatment in SAVC, but not on 8.1.6
0401-treated cells (Figure 4.9B). Presentation of both D13-0404 and D13-0401 epitopes
was decreased in saponin-treated MT14B and 9.5.3 0401 cells, respectively (Figure
4.9B). Taken together, these results suggest that the effects of saponin are not restricted to
TEMs or TEM-associated proteins, making this method impractical for evaluating
association of pMHC-II with TEMs on intact cells.

4.3 Discussion
Our previous studies on the DM-dependent D11-0401 and the DM-resistant D130404 epitopes indicated they require nascent DRB1*04 molecules and are formed in
DM+ CD63+ CD82+ intracellular compartments resembling late endosomes and MVBs
from which exosomes are secreted (283). In this study, we show strong expression of
D11-0401 and D13-0404 epitopes on exosomes prepared from SAVC and MT14B cells,
respectively, thus supporting their generation in late endocytic vesicles. However, the
DM-sensitive D13-0401 epitope was not present on 9.5.3 exosomes while MHC-II/CLIP
complexes, also DM-sensitive, were abundantly expressed.

Since MHC-II/CLIP is

generated in late endocytic vesicles and amply expressed on DM- cells, the absence of
D13-0401 on exosomes suggests it is not formed in late endosomal compartments.
Exosomes are only one of the many types of extracellular membrane vesicles,
all of which differ in origin, function, size, sedimentation, and protein composition (229).
Based on appearance and size by electron microscopy, < 200 nm in diameter, and protein
marker profile (ICAM-1+, CD59+, CD82+, CD86+, HLA-DR+, DRB1*04+, and CD71-
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or LAMP-1-), the preparations used in this study are largely consistent with previously
described exosomes (335, 343, 344). However, the presence of CD40 on exosomes from
all four B-LCL somewhat contrasts with other reports that did not detect CD40 on B cellderived exosomes (335, 343, 345). Others have shown that signaling via CD40 on B cells
can lead to B cell activation and increased exosome release from the activated cells (346348). Since the EBV-antigen, LMP-1, a known CD40 mimic and activator of B cells
(349, 350) is expressed on most B-LCL, it is possible that this led to CD40 packaging in
the exosomes described herein.
Although expression of pMHC-II complexes on exosomes from various cell types
is well documented, evaluation of DM-modulated allele-specific epitopes on exosomes is
lacking (219, 335, 343). Here we showed DRB1*04 molecules bearing either the DMdependent D11-0401 or the DM-resistant D13-0404 epitope were expressed on the
relevant exosomes, whereas the DM-sensitive D13-0401 epitope was completely
excluded from 9.5.3 0401 exosomes despite strong expression of DRB1*04:01 (Figure
4.3). To our knowledge, this is one of the first described instances of differential pMHCII presentation on exosomes compared to the cell membrane within a given cell type. A
previous report found that exosomes derived from human monocyte-derived DCs, various
cell lines, and human plasma contained novel MHC-I structures as detected by
conformational-dependent antibodies, suggesting that exosomes may contain unique
MHC-I complexes or epitopes for recognition by T cells that are not present on the
surface of APCs (245). Our results suggest that D13-0401 is not present in MVBs, which
is consistent with the hypothesis that this epitope may form in early or recycling

142

endosomes similar to previously described DM-sensitive epitopes (102) or ‘type B’
conformers (258, 274, 351).
An alternative explanation is D13-0401+ molecules are actively removed from
ILVs prior to secretion or excluded from packaging onto exosomes entirely. Mechanisms
governing protein packaging onto ILVs for extracellular release are incompletely
understood. For example, some studies show entry into ILVs required ubiquitination and
involves the ESCRT protein machinery (352, 353), while others show ubiquitination is
not required for DR entry onto exosomes (354-357). Other proposed mechanisms include
a ceramide-dependent mechanism (358) and a lipid raft domain-mediated mechanism
(194, 359), but neither are well characterized. Although 9.5.3 0401 exosomes were
negative for D13-0401, the presence of ample DR and specifically DRB1*04:01 show
this cell line is capable of packaging DR complexes onto exosomes. While our results
suggest D13-0401 is not generated in the late endosomal compartments, unfortunately, its
susceptibility to fixation and permeabilization makes it difficult to evaluate by
immunocytochemistry and confocal microscopy. Given the ability of exosomes to
function as APCs with the capacity to activate antigen-specific or autoimmune T cell
responses, the finding that exosomes and the plasma membrane may contain a different
repertoire of peptide/DRB1*04:01 complexes emphasizes the importance of determining
the mechanisms responsible for recruitment of pMHC-II onto exosomes.
Our finding that DM and Ii were also excluded from B-LCL-derived exosomes is
consistent with previous reports (343, 344). During transport to multivesicular antigen
processing compartments, some MHC-II complexes are sorted into the ILVs of MVBs,
where proteolysis within this acidic protease rich environment leads to the degradation of
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Ii to CLIP. DM, which is present in the MVB internal and limiting membranes, facilitates
CLIP removal and peptide binding (13, 42). Thus, both Ii degradation and CLIP
dissociation are likely completed prior to exosome release. This is further supported by
the absence of MHC-II/CLIP complexes on exosomes from the DM+ cells SAVC,
MT14B, and 8.16 0401, and abundant expression on DM- 9.5.3 0401 exosomes.
An unexpected finding regarding 9.5.3 0401 was the absence of exosomal CD59,
which was subsequently shown to be due to a general deficiency of GPI-linked proteins
on 9.5.3 despite normal levels on 8.1.6. Since 9.5.3 was derived from 8.1.6 by ethyl
methane sulfonate (EMS) mutagenesis and immunoselection with the 16.23 mAb specific
for a DM-dependent DRB1*03 epitope followed by complement lysis (271), it is possible
that EMS introduced random mutations not only in the HLA-DMB, but also in PIGA gene
which is required for biosynthesis of GPI-anchors (270, 360). Indeed, EMS has been
previously shown to cause preferential mutations in the CD59 gene or generate GPIdeficient cells (361, 362).
Abundant expression of the D13-0401 epitope coinciding with absence of GPIanchored membrane proteins on exosomes and the cell membrane of 9.5.3 0401, raised
the possibility that D13-0401 and other DRB1*04 epitopes were modulated by CD59 or
by assembly into lipid rafts. GPI-anchored proteins are a defining component of lipid
rafts, with which they associate through their distinctive lipid anchors (363). Furthermore,
GPI-anchored proteins promote the incorporation of additional membrane proteins into
larger functional clusters that may interact with rafts (364), suggesting a deficit of GPIanchored proteins in a cell may significantly affect the protein composition of rafts.
Although further analysis of several normal and mutant DRB1*04:01 B-LCLs, either
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D11-0401+ / D13-0401- or D11-0401- / D13-0401+, revealed no correlation between
CD59 and their expression (Figure 4.4), it remains possible that DM-dependent epitopes
such as D11-0401 requires the combination of DM and CD59. Interestingly, BL cells
which poorly express the D11-0401 epitope (Figure 3.1), are reported to have reduced
levels of GPI-linked proteins (365, 366), a finding that we subsequently confirmed (S.
Drover, unpublished). A more direct test of this hypothesis would involve monitoring
D11-0401 expression after knockdown or transfection of CD59 in DM+ / D11-0401+ or
DM+ / D11-0401- cells, respectively. These findings would provide some insight into the
possible importance and role of CD59, or other GPI-linked proteins, to the presentation of
DM-modulated eptiopes.
A considerable proportion of pMHC-II at the cell surface and in internal
membranes is associated with lipid rafts. This association occurs early in MHC-II
biosynthesis during transit through the Golgi apparatus, resulting in more than half of
newly synthesized MHC-II complexes being lipid raft-associated after peptide loading for
final transport to the plasma membrane (184, 193). The presence of pMHC-II in lipid
rafts is particularly important for T cell activation by APCs as rafts concentrate the
normally low levels of a specific pMHC-II on their surface (154-156). For example,
Bosch et al. demonstrated that newly formed pMHC-II generated in intracellular antigen
processing compartments in DCs arrive at the plasma membrane in microclusters which
could be dispersed by MBCD treatment (156). In this study, we found a substantial
proportion of global surface DR species and DRB*04:01 molecules reside in lipid rafts in
several B-LCL (Figure 4.6B, 4.7, 4.8). Significantly reduced amounts of D11-0401 on
MBCD-treated SAVC and other DRB1*04:01 B-LCL (Figure 4.6B, Appendix C)
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indicated that optimal expression of this DM-dependent epitope requires intact lipid rafts.
The exception to this was the meagre reduction of D11-0401 on 8.1.6 0401 (Figure 4.6B),
which may be related to reduced levels of DM and DO in 8.1.6 due to it being
hemizygous for these loci (112). Both DM and DO have a role in the localization of
proteins within MVB subdomains and are associated intracellularly with lipid rafts (367,
368).
Similar amounts of the DM-sensitive D13-0401 was found on untreated control
and MBCD-treated 9.5.3-0401 cells, suggesting this epitope segregates with DRB1*04:01
molecules that are not partitioned in lipid raft microdomains. It is possible the absence of
GPI-anchored proteins in 9.5.3 0401 may have significantly altered raft protein
composition based on the lack of DRMs in lysate fractions prepared from 9.5.3 0401 as
compared to 8.1.6 0401 (Figure 4.8). However, its resistance to MBCD is not entirely
surprising given its sensitivity to DM, its absence on exosomes, and considerable
evidence that both exosomes and lipid raft-associated MHC-II molecules arise from DM+
late endosomes and IVLs (145, 195-197). Intriguingly, the DM-resistant D13-0404
epitope was also unaffected by MBCD-treatment of MT14B cells, although its expression
was reduced in another DRB1*04:04 cell line, BM92 (Appendix C). Aside from cell
context differences, we have no explanation for this incongruity; however, the finding
that the D13-0404 epitope segregated in the detergent-soluble and not in the DRM
fractions of lysates prepared from MT14B (Figure 4.7) is consistent with its resistance to
lipid raft disruption on MBCD-treated MT14B cells. Thus, although this epitope localizes
to MIIC and is found on exosomes, it is primarily DM resistant and protease redundant,
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suggesting this epitope may be formed in other intracellular vesicles that contain a
smaller proportion of rafts.
In comparison to lipid rafts, tetraspanin protein family members contribute to the
formation of membrane microdomains termed TEMs, which are responsible for clustering
of some pMHC-II (153). Tetraspanins form homodimers and heterodimers resulting in the
formation of larger membrane microdomain complexes which promote the recruitment of
several other membrane proteins, lipids, and signaling molecules (151). In B cells, CD63
and CD82 form complexes with HLA-DR, DM, and DO within endosomal compartments
(182), suggesting that tetraspanins and TEMs are important in clustering and transporting
pMHC complexes to the plasma membrane. Indeed some studies show that newly loaded
pMHC-II molecules arriving from MIIC segregate into TEMs on the plasma membrane
(145, 153, 343). Since the FN1 mAb was shown to specifically recognize oligomerized
pMHC-II in tetraspanin-enriched clusters that contain a select set of peptides (213, 369),
we hypothesized that the DRB1*04 epitopes may also associate with TEMs. However,
our efforts to prove this hypothesis were problematic as treatment with saponin, which
has been reported to disrupt tetraspanin-tetraspanin interactions in a cholesterol dependent
manner but without disturbing lipid rafts or affecting total surface DR expression (153,
210), had a negative impact on TEM- and non-TEM-associated markers. For example,
not only did saponin treatment decrease the tetraspanin CD82, it also significantly
decreased lipid raft-associated CD59, non-TEM-associated proteins CD45 and CD71, as
well as MHC-I, peptide/DR, and MHC-II/CLIP complexes (Figure 4.9).
Intriguingly, DRB1*04 molecules, determined by the peptide-independent and
DM-resistant pan-DRB1*04-specific NFLD.D1 mAb, were the only molecules that were
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increased by saponin treatment (Figure 4.9). Thus, significantly decreased amounts of
D11-0401, D13-0401, and D13-0404 in saponin treated cells cannot be easily discounted
given that the D13-0401 and D13-0404 epitopes were not altered by lipid raft disruption.
It is possible that the global effect of saponin-mediated changes in TEM and non-TEM
expression may result from a disruption of several types of microdomains, especially
since the distinction between TEMs, lipid rafts, and other specializations of the plasma
membrane may not be clearly defined as once thought (370). The incorporation of
cholesterol in both TEMs and lipid rafts is a defining feature for both microdomains in
terms of their formation and biological function (210, 371-373). Thus, it is probable that
the cholesterol-dependent action of saponin for disruption of TEMs was also responsible
for the alteration of additional membrane microdomains including lipid rafts.
The exosomal expression and raft-association of the DRB1*04 epitopes in this
study may give some insight into the presentation of unique pMHC-II epitopes. The D110401 epitope is reminiscent of the previously described Ia.2 epitope, which is recognized
by the 11-5.2 mAb and defines a subset of cell surface I-Ak molecules predominantly
found within membrane lipid rafts (186). Thus, D11-0401 may represent an ideal epitope
to study the model of lipid raft-mediated coordination of MHC-II peptide loading and
transport to the plasma membrane proposed by Roche and colleagues (152). In addition,
the findings in this study support further investigation into the functional or therapeutic
role of D11-0401+ exosomes, especially given the strong linkage of DRB1*04:01 to
autoimmune diseases such as RA. Conversely, the discordant expression of D13-0401
between the plasma membrane and exosomes suggests that this epitope might be actively
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excluded from presentation, which may provide a basis for further studies into antigen
presentation mechanisms to limit the presentation of DM-sensitive self-epitopes.
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Chapter 5

Summary and Future Directions
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5.1 Overview
The focus of the thesis was to further characterize the factors which influence the
formation and expression of DRB1*04 epitopes defined by the mAbs NFLD.D11 and
NFLD.D13. These antibodies, along with other anti-DRB1*04 mAbs, were originally
developed and characterized by Dr. S. Drover and Dr. W.H. Marshall (78, 276-280, 283,
310). The study of both NFLD.D11 and NFLD.D13 mAbs was initially undertaken given
that they recognize epitopes on DRB1*04 molecules that contain the “shared epitope”
(SE), a five amino acid sequence motif in residues 70-74 of the DRB chain (QKRAA /
QRRAA), which is strongly associated with the development of severe rheumatoid
arthritis (284, 285, 332). The mechanisms which account for the association of the SE
with rheumatoid arthritis are unclear and inconclusive, with some attributing it to the
selection of the T cell repertoire (374) or the presentation of arthritis-related autoantigens
(375). Previous studies in our laboratory suggested that a specific set of peptides
contribute to formation of the D11-0401, D13-0401, and D13-0404 epitopes (278-280,
283). Furthermore, the presentation of these epitopes depends on a delicate balance of
factors including DM expression, peptide availability, and other unknown cellular
elements (78, 280, 283). In order to identify these unknown factors, one of the major
goals of this work was to ascertain under what conditions these DM-modulated epitopes
are optimally expressed, with a particular focus on the effect of HLA-DO, association
with membrane microdomains, and exosomal expression. Given the relationship between
DM-sensitivity of MHC-II epitopes and autoreactive T cell development in autoimmune
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disease, further study into these contributing elements may provide insight into a
mechanism for the development of SE-associated autoimmunity.

5.2 Summary and potential implications of major findings
The research presented in this thesis examined the mechanisms involved in the
presentation of antibody-defined DRB1*04 epitopes making use of B-LCL and antigen
presentation defective cell lines which naturally express these epitopes. The D11-0401,
D13-0401, and D13-0404 epitopes have been previously studied in some detail (78, 280,
283). Nevertheless, there remains an incomplete understanding of the conditions under
which these epitopes are optimally expressed.
Previous studies have categorized peptide antigens or epitopes based on the effect
of DM on their presentation or expression (102-104). DM-resistant peptides or epitopes
are unaffected by DM expression and can be expressed on any MHC-II-expressing cells
irrespective of DM or DO co-expression. Conversely, DM-sensitive peptides or epitopes
are abolished by the presence of DM, but can be restored by the expression of DO which
is typically restricted to pAPC (102). Finally, DM-dependent peptides or epitopes require
the expression of DM for presentation (103), suggesting that these epitopes would be
abrogated by DO. The findings presented in this thesis, particularly Chapter 3, help
classify the D11-0401, D13-0401, and D13-0404 epitopes into the above defined
categories.
The most important observations from previous experiments focused on D110401 were that (a) D11-0401 requires DM for expression in B-LCL, and (b) a subset of
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endolysosomal and/or cytoplasmic cysteine proteases are required for epitope expression
(78, 283), thus suggesting that the peptide(s) forming this epitope is DM-dependent.
However, analysis of D11-0401 expression in this study on several DM+ cell lines such
as BL cell lines Daudi, BJAB, and Ramos, and in DM-restored 5.2.4 0401 cells indicated
that additional factors, possibly DO are required. Transfection of DO into BJAB did not
induce D11-0401 formation, indicating that DO is not the missing factor for generating
this epitope in BL cell lines. Without knowing the exact peptide(s) that contribute to this
epitope, it is difficult to definitively rule out DO as a contributing factor, since a possible
explanation for D11-0401 deficient expression on these DM-positive cell lines is they
simply do not contain the proper antigens for proteases to generate the peptide(s) required
for epitope expression. It can only be concluded from these experiments that DO may still
be required along with DM, but other factors such as an appropriate antigenic peptide
source may be missing in BL cell lines and other DM+ D11-0401- cells.
In contrast to D11-0401, the D13-0401 epitope was previously found to be only
expressed in the absence of DM expression, indicating that the peptide(s) forming this
epitope is DM-sensitive (78, 280). Additional expression analysis of D13-0401 on DMand DM+ cell lines in Chapter 3.2.3 confirmed that expression of this epitope is confined
to DM- cells, but also suggested that other cellular factors such as a specific antigen or
peptide are required for epitope formation. Whereas the role of DO in D11-0401
expression was intriguing to examine given its DM-dependence, the contribution of DO
to D13-0401 formation in the absence of DM is more difficult to envision given that DO
performs its function by directly binding DM. For this reason, the involvement of DO in
D13-0401 formation was not investigated in detail in this study. However, it is possible
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that under circumstances of abnormally high DO expression, where the majority of DM
remains bound to DO, this inhibition of DM may lead to the expression of D13-0401, as
previously described for DM-sensitive epitopes (102, 104).
Regarding the DM-sensitivity and dependency of D13-0401 on specific proteases,
it is reminiscent of another previously described epitope consisting of a peptide from type
II collagen (aa261-273) bound to HLA-DRB1*04 (376). Type II collagen is a candidate
autoantigen

for

rheumatoid

arthritis

and

the

peptide

aa261-273

forms

an

immunodominant pathogenic epitope with HLA-DRB1*04 which can activate CD4+ T
cells. Interestingly, this epitope is expressed by APC lacking DM and its presentation is
inhibited by DM in the recycling pathway, resulting in decreased presentation and T cell
activation (376).
Concerning the D13-0404 epitope, prior experiments demonstrated that DM
expression and specific proteases were not necessary for expression (283). This is further
demonstrated in Chapter 3.2.5 where the DM- 5.2.4 0404 cell line was found to
abundantly express D13-0404. Furthermore, transfection of DM into 5.2.4 0404 only
minimally affected D13-0404 expression and only in cells exhibiting the greatest
expression. Therefore, this epitope is similar to that described above for DM-resistant
epitopes (103).
Consistent with previous findings by Spurrell, D.R. (283), endolysosomal and
cytoplasmic cysteine proteases were necessary for optimal expression of DM-dependent
D11-0401 and DM-sensitive D13-0401, while being dispensable for DM- resistant D130404. Contribution of calpains to D11-0401 and D13-0401formation, suggests
cytoplasmically-derived proteins could be a source of the putative peptide(s) involved in
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epitope formation. This would not be surprising since as about 30% of the peptides bound
to MHC-II are derived from nuclear and cytoplasmic proteins (136), which may access
the endosomal pathway by autophagy (137). Autophagy in APCs can result in the
generation of citrullinated peptides which are presented in the context of MHC-II (142),
and the presence of anti-citrullinated protein/peptide antibodies is a defining characteristic
of rheumatoid arthritis (377). The presentation of citrullinated peptides by MHC-II have
been linked to the development of rheumatoid arthritis, and interestingly, the production
of these autoantibodies is associated with the HLA-DRB1 shared epitope (143, 377, 378).
Since both D11-0401 and D13-0401 may consist of cytoplasmic-derived peptide(s) bound
to DRB1*04:01 and because D11-0401 was detected on PBMC from rheumatoid arthritis
patients (310), it is speculative that these epitopes consist of citrullinated peptides
processed in the cytoplasm of APCs and transported to the endosomal pathway via
autophagy. Although briefly mentioned in Chapter 3.3 and Spurrell, D.R. (283), the role
of autophagy in D11-040, D13-0401, and D13-0404 formation was investigated using the
inhibitor wortmannin, with inconclusive results. For this reason, we believe that the role
of autophagy requires further study, and that the use of more specific synthetic protease
and autophagy inhibitors available today will provide a more precise definition
concerning the peptide species bound to DRB1*04 that forms these epitopes.
A significant question that remains from this study concerns the structural basis of
the D13-0401 epitope. The results presented in Chapter 3.2.4 indicate that specific
proteolytic processing events affect D13-0401 expression, suggesting that this epitope
defines a particular peptide or subset of peptides in combination with DRB1*04:01.
Alternatively, since inhibition of the same proteases caused a strikingly similar decrease
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of D13-0401 in 9.5.3 0401 as with D11-0401 in SAVC and 8.1.6 0401, one could argue
that these epitopes define conformational isomers of DRB1*04:01 independent of the
bound peptide like that reported for type A and type B pMHC-II complexes, described by
Unanue (258). Although the exact structural differences between types A and B pMHC-II
are unknown, it is well established that type A molecules require DM, whereas type B
complexes are destroyed by interaction with DM. Further support of the idea that D130401 corresponds to type B complexes is that this epitope is expressed intracellularly in
SAVC cells, but only minimally and sometimes undetectable at the cell surface. If this
epitope is directly destroyed by DM binding in SAVC independent of bound peptide, then
DRB1*04:01 molecules on route to MIIC which have not yet encountered DM would
contain the D13-0401 epitope and only after arrival in the DM-rich MIIC environment
would this epitope be destroyed. Further support for this hypothesis is the observation that
exosomes released by SAVC cells do not express D13-0401 as demonstrated in Chapter
4.2.1. Since exosomes originate from MIIC and contain very little MHC-II-CLIP,
exosomal pMHC-II have likely come into contact with DM, thus inducing a
conformational change which destroys D13-0401. Moreover, the absence of D13-0401 on
9.5.3 0401 exosomes may indicate that this epitope is not present in MIIC, which is also
comparable to type B complexes (379).
Recent studies suggest that for successful stimulation of T cells, pMHC-II
complexes require concentration in distinct microdomains including lipid rafts and TEMs
within the plasma membrane (150-154). The relevance and mechanisms of pMHC-II
association with lipid rafts TEMs is not fully understood; however, it has been previously
hypothesized that membrane microdomains contain MHC-II that bind and display
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specific sets of peptides (153, 163). Since prior experiments in the lab indicated possible
association of the DRB1*04 epitopes with membrane microdomains (283), we questioned
whether the DM-sensitivity of these epitopes affected their ability to segregate in different
microdomains. By examining surface expression on B-LCL using flow cytometry prior
and subsequent to chemical disruption of lipid rafts and TEMs, we found that a fraction of
DM-dependent D11-0401 is associated with rafts in the plasma membrane, while
presentation of both DM-sensitive D13-0401 and DM-resistant D13-0404 was not
affected (Chapter 4.2.3). In support of this later observation, D13-0404+ DRB1*04:04
molecules were not observed in DRM fractions isolated from MT14B cells. Previous
experiments by Spurrell, D.R. indicated that the D11-0401 and D13-0404 epitopes were
not affected by MBCD-disruption of lipid rafts (283); however, these previous
experiments involved MBCD treatment on PFA-fixed cells whereas the current procedure
used live cells. This discrepancy between findings is likely due to the difference in
methodologies; however the current method appears to be appropriate given the specific
disruption of raft-associated membrane proteins but not non-raft proteins.
A previously described MHC-II epitope on I-Ak molecules termed the Ia.2
epitope, which is recognized by the 11-5.2 mAb and defines a subset of cell surface I-Ak
predominantly found within lipid rafts (186). This study also demonstrated that the Ia.2positive MHC-II molecules are critically necessary for a successful interaction between B
and T lymphocytes, especially under circumstances of limited antigen. This is consistent
with previous reports detailing the importance of raft-resident pMHC-II in antigen
presentation (154, 186). Unlike the Ia.2 epitope, it is not clear from our studies whether
D11-0401 defines a unique subset of pMHC-II that are sequestered in lipid raft domains.
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Since complete abrogation of D11-0401 was not observed after lipid raft disruption in
SAVC, Boleth, and PF97387 cells, and no disruption of epitope expression occurred on
8.1.6 0401 cells, it is unlikely that this epitope is created from a pMHC-II association
with lipid rafts, but that D11-0401 instead defines a subset of pMHC-II that dynamically
passage in and out of rafts at the cell surface. This is supported by our previous findings
that the main determining factors governing D11-0401 expression are DM and peptide
availability, and that D11-0401-positive pMHC-II are present both in the presence and
absence of the lipid raft marker CD59.
Preliminary experiments performed by Spurrell, D.R. (283) found that cell surface
D11-0401 expression was disrupted by low concentrations of the detergent saponin,
suggesting that this epitope is concentrated in TEMs similar to that described for the
CDw78 epitope (153, 210). We performed the same protocol in this study and also
observed a significant decrease in the DRB1*04 epitopes as shown in Chapter 4.2.3;
however, saponin treatment also caused a general decrease in all surface molecules
investigated, including proteins not known to localize within TEMs. These non-specific
results, combined with a criticism of this method by Poloso et al. (212) who questioned
the use saponin treatment on cells that have been previously fixed with PFA to disrupt
membrane protein interactions, makes it difficult to arrive at a conclusion concerning the
association of D11-0401, D13-0401, or D13-0404 with TEMs. An attempt was made in
this study to visualize D11-0401 and D13-0404 with TEMs simultaneously using
immunofluorescent staining confocal microscopy, but this proved to be technically
difficult. The concept that TEMs contain unique MHC-II epitopes such as CDw78 was
contested by Poloso et al. (212), who found that CDw78 does not uniquely identify
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tetraspanin-associated MHC-II, thus calling into question the use of this epitope as an
indicator of MHC-II-tetraspanin complexes, and suggests that this epitope defines a
subset of pMHC-II associated with tetraspanins that reside in lipid rafts.
An additional aim of this study was to characterize the expression of the D110401, D13-0401, and D13-0404 epitopes on B-LCL-derived exosomes. Purified
exosomes expressed typical exosomal proteins reported in the literature, including DR.
However, the expression of the DRB1*04 epitopes was cell specific and independent of
the epitope expression at the cell surface. While both DM-dependent D11-0401 and DMresistant D13-0404 epitopes were abundantly expressed on exosomes from DMexpressing B-LCL, exosomes from DM-deficient cells were devoid of DM-resistant D130401 expression. Taken together, these results suggest a role for DM in the recruitment of
specific pMHC-II to exosomes during their biogenesis.
The finding that the D11-0401 and D13-0404 epitopes are contained on exosomes
has several important implications. It reaffirms that these epitopes are formed on nascent
DR molecules trafficking through the classical MHC-II antigen processing pathway to
peptide-loading late endocytic vesicles, since exosomes originate from ILVs within MIIC.
It also supports the assertion that D11-0401+ and D13-0404+ pMHC-II consist of mature
molecules containing bound peptide because MHC-II-CLIP complexes are sorted onto
ILVs during the process of DM-mediated peptide loading (13). Finally, exosomal
expression also supports the observation that D11-0401 associates with lipid rafts, since
ILVs are known to contain several raft-associated molecules (195-197) and the majority
of exosomal pMHC-II can reside within lipid rafts (195). However, these assertions are
complicated by the observations that D13-0404 does not appear to be associated with
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lipid rafts. Nonetheless, the D11-0401 epitope may represent an ideal epitope to study the
hypothetical model of lipid raft-mediated coordination of MHC-II peptide loading and
transport to the plasma membrane proposed by Roche and colleagues (152). However,
additional research is required to clarify the relevance of the exosomal expression of these
epitopes to the factors governing their expression.
The lack of D13-0401 despite abundant pMHC-II complexes on exosomes from
9.5.3 0401 is intriguing for several reasons. First, it provides additional support that the
D13-0401 epitope is not comprised of MHC-II-CLIP molecules, since substantial MHCII-CLIP was observed on the same exosomes. Secondly, assuming that this epitope is
found within MIIC given its DM-sensitive classification, the lack of D13-0401 on
exosomes from SAVC, 8.1.6 0401, and 9.5.3 0401 suggests that pMHC-II bearing this
epitope are actively prohibited from trafficking onto exosomes. Although it cannot be
determined from this study what mechanisms are responsible for this exclusion, a
potential explanation may involve the resistance of this epitope to MBCD-induced lipid
raft disruption. Previous studies have proposed a lipid raft-mediated mechanism
involvement in the recruitment of pMHC-II to exosomes (194, 359). Alternatively, the
lack of GPI-anchored proteins or MHC-II accessory molecules such as DM in 9.5.3 0401
may point to a direct role for these molecules in loading pMHC-II onto exosomes.
Regardless, the idea that there is an active mechanism in pAPC to ensure that only DMedited pMHC-II complexes are presented on exosomes to prevent exosomal presentation
of low-affinity potentially autoantigenic epitopes leading to undesired autoimmune
activation is an attractive hypothesis to consider. In line with this thinking, the idea that
non-APCs which upregulate MHC-II but not DM or DO can present DM-unedited or
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DM-sensitive low affinity pMHC-II epitopes on exosomes activation of auto-reactive T
cells is also intriguing. Finally, the idea that APC have the ability to regulate which
particular pMHC-II epitopes are released to the external environment via exosomes raises
many questions concerning their significance in immune activation and regulation.
Whether particular antigens or peptides are preferentially presented on exosomal MHC-II
and under what circumstances can dysregulation of this process lead to the presentation of
autoantigenic MHC-II epitopes and subsequent activation of autoimmune responses
would be an avenue worth exploring. The D13-0401 epitope may represent a unique tool,
and in combination with D11-0401 and their associated cell lines, a potential model to
investigate mechanisms of MHC-II incorporation onto exosomes.

5.3 Study limitations and future directions
The work described in this thesis has furthered our understanding of the factors
influencing expression of unique antibody-defined DRB1*04 epitopes. However, there
are several limitations to consider and unanswered questions for future studies, as well as
new research avenues that have the potential for investigation.

1)

Many of the same proteases required for antigen processing and MHC-II

presentation also degrade the Ii chain, an integral step preceding peptide loading. Thus,
inhibition of these same proteases can have several adversely affect the MHC-II
presentation pathway, including blocking transport of MHC-II to antigen loading
compartments and the cell surface (117, 380, 381). A limitation of this study is that
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incomplete invariant chain degradation was detected in protease inhibitor-treated B-LCL
as shown in Chapter 3.2.7, suggesting that a general impairment of peptide loading and
MHC-II transport instead of a decrease in a specific peptide species may be responsible
for the observed reduction in D11-0401, D13-0401, and D13-0404 in these experiments.
This does not fully discount the conclusion that these epitopes represent a specific peptide
or group of peptides bound to DRB1*04, but instead suggests that at some point during
their synthesis, these epitopes transit through the classical pathway of MHC-II
presentation.

2)

Since undertaking this study, the precise function and effect of DO on the

repertoire of peptides presented by MHC-II has been further clarified in the literature (81,
382). Because DO is a MHC-II substrate mimic for DM resulting in reduced DMfunction, the overall pMHC-II expression at the cell surface is ultimately controlled by
the ratio of active DM to inactive DM-DO complexes (383). Therefore, perhaps a more
relevant set of experiments to determine the contribution of DO to expression of both
D11-0401 and D13-0401 would be to quantify the ratio of DO to DM by using western
blot or flow cytometry analysis of expression in cell lines constitutively expressing each
epitope. Given this new understanding of DO function, it is likely that optimal D11-0401
expression requires high DO levels since the epitope likely consists of low stability selfpeptide(s) bound to DRB1*04:01 molecules. Thus, optimal D11-0401 expression is
conceivably dependent on (1) the presence of the appropriate protein(s) or peptide(s) and
(2) the ratio of functional DM to inactive DO-bound DM. Alternatively, a more direct
approach to measure the effect of DO on D11-0401 or D13-0401 would be to knock
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down DO expression in D11-0401+ or D13-0401+ cells, respectively, utilizing RNA
interference knockdown or CRISPR/Cas9 gene editing technology. However, interpreting
the results of these experiments would be complicated by the fact that knockdown of DO
would also affect the level of functional DM. Regardless, a more complete understanding
of how DM and DO simultaneously shape the presentation of specific epitopes could
provide insight to mechanisms of immune tolerance and initiation of autoimmunity.

3)

The current study is limited in its conclusions regarding the specificity of the

cellular proteases contributing to D11-0401, D13-0401, and D13-0404 formation and
future experiments should make use of more specific protease and cellular pathway
inhibitors to clarify the nature of the antigen or peptides which form these epitopes.
Cysteine cathepsins, which constitute a major portion of the endolysosomal proteolytic
activity, are responsible for the generation of several MHC-II epitopes (61, 384, 385). In
addition, both GILT and AEP have been shown to contribute to the generation of MHC-II
epitopes (125, 126, 128, 386). Therefore, particular attention should be devoted to
specific lysosomal cysteine proteases such as cathepsins L and S, GILT, and AEP.
Furthermore, additional focus should be made to the contribution of autophagy to the
formation of these epitopes, especially since cytoplasmic-derived citrullinated peptides
presented by DRB1*04:01 may represent these epitopes as previously discussed. An
alternative method to determine whether citrullinated proteins or peptides contribute to
epitope formation would be to (1) test whether anti-citrullinated protein abs block
NFLD.D11 and NFLD.D13 binding, or (2) stain D11-0401+, D13-0401+, and D13-0404+
cells with anti-citrullinated proteins/peptide antibodies and visualize by confocal
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microscopy for cellular localization. The identity of the specific peptide or peptides that
are bound by DRB1*04 molecules forming these epitopes would be valuable given the
potential biologically relevance of this epitope to DRB1*04:01and *04:04 associated
autoimmunity.

4)

The role of one or more tetraspanin proteins in expression of D11-0401, D13-

0401, and D13-0404 remains unanswered. A more appropriate approach to examine the
importance of D11-0401-tetraspanin interactions in the expression of this epitope might
be to make use of RNA interference or CRISPR/Cas9 gene editing techniques to
knockdown individual tetraspanin expression. However, the question of whether D110401 associates with larger tetraspanin-enriched microclusters distinct from lipid rafts
might be difficult to ascertain, especially given that both microdomains may be more
closely related than what was initially postulated (152).

5)

Due to the aforementioned difficulty of using the NFLD.D11 and NFLD.D13

antibodies in several assays, a complete analysis of the association of these epitopes with
DRMs could not be determined, as well as immunofluorescence colocalization
experiments were inconclusive, both of which would have provided additional insight
into epitope raft association. As an alternative to the sucrose density gradient
ultracentrifugation technique, a unique flow cytometric assay of differential detergent
resistance (FCDR) was employed, which is based on the resistance of lipid rafts and
associated proteins to be solubilized in nonionic detergents such as Triton X-100 (387389). Contrary to the previous experiments utilizing MBCD to disrupt lipid raft integrity,
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the FCDR results indicated that D11-0401 was detergent soluble in SAVC and 8.1.6 0401
cells, suggesting limited association of this epitope with cell surface lipid rafts (Appendix
G). However, the FCDR results are less reliable since detergent resistance or solubility
can be affected by several other factors independent of raft-association (390). We propose
additional experiments are performed which involve the biotinylation of the NFLD.D11
and NFLD.D13 mAbs prior to incubation with D11-0401-positive cells, followed by
streptavidin-HRP labelling and lipid raft isolation by sucrose density gradient
ultracentrifugation. This would allow examination of the distribution of the HRP-tagged
mAbs in raft and non-raft fractions, thus allowing calculation of the proportion of surface
pMHC-II bearing these epitopes that is raft-associated.

6)

Given the similarity of the D13-0401 epitope to another DRB1*04-restricted

epitope consisting of a peptide from type II collagen as described above (376), it might be
worthwhile to examine the functional relevance of D13-0401, with a particular focus on
the in vivo expression profile in the context of DRB1*04-associated autoimmune disease
such as RA or the ability of this mAb to block autoreactive T cell activation. For example,
expression of D13-0401, as well as D11-0401 and D13-0404, could be investigated in
arthritic

tissue

sections

or

primary

cells

from

inflamed

synovium

by

immunohistochemistry and immunocytochemistry, respectively. Alternatively, epitope
expression could be evaluated on B cells isolated from inflamed synovium or synovial
fluid from RA patients. To determine the potential therapeutic use of these mAbs, their
ability to block autoreactive T cell activation could be measured using ELISPOT or flow
cytometry-based T cell activation/proliferation assays by stimulating peripheral T cells
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from RA patients in vitro using overlapping peptide pools of known RA-causing
autoantigenic proteins in the presence of blocking NFLD.D11 and NFLD.D13 mAbs. If
these epitopes are indeed responsible for the activation or expansion of autoreactive T
cells in RA or other autoimmune disorders, then a potential therapeutic use of these
antibodies would be invaluable.

166

References

167

1.

Horton, R., L. Wilming, V. Rand, R. C. Lovering, E. A. Bruford, V. K. Khodiyar,
M. J. Lush, S. Povey, C. C. Jr. Talbot, M. W. Wright, H. M. Wain, J. Trowsdale,
A. Ziegler, and S. Beck. 2004. Gene map of the extended human MHC. Nat. Rev.
Genet. 5(12): 889-899.

2.

Trowsdale, J. 1993. Genomic structure and function in the MHC. Trends Genet.
9(4): 117-122.

3.

Rhodes, D. A. and J. Trowsdale. 1999. Genetics and molecular genetics of the
MHC. Rev. Immunogenet. 1(1): 21-31.

4.

Trowsdale, J., J. Ragoussis, and R. D. Campbell. 1991. Map of the human MHC.
Immunol. Today 12: 443–446.

5.

Natarajan, K., H. Li, R. A. Mariuzza, and D. H. Margulies. 1999. MHC class I
molecules, structure and function. Rev. Immunogenet. 1(1): 32-46.

6.

Borrego, F., J. Kabat, D. K. Kim, L. Lieto, K Maasho, J. Peña, R. Solana, and J. E.
Coligan. 2002. Structure and function of major histocompatibility complex
(MHC) class I specific receptors expressed on human natural killer (NK) cells.
Mol. Immunol. 38(9): 637-660.

7.

Brooks, A. G., J. C. Boyington, and P. D. Sun. 2000. Natural killer cell
recognition of HLA class I molecules. Rev. Immunogenet. 2(3): 433-448.

8.

Rodgers, J. R. and R. G. Cook. 2005. MHC class Ib molecules bridge innate and
acquired immunity. Nat. Rev. Immunol. 5(6): 459-471.

9.

Micale, L., E. Chaignat, C. Fusco, A. Reymond, and G. Merla. 2012. The tripartite
motif: structure and function. Adv. Exp. Med. Biol. 770: 11-25.

10.

Kawai, T. and S. Akira. 2011. Regulation of innate immune signalling pathways
by the tripartite motif (TRIM) family proteins. EMBO Mol. Med. 3(9): 513-527.

11.

Yung Yu, C., Z. Yang, C. A. Blanchong, and W. Miller. 2000. The human and
mouse MHC class III region: a parade of 21 genes at the centromeric segment.
Immunology Today 21(7): 320-328.

12.

Milner, C. M. and R. D. Campbell. 2001. Genetic organization of the human
MHC class III region. Front. Biosci. 6: D914-926.

13.

Roche, P. A. and K. Furuta. 2015. The ins and outs of MHC class II-mediated
antigen processing and presentation. Nat. Rev. Immunol. 15(4): 203-216.

168

14.

Busch., R., C. H. Rinderknecht, S. Roh, A. W. Lee, J. J. Harding, T. Burster, T.
M. Hornell, and E. D. Mellins. 2005. Achieving stability through editing and
chaperoning: regulation of MHC class II peptide binding and expression.
Immunol. Rev. 207: 242-260.

15.

Sadegh-Nasseri, S., M. Chen, K. Narayan, and M. Bouvier. 2008. The convergent
roles of tapasin and HLA-DM in antigen presentation. Trends Immunol. 29(3):
141-147.

16.

Basler, M., C. J. Kirk, and M. Groettrup. 2013. The immunoproteasome in antigen
processing and other immunological functions. Curr. Opin. Immunol. 25(1): 7480.

17.

Robinson, J., J. A. Halliwell, J. H. Hayhurst, P. Flicek, P. Parham, and S. G. E.
Marsh. 2015. The IPD and IMGT/HLA database: allele variant databases. Nucleic
Acids Research 43: D423-431.

18.

Andersson, G. 1998. Evolution of the human HLA-DR region. Front. Biosci. 3:
d739-745.

19.

McCluskey, J., C. Kanaan, and M. Diviney. 2003. Nomenclature and serology of
HLA class I and class II alleles. Curr. Protoc. Immunol. Appendix 1:Appendix
1S.

20.

Marsh, S. G. E., E. D. Albert, W. F. Bodmer, R. E. Bontrop, B. Dupont, H. A.
Erlich, M. Fernández-Vina, D. E. Geraghty, R. Holdsworth, C. K. Hurley, M. Lau,
K. W. Lee, B. Mach, W. R. Mayr, M. Maiers, C. R. Müller, P. Parham, E. W.
Petersdorf, T. Sasazuki, J. L. Strominger, A. Svejgaard, P. I. Terasaki, J. M.
Tiercy, and J. Trowsdale. 2010. Nomenclature for factors of the HLA system,
2010. Tissue Antigens 75(4): 291-455.

21.

Watts, C. 1997. Capture and processing of exogenous antigens for presentation on
MHC molecules. Annu. Rev. Immunol. 15: 821-850.

22.

Starr, T. K., S. C. Jameson, and K. A. Hogquist. 2003. Positive and negative
selection of T cells. Annu. Rev. Immunol. 21:139-176.

23.

Rask, L., A. K. Jonsson, A. C. Svensson, K. Gustafsson, and L. Andersson. 1991.
The structure of human MHC class II genes. Autoimmunity 8(3): 237:244.

24

Coico, R., G. Sunshine, and E. Benjamini. 2003. Immunology: A Short Course, 5th
Edition, John Wiley and Sons, Inc., New Jersey.

25.

Sinigaglia, F. and J. Hammer. 1994. Defining rules for the peptide-MHC class II
interaction. Curr. Opin. Immunol. 6(1): 52-56.

169

26.

Zhang, Y. and D. B. Williams. 2006. Assembly of MHC class I molecules within
the endoplasmic reticulum. Immunol. Res. 35(1-2): 151-162.

27.

Wearsch, P. A., and P. Cresswell. 2007. Selective loading of high-affinity peptides
onto major histocompatibility complex I molecules by the tapasin-ERp57
heterodimer. Nat. Immunol. 8(8): 873-881.

28.

Howarth, M., A. Williams, A. B. Tolstrup, and T. Elliot. 2004. Tapasin enhances
MHC class I peptide presentation according to peptide half-life. Proc. Natl. Acad.
Sci. 101(32): 11737-11742.

29.

Williams, A. P., C. A. Peh, A. W. Purcell, J. McCluskey, and T. Elliot. 2002.
Optimization of the MHC class I peptide cargo is dependent on tapasin. Immunity
16(4): 509-520.

30.

Lich, J. D., J. F. Elliot, and J. S. Blum. 2000. Cytoplasmic processing in a
prerequisite for presentation of an endogenous antigen by major
histocompatibility complex class II proteins. J. Exp. Med. 191(9): 1513-1524.

31.

Rock, K.. L., D. J. Farfan-Arribas, and L. Shen. 2010. Proteases in MHC class I
presentation and cross-presentation. J. Immunol. 184(1): 9-15.

32.

Wright, K. L., J. P. Ting. 2006. Epigenetic regulation of MHC-II and CIITA
genes. Trends Immunol. 27(9): 405-412.

33.

Roche, P. A., M. S. Marks, and P. Cresswell. 1991. Formation of a nine-subunit
complex by HLA class II glycoproteins and the invariant chain. Nature
354(6352): 392-394.

34.

Cresswell, P. 1996. Invariant chain structure and MHC class II function. Cell
84(4): 505-507.

35.

Zhong, G., P. Romagnoli, and R. N. Germain. 1997. Related leucine-based
cytoplasmic targeting signals in invariant chain and major histocompatibility
complex class II molecules control endocytic presentation of distinct determinants
in a single protein. J. Exp. Med. 185(3): 429-438.

36.

Pond, L., L. A. Kuhn, L. Teyton, M. P. Schutze, J. A. Tainer, M. R. Jackson, and
P. A. Peterson. 1995. A role for acidic residues in di-leucine motif-based targeting
to the endocytic pathway. J. Biol. Chem. 270(34): 19989-19997.

37.

Dugast, M., H. Toussaint, C. Dousset, and P. Benaroch. 2005. AP2 clathrin
adapter complex, but not AP1, controls the access of the major histocompatibility
complex (MHC) class II to endosomes. J. Biol. Chem. 280(20): 19656-19664.

170

38.

McCormick, P. J., J. A. Martina, and J. S. Bonifacino. 2005. Involvement of
clathrin and AP-2 in the trafficking of MHC class II molecules to antigenprocessing compartments. Proc. Natl. Acad. Sci. U S A 102(22): 7910-7915.

39.

Walseng, E., O. Bakke, and P. A. Roche. 2008. Major histocompatibility complex
class II-peptide complexes internalize using a clathrin- and dynamin-independent
endocytosis pathway. J. Biol. Chem. 283(21): 14717-14727.

40.

Blum, J. S., P. A. Wearsch, and P. Cresswell. 2013. Pathways of antigen
processing. Annu. Rev. Immunol. 31: 443-473.

41.

Castellino, F., and R. N. Germain. 1995. Extensive trafficking of MHC class IIinvariant chain complexes in the endocytic pathway and appearance of peptideloaded class II in multiple compartments. Immunity 2(1): 73-88.

42.

Trombetta, E. S. and I. Mellman. 2005. Cell biology of antigen processing in vitro
and in vivo. Annu. Rev. Immunol. 23: 975-1028.

43.

Neefjes, J. 1999. CIIV, MIIC and other compartments for MHC class II loading.
Eur. J. Immunol. 29(5): 1421-1425.

44.

Berger, A. C., and P. A. Roche. 2009. MHC class II transport at a glance. J. Cell
Sci. 1(22): 1-4.

45.

Guagliardi, L. E., B. Koppelman, J. S. Blum, M. S. Marks, P. Cresswell, and F.
M. Brodsky. 1990. Co-localization of molecules involved in antigen processing
and presentation in an early endocytic compartment. Nature 343(6254): 133-139.

46.

Harding, C. V., E. R. Unanue, J. W. Slot, A. L. Schwartz, and H. J. Geuze. 1990.
Functional and ultrastructural evidence for intracellular formation of major
histocompatibility complex class II-peptide complexes during antigen processing.
Proc. Natl. Acad. Sci. U S A 87(14): 5553-5537.

47.

Peters, P. J., J. J. Neefjes, V. Oorschot, H. L. Ploegh, and H. J. Geuze. 1991.
Segregation of MHC class II molecules from MHC class I molecules in the Golgi
complex for transport to lysosomal compartments. Nature 349(6311): 669-676.

48.

Hiltbold, E. M. and P. A. Roche. 2002. Trafficking of MHC class II molecules in
the late secretory pathway. Curr. Opin. Immunol. 14(1): 30-35.

49.

Bakke, O. and B. Dobberstein. 1990. MHC class II-associated invariant chain
contains a sorting signal for endosomal compartments. Cell 63(4): 707-716.

171

50.

Roche, P. A. and P. Cresswell. 1991. Proteolysis of the class II-associated
invariant chain generates a peptide binding site in intracellular HLA-DR
molecules. Proc. Natl. Acad. Sci. U S A 88(8): 3150-3154.

51.

Watts, C. 2012. The endosome-lysosome pathway and information generation in
the immune system. Biochim. Biophys. Acta 1824(1): 14-21.

52.

Newcomb, J. R. and P. Cresswell. 1993. Structural analysis of proteolytic
products of MHC class II-invariant chain complexes generated in vivo. J.
Immunol. 151(8): 4153-4163.

53.

Riese, R. J., P. R. Wolf, D. Bromme, L. R. Natkin, J. A. Villadangos, H. L.
Ploegh, and H. A. Chapman. 1996. Essential role for cathepsin S in MHC class IIassociated invariant chain processing and peptide loading. Immunity 4(4): 357366.

54.

Lankar, D., H. Vincent-Schneider, V. Briken, T. Yokozeki, G. Raposo, and C.
Bonnerot. 2002. Dynamics of major histocompatibility complex class II
compartments during B cell receptor-mediated cell activation. J. Exp. Med.
195(4): 461-472.

55.

Bowlus, C. L., J. Ahn, T. Chu, and J. R. Gruen. 1999. Cloning of a novel MHCencoded serine peptidase highly expressed by cortical epithelial cells of the
thymus. Cell. Immunol. 196(2): 80-86.

56.

Honey, K., T. Nakagawa, C. Peters, and A. Rudensky. 2002. Cathepsin L
regulates CD4+ T cell selection independently of its effect on invariant chain: a
role in the generation of positively selecting peptide ligands. J. Exp. Med.
195(10): 1349-1358.

57.

Nakagawa, T. Y., and A. Y. Rudensky. 1999. The role of lysosomal proteinases in
MHC class II-mediated antigen processing and presentation. Immunol. Rev. 172:
121-129.

58.

Burster, T., A. Beck, S. Poeschel, A. Oren, M. Reich, O. Roetzschke, K. Falk,
B.O. Boehm, S. Youssef, H. Kalbacher, H. Overkleeft, E. Tolosa, and C.
Driessen. 2007. Interferon-gamma regulates cathepsin G activity in microgliaderived lysosomes and controls the proteolytic processing of myelin basic protein
in vitro. Immunology 121(1): 82-93.

59.

Shi, G. P., R. A. Bryant, R. Riese, S. Verhelst, C. Driessen, Z. Li, D. Bromme, H.
L. Ploegh, and H. A. Chapman. 2000. Role for cathepsin F in invariant chain
processing and major histocompatibility complex class II peptide loading by
macrophages. J. Exp. Med. 191(7): 1177-1186.

172

60.

Bania, J., E. Gatti, H. Lelouard, A. David, F. Cappello, E. Weber, V. Camosseto,
and P. Pierre. 2003. Human cathepsin S, but not cathepsin L, degrades efficiently
MHC class II-associated invariant chain in nonprofessional APCs. Proc. Natl.
Acad. Sci. U S A 100(11): 6664-6669.

61.

Hsing, L. C., and A. Y. Rudensky. 2005. The lysosomal cysteine proteases in
MHC class II antigen presentation. Immunol. Rev. 207: 229-241.

62.

Maric, M. A., M. D. Taylor, and J. S. Blum. 1994. Endosomal aspartic proteinases
are required for invariant-chain processing. Proc. Natl. Acad. Sci. U S A 91(6):
2171-2175.

63.

Manoury, B., D. Mazzeo, D. N. Li, J. Billson, K. Loak, P. Benaroch, and C.
Watts. 2003. Asparagine endopeptidase can initiate the removal of the MHC class
II invariant chain chaperone. Immunity 18(4): 489-498.

64.

Villadangos, J. A., R. J. Riese, C. Peters, H. A. Chapman, and H. L. Ploegh. 1997.
Degradation of mouse invariant chain: roles of cathepsins S and D and the
influence of major histocompatibility complex polymorphism. J. Exp. Med.
186(4): 549-560.

65.

Mellins, E. D. and L. J. Stern. 2014. HLA-DM and HLA-DO, key regulators of
MHC-II processing and presentation. Curr. Opin. Immunol. 26: 115-122.

66.

Sloan, V. S., P. Cameron, G. Porter, M. Gammon, M. Amaya, E. Mellins, and D.
M. Zaller. 1995. Mediation by HLA-DM of dissociation of peptides from HLADR. Nature 375(6534): 802-806.

67.

Vogt, A. B., H. Kropshofer, G. Moldenhauer, and G. J. Hämmerling. 1996.
Kinetic analysis of peptide loading onto HLA-DR molecules mediated by HLADM. Proc. Natl. Acad. Sci. U S A 93(18): 9724-9729.

68.

Denzin, L. K., J. L. Fallas, M. Prendes, and W. Yi. 2005. Right place, right time,
right peptide: DO keeps DM focused. Immuno. Rev. 207: 279-292.

69.

Hornell, T. M., T. Burster, F. L. Jahnsen, A. Pashine, M. T. Ochoa, J. J. Harding,
C. Macaubas, A. W. Lee, R. L. Modlin, and E. D. Mellins. 2006. Human dendritic
cell expression of HLA-DO is subset specific and regulated by maturation. J.
Immunol. 176(6): 3536-3547.

70.

Momburg, F., S. Fuchs, J. Drexler, R. Busch, M. Post, G. J. Hämmerling, and L.
Adorini. 1993. Epitope-specific enhancement of antigen presentation by invariant
chain. J. Exp. Med. 178(4): 1453-1458.

173

71.

Tewari, M. K., G. Sinnathamby, D. Rajagopal, and L. C. Eisenlohr. 2005. A
cytosolic pathway for MHC class II-restricted antigen processing that is
proteasome and TAP dependent. Nat. Immunol. 6(3): 287-294.

72.

Pinet, V., M. S. Malnati, and E. O. Long. 1994. Two processing pathways for the
MHC class II-restricted presentation of exogenous influenza virus antigen. J.
Immunol. 152(10): 4852-4860.

73.

Griffin, J. P., R. Chu, and C. V. Harding. 1997. Early endosomes and a late
endocytic compartment generate different peptide-class II MHC complexes via
distinct processing mechanisms. J. Immunol. 158(4): 1523-1532.

74.

Platt, C. D., J. K. Ma, C. Chalouni, M. Ebersold, H. Bou-Reslan, R. A. Carano, I.
Mellman, and L. Delamarre. 2010. Mature dendritic cells use endocytic receptors
to capture and present antigens. Proc. Natl. Acad. Sci. U S A. 107(9): 4287-4292.

75.

Anders, A. K., M. J. Call, M. S. Schulze, K. D. Fowler, D. A. Schubert, N. P.
Seth, E. J. Sundberg, and K. W. Wucherpfennig. 2011. HLA-DM captures
partially empty HLA-DR molecules for catalyzed removal of peptide. Nat.
Immunol. 12(1): 54-61.

76.

Painter, C. A., M. P. Negroni, K. A. Kellersberger, Z. Zavala-Ruiz, J. E. Evans,
and L. J. Stern. 2011. Conformational lability in the class II MHC 310 helix and
adjacent extended strand dictate HLA-DM susceptibility and peptide exchange.
Proc. Natl. Acad. Sci. U S A 108(48): 19329-19334.

77.

Kropshofer, H., A. B. Vogt, G. Moldenhauer, J. Hammer, J. S. Blum, and G. J.
Hämmerling. 1996. Editing of the HLA-DR-peptide repertoire by HLA-DM.
EMBO J. 15(22): 6144-6154.

78.

Patil, N. S., A. Pashine, M. P. Belmares, W. Lui, B. Kaneshiro, J. Rabinowitz, H.
McConnell, and E. D. Mellins. 2001. Rheumatoid arthritis (RA)-associated HLADR alleles form less stable complexes with class II-associated invariant chain
peptide than non-RA-associated HLA-DR alleles. J. Immunol. 167(12): 71577168.

79.

Sette, A., S. Southwood, J. Miller, and E. Appella. 1995. Binding of major
histocompatibility complex class II to the invariant chain-derived peptide, CLIP,
is regulated by allelic polymorphism in class II. J. Exp. Med. 181(2): 677-683.

80.

Pos, W., D. K. Sethi, M. J. Call, M. S. Schulze, A. K. Anders, J. Pyrdol, and K.
W. Wucherpfennig. 2012. Crystal structure of the HLA-DM-HLA-DR1 complex
defines mechanisms for rapid peptide selection. Cell 151(7): 1557-1568.

174

81.

Guce, A. I., S. E. Mortimer, T. Yoon, C. A. Painter, W. Jiang, E. D. Mellins, and
L. J. Stern. 2013. HLA-DO acts as a substrate mimic to inhibit HLA-DM by a
competitive mechanism. Nat. Struct. Mol. Biol. 20(1): 90-98.

82.

Mosyak, L., D. M. Zaller, and D. C. Wiley. 1998. The structure of HLA-DM, the
peptide exchange catalyst that loads antigen onto class II MHC molecules during
antigen presentation. Immunity 9(3): 377-383.

83.

Nicholson, M. J., B. Moradi, N. P. Seth, X. Xing, G. D. Cuny, R. L. Stein, and K.
W. Wucherpfennig. 2006. Small molecules that enhance the catalytic efficiency of
HLA-DM. J. Immunol. 176(7): 4208-4220.

84.

Fremont, D. H., F. Crawford, P. Marrack, W. A. Hendrickson, and J. Kappler.
1998. Crystal structure of mouse H2-M. Immunity. 9(3): 385-393.

85.

Yi, W., N. P. Seth, T. Martillotti, K. K. W. Wucherpfennig, D. B. Sant'Angelo,
and L. K. Denzin. 2010. Targeted regulation of self-peptide presentation prevents
type I diabetes in mice without disrupting general immunocompetence. J. Clin.
Invest. 120(4): 1324-1336.

86.

Morgan, M. A., P. S. Muller, A. Mould, S. A. Newland, J. Nichols, E. J.
Robertson, A. Cooke, and E. K. Bikoff. 2013. The nonconventional MHC class II
molecule DM governs diabetes susceptibility in NOD mice. PLoS One 8(2):
e56738.

87.

Mohan, J. F., M G. Levisetti, B. Calderon, J. W. Herzog, S. J. Petzold, and E. R.
Unanue. 2010. Unique autoreactive T cells recognize insulin peptides generated
within the islets of Langerhans in autoimmune diabetes. Nat. Immunol. 11(4):
350-354.

88.

Mohan, J. F. and E. R. Unanue. 2012. Unconventional recognition of peptides by
T cells and the implications for autoimmunity. Nat. Rev. Immunol. 12(10): 721728.

89.

Denzin, L. K., A. B. Sant’Angelo, C. Hammond, M. J. Surman, and P. Cresswell.
1997. Negative regulation by HLA-DO of MHC class II-restricted antigen
processing. Science 278(5335): 106-109.

90.

Kropshofer, H., G. J. Hammerling, and A. B. Vogt. 1999. The impact of the nonclassical MHC proteins HLA-DM and HLA-DO on loading of MHC class II
molecules. Immunol. Rev. 172: 267-278.

91.

Denzin, L. K., J. L. Fallas, M. Prendes, and W. Yi. 2005. Right place, right time,
right peptide: DO keeps DM focused. Immuno. Rev. 207: 279-292.

175

92.

Deshaies, F., A. Brunet, D. A Diallo, L. K. Denzin, A. Samaan, and J. Thibodeau.
2005. A point mutation in the groove of HLA-DO allows egress from the
endoplasmic reticulum independent of HLA-DM. Proc. Natl. Acad. Sci. U S A
102(18): 6443-6448.

93.

Glazier, K. S., S. B. Hake, H. M. Tobin, A. Chadburn, E. J. Schattner, and L. K.
Denzin. 2002. Germinal center B cells regulate their capability to present antigen
by modulation of HLA-DO. J. Exp. Med. 195(8): 1063-1069.

94.

Liljedahl, M., O. Winqvist, C. D. Surh, P. Wong, K. Ngo, P. A. Peterson, A.
Brunmark, A. Y. Rudensky, W. P. Fung-Leung, and L. Karlsson. 1998. Altered
antigen presentation in mice lacking H2-O. Immunity 8(2): 233-243.

95.

Alfonso, C., G. S. Williams, and L. Karlsson. 2003. H2-O influence on antigen
presentation in H2-E-expressing mice. Eur. J. Immunol. 33(7): 2014-2021.

96.

Alfonso, C., G. S. Williams, J. O. Han, J. A. Westberg, O. Winqvist, and L.
Karlsson. 2003. Analysis of H2-O influence on antigen presentation by B cells. J.
Immunol. 171(5): 2331-2337.

97.

van Ham, S. M., E. P. Tjin, B. F. Lillemeier, U. Grüneberg, K. E. van
Meijgaarden, L. Pastoors, D. Verwoerd, A. Tulp, B. Canas, D. Rahman, T. H.
Ottenhoff, D. J. Pappin, J. Trowsdale, and J. Neefjes. 1997. HLA-DO is a negative
modulator of HLA-DM-mediated MHC class II peptide loading. Curr. Biol. 7(12):
950-957.

98.

Perraudeau, M., P. R. Taylor, H. J. Stauss, R. Lindstedt, A. E. Bygrave, D. J.
Pappin, S. Ellmerich, A. Whitten, D. Rahman, B. Canas, M. J. Walport, M. Botto,
and D. M. Altmann. 2000. Altered major histocompatibility complex class II
peptide loading in H2-O-deficient mice. Eur. J. Immunol. 30(10): 2871-2880.

99.

Yi, W., N. P. Seth, T. Martillotti, K. W. Wucherpfennig, D. B. Sant'Angelo, and
L. K. Denzin. 2010. Targeted regulation of self-peptide presentation prevents type
I diabetes in mice without disrupting general immunocompetence. J. Clin. Invest.
120(4): 1324-1336.

100.

Gu, Y., P. E. Jensen, and X. Chen. 2013. Immunodeficiency and autoimmunity in
H2-O-deficient mice. J. Immunol. 190(1): 126-137.

101.

Lovitch, S. B., S. J. Petzold, and E. R. Unanue. 2003. Cutting edge: H-2DM is
responsible for the large differences in presentation among peptides selected by IAk during antigen processing. J. Immunol. 171(5): 183-186.

176

102.

Kremer, A. N., E. D. van der Meijden, M. W. Honders, J. J. Goeman, E. J. Wiertz,
J. H. Falkenburg, and M. Griffioen. 2012. Endogenous HLA class II epitopes that
are immunogenic in vivo show distinct behavior toward HLA-DM and its natural
inhibitor HLA-DO. Blood 120(16): 3246-3255.

103.

Zhou, Z., E. Reyes-Vargas, H. Escobar, K. Y. Chang, A. P. Barker, A. L.
Rockwood, J. C. Delgado, X. He, and P. E. Jensen. 2017. Peptidomic analysis of
type 1 diabetes associated HLA-DQ molecules and the impact of HLA-DM on
peptide repertoire editing. Eur. J. Immunol. 47(2): 314-326.

104.

Kremer, A. N., E. D. van der Meijden, M. W. Honders, M. J. Pont, J. J. Goeman,
J. H. Falkenburg, and M. Griffioen. 2014. Human leukocyte antigen-DO regulates
surface presentation of human leukocyte antigen class II-restricted antigens on B
cell malignancies. Biol. Blood Marrow Transplant. 20(5): 742-747.

105.

Akram, A. and R. D. Inman. 2012. Immunodominance: a pivotal principle in host
response to viral infections. Clin. Immunol. 143(2): 99-115.

106.

Bird, P. I., J. A. Trapani, and J. A. Villadangos. 2009. Endolysosomal proteases
and their inhibitors in immunity. Nat. Rev. Immunol. 9(12): 871-882.

107.

Dai, Y. D., K. P. Jensen, I. Marrero, N. Li, A. Quinn, and E. E. Sercarz. 2008. Nterminal flanking residues of a diabetes-associated GAD65 determinant are
necessary for activation of antigen-specific T cells in diabetes-resistant mice. Eur.
J. Immunol. 38(4): 968-976.

108.

Mimura, Y., Y. Mimura-Kimura, K. Doores, D. Golgher, B. G. Davis, R. A.
Dwek, P. M. Rudd, and T. Elliott. 2007. Folding of an MHC class II-restricted
tumor antigen controls its antigenicity via MHC-guided processing. Proc. Natl.
Acad. Sci. U S A 104(14): 5983-5988.

109.

Watts, C. 2004. The exogenous pathway for antigen presentation on major
histocompatibility complex class II and CD1 molecules. Nat. Immunol. 5(7): 686692.

110.

Riese, R. J., and H. A. Chapman. 2000. Cathepsins and compartmentalization in
antigen presentation. Curr. Opin. Immunol. 12(1): 107-113.

111.

Honey, K., and A. Y. Rudensky. 2003. Lysosomal cysteine proteases regulate
antigen presentation. Nat. Rev. Immunol. 3(6): 472-482.

112.

Vidard, L., K. L. Rock, and B. Benacerraf. 1991. The generation of immunogenic
peptides can be selectively increased or decreased by proteolytic enzyme
inhibitors. J. Immunol. 147(6): 1786-1791.

177

113.

Deussing, J., W. Roth, P. Saftig, C. Peters, H. L. Ploegh, J. A. Villadangos. 1998.
Cathepsins B and D are dispensable for major histocompatibility complex class IImediated antigen presentation. Proc. Natl. Acad. Sci. U S A 95(8): 4516-4521.

114.

Nakagawa, T., W. Roth, P. Wong, A. Nelson, A. Farr, J. Deussing, J. A.
Villadangos, H. Ploegh, C. Peters, and A. Y. Rudensky. 1998. Cathepsin L:
critical role in Ii degradation and CD4 T cell selection in the thymus. Science
280(5362): 450-453.

115.

Shi, G. P., J. A. Villadangos, G. Dranoff, C. Small, L. Gu, K. J. Haley, R. Riese,
H. L. Ploegh, H. A. Chapman. 1999. Cathepsin S required for normal MHC class
II peptide loading and germinal center development. Immunity 10(2): 197-206.

116.

Trombetta, E. S., and I. Mellman. 2005. Cell biology of antigen processing in
vitro and in vivo. Ann. Rev. Immunol. 23: 975-1028.

117.

Hsieh, C. S., P. deRoos, K. Honey, C. Beers, A. Y. Rudensky. 2002. A role for
cathepsin L and cathepsin S in peptide generation for MHC class II presentation.
J. Immunol. 168(6): 2618-2625.

118.

Villadangos, J. A., R. A. Bryant, J. Deussing, C. Driessen, A. M. LennonDumeneil, R. J. Riese, W. Roth, P. Saftig, G. P. Shi, H. A. Chapman, C. Peters,
and H. L. Ploegh. 1999. Proteases involved in MHC class II antigen presentation.
Immunol. Rev. 172: 109-120.

119.

Driessen, C., A. M. Lennon-Dumeril, and H. L. Ploegh. 2001. Individual
cathepsin degrade immune complexes internalized by antigen presenting cells via
Fcgamma receptors. Er. J. Immunol. 31(5): 1592-1601.

120.

Zaidi, N., T. Burster, V. Sommandas, T. Herrmann, B. O. Boehm, C. Driessen, W.
Voelter, and H. Kalbacher. 2007. A novel cell penetrating aspartic protease
inhibitor blocks processing and presentation of tetanus toxoid more efficiently
than pepstatin A. Biochem. Biophys. Res. Commun. 364(2): 243-249.

121.

Burster, T., M. Reich, N. Zaidi, W. Voelter, B. O. Boehm, and H. Kalbacher.
2008. Cathepsin E regulates the presentation of tetanus toxin C-fragment in PMA
activated primary human B cells. Biochem. Biophys. Res. Commun. 377(4): 12991303.

122.

Reich, M., E. Wieczerzak, E. Jankowska, D. Palesch, B. O. Boehm, and T.
Burster. 2009. Specific cathepsin B inhibitor is cell-permeable and activates
presentation of TTC in primary human dendritic cells. Immunol. Lett. 123(2): 155159.

178

123.

Pluger, E. B., M. Boes, C. Alfonso, C. J. Schroter, H. Kalbacher, H. L. Ploegh,
and C. Driessen. 2002. Specific role for cathepsin S in the generation of antigenic
peptide in vivo. Eur. J. Immunol. 32(2): 467-476.

124.

Manoury, B., E. W. Hewitt, N. Morrice, P. M. Dando, A. J. Barrett, and C. Watts.
1998. An asparaginyl endopeptidase processes a microbial antigen for class II
MHC presentation. Nature 396(6712): 695-699.

125.

Watts, C., S. P. Mattews, D. Mazzeo, B. Manoury, and C. X. Moss. 2005.
Asparaginyl endopeptidase: case history of a class II MHC compartment protease.
Immunol. Rev. 207: 218-228.

126.

Maric, M., B. Arunachalam, U. T. Phan, C. Dong, W. S. Garrett, K. S. Cannon, C.
Alfonso, L. Karlsson, R. A. Flavell, and P. Cresswell. 2001. Defective antigen
processing in GILT-free mice. Science 294(5545): 1361-1365.

127.

Li, P., M. A. Haque, and J. S. Blum. 2002. Role of disulfide bonds in regulating
antigen processing and epitope selection. J. Immunol. 169(5): 2444-2450.

128.

Haque, M. A., P. Li, S. K. Jackson, H. M. Zarour, J. W. Hawes, U. T. Phan, M.
Maric, P. Cresswell, and J. S. Blum. 2002. Absence of gamma-interferoninducible lysosomal thiol reductase in melanomas disrupts T cell recognition of
select immunodominant epitopes. J. Exp. Med. 195(10): 1267-1277.

129.

Luckey, C. J., G. M. King, J. A. Marto, S. Venketeswaran, B. F. Maier, V. L.
Crotzer, T. A. Colella, J. Shabanowitz, D. F. Hunt, and V. H. Engelhard. 1998.
Proteasomes can either generate or destroy MHC class I epitopes: evidence for
nonproteasomal epitope generation in the cytosol. J. Immunol. 161(1): 112-121.

130.

Manoury, B., D. Mazzeo, L. Fugger, N. Viner, M. Ponsford, H. Streeter, G.
Mazza, D. C. Wraith, and C. Watts. 2002. Destructive processing by asparagines
endopeptidase limits presentation of a dominant T cell epitope in MBP. Nat.
Immunol. 3(2): 169-174.

131.

Delamarre, L., M. Pack, H. Chang, I. Mellman, and E. S. Trombetta. 2005.
Differential lysosomal proteolysis in antigen-presenting cells determines antigen
fate. Science 307(5715): 1630-1634.

132.

Burster, T., A. Beck, E. Tolosa, V. Marin-Esteban, O. Rotzschke, K. Falk, A.
Lautwein, M. Reich, J. Brandenburg, G. Schwarz, H. Wiendl, A. Melms, R.
Lehmann, S. Stevanovic, H. Kalbacher, and C. Driessen. 2004. Cathepsin G, and
no the asparagines-specific endoprotease, controls the processing of myelin basic
protein in lysosomes from human B lymphocytes. J. Immunol. 172(9): 5495-5503.

179

133.

Manoury, B., D. Mazzeo, L. Fugger, N. Viner, M. Ponsford, H. Streeter, G.
Mazza, D. C. Wraith, and C. Watts. 2002. Destructive processing by asparagines
endopeptidase limits presentation of a dominant T cell epitope in MBP. Nat.
Immunol. 3(2): 169-174.

134.

Stoeckle, C., V. Sommandas, E. Adamopoulou, K. Belisle, S. Schiekofer, A.
Melms, E. Weber, C. Driessen, B. O. Boehm, E. Tolosa, and T. Burster. 2009.
Cathepsin G is differentially expressed in primary human antigen-presenting cells.
Cell. Immunol. 255(1-2): 41-45.

135.

Sercarz, E. E., P. V. Lehmann, A. Ametani, G. Benichou, A. Miller, and K.
Moudgil. 1993. Dominance and crypticity of T cell antigenic determinants. Ann.
Rev. Immunol. 11: 729-766.

136.

Adamopoulou, E., S. Tenzer, N. Hillen, P. Klug, I. A. Rota, S. Tietz, M. Gebhardt,
S. Stevanovic, H. Schild, E. Tolosa, A. Melms, and C. Stoeckle. 2013. Exploring
the MHC-peptide matrix of central tolerance in the human thymus. Nat. Commun.
4: 2039.

137.

Crotzer, V. L. and J. S. Blum. 2010. Autophagy and adaptive immunity.
Immunology. 131(1): 9-17.

138.

Schmid, D., M. Pypaert, and C. Münz. 2007. Antigen-loading compartments for
major histocompatibility complex class II molecules continuously receive input
from autophagosomes. Immunity 26(1): 79-92.

139.

Paludan, C., D. Schmid, M. Landthaler, M. Vockerodt, D. Kube, T. Tuschl, and C.
Münz. 2005. Endogenous MHC class II processing of a viral nuclear antigen after
autophagy. Science 307(5709): 593-596.

140.

Munz, C. 2012. Antigen Processing for MHC Class II Presentation via
Autophagy. Front. Immunol. 3: 9.

141.

Sahu, R., S. Kaushik, C. C. Clement, E. S. Cannizzo, B. Scharf, A. Follenzi, I.
Potolicchio, E. Nieves, A. M. Cuervo, and L. Santambrogio. 2011.
Microautophagy of cytosolic proteins by late endosomes. Dev. Cell 20(1): 131139.

142.

Ireland, J. M. and E. R. Unanue. 2011. Autophagy in antigen-presenting cells
results in presentation of citrullinated peptides to CD4 T cells. J. Exp. Med.
208(13) 2625-2632.

143.

Wegner, N., K. Lundberg, A. Kinloch, B. Fisher, V. Malmström, M. Feldmann,
and P. J. Venables. 2010. Autoimmunity to specific citrullinated proteins gives the
first clues to the etiology of rheumatoid arthritis. Immunol. Rev. 233(1): 34-54.

180

144.

Lee, H. K., L. M. Mattei, B. E. Steinberg, P. Alberts, Y. H. Lee, A. Chervonsky,
N. Mizushima, S. Grinstein, and A. Iwasaki. 2010. In vivo requirement for Atg5
in antigen presentation by dendritic cells. Immunity 32(2): 227-239.

145.

Kleijmeer, M., G. Ramm, D. Schuurhuis, J. Griffith, M. Rescigno, P. RicciardiCastagnoli, A. Y. Rudensky, F. Ossendorp, C. J. Melief, W. Stoorvogel, and H. J.
Geuze. 2001. Reorganization of multivesicular bodies regulates MHC class II
antigen presentation by dendritic cells. J. Cell. Biol. 155(1): 53-63.

146.

Chow, A., D. Toomre, W. Garrett, and I. Mellman. 2002. Dendritic cell
maturation triggers retrograde MHC class II transport from lysosomes to the
plasma membrane. Nature 418(6901): 988-994.

147.

Vyas, J. M., Y. M. Kim, K. Artavanis-Tsakonas, J. C. Love, A. G. Van der Veen,
and H. L. Ploegh. 2007. Tubulation of class II MHC compartments is microtubule
dependent and involves multiple endolysosomal membrane proteins in primary
dendritic cells. J. Immunol. 178(11): 7199-7210.

148.

Boes, M., N. Bertho, J. Cerny, M. Op den Brouw, T. Kirchhausen, and H. Ploegh.
2003. T cells induce extended class II MHC compartments in dendritic cells in a
Toll-like receptor-dependent manner. J. Immunol. 171(8): 4081-4088.

149.

Rocha, N., and J. Neefjes. 2008. MHC class II molecules on the move for
successful antigen presentation. EMBO J. 27(1): 1-5.

150.

Hiltbold, E. M., N. J. Poloso, and P. A. Roche. 2003. MHC class II-peptide
complexes and APC lipid rafts accumulate at the immunological synapse. J.
Immunol. 170(3): 1329-1338.

151.

Vogt, A. B., S. Spindeldreher, and H. Kropshofer. 2002. Clustering of MHCpeptide complexes prior to their engagement in the immunological synapse: lipid
raft and tetraspan microdomains. Immunol. Rev. 189: 136-151.

152.

Anderson, H. A. and P. A. Roche. 2015. MHC class II association with lipid rafts
on the antigen presenting cell surface. Biochim. Biophys. Acta 1853(4): 775-780.

153.

Kropshofer, H., S. Spindeldreher, T. A. Rohn, N. Platania, C. Grygar, N. Daniel,
A. Wolpl, H. Langen, V. Horejsi, and A. B. Vogt. 2002. Tetraspan microdomains
distinct from lipid rafts enrich select peptide-MHC class II complexes. Nat.
Immunol. 3(1): 61-68.

154.

Anderson, H. A., E. M. Hiltbold, and P. A. Roche. 2000. Concentration of MHC
class II molecules in lipid rafts facilitates antigen presentation. Nat. Immunol.
1(2): 156-162.

181

155.

Eren, E., J. Yates, K. Cwynarski, S. Preston, R. Dong, C. Germain, R. Lechler, R.
Huby, M. Ritter, and G. Lombardi. 2006. Location of major histocompatibility
complex class II molecules in rafts on dendritic cells enhances the efficiency of Tcell activation and proliferation. Scand. J. Immunol. 63(1): 7-16.

156.

Bosch, B., A. C. Berger, S. Khandelwal, E. L. Heipertz, B. Scharf, L.
Santambrogio, and P. A. Roche. 2013. Disruption of multivesicular body vesicles
does not affect major histocompatibility complex (MHC) class II-peptide complex
formation and antigen presentation by dendritic cells. J. Biol. Chem. 288(34):
24286-24292.

157.

Hunt, D. F., H. Michel, T. A. Dickinson, J. Shabanowitz, A. L. Cox, K.
Sakaguchi, E. Appella, H. M. Grey, and A. Sette. 1992. Peptides presented to the
immune system by the murine class II major histocompatibility complex molecule
I-Ad. Science 256(5065): 1817-1820.

158.

Lippolis, J. D., F. M. White, J. A. Marto, C. J. Luckey, T. N. Bullock, J.
Shabanowitz, D. F. Hunt, and V. H. Engelhard. 2002. Analysis of MHC class II
antigen processing and quantitation of peptides that constitute nested sets. J.
Immunol. 169(9): 5089-5097.

159.

Demotz, S., H. M. Grey, and A. Sette. 1990. The minimal number of class II
MHC-antigen complexes needed for T cell activation. Science 249(4972): 10281030.

160.

Harding, C. V., and E. R. Unanue. 1990. Quantitation of antigen-presenting cell
MHC class II/peptide complexes necessary for T-cell stimulation. Nature
346(6284): 574-576.

161.

Reay, P. A., K. Matsui, K. Haase, C. Wulfing, Y. H. Chien, and M. M. Davis.
2000. Determination of the relationship between T cell responsiveness and the
number of MHC-peptide complexes using specific monoclonal antibodies. J.
Immunol. 164(11): 5626-34.

162.

Irvine, D. J., M. A. Purbhoo, M. Krogsgaard, and M. M. Davis. 2002. Direct
observation of ligand recognition by T cells. Nature 419(6909): 845-849.

163.

Poloso, N. J., and P. A. Roche. 2004. Association of MHC class II-peptide
complexes with plasma membrane lipid microdomains. Curr. Opin. Immunol.
16(1): 103-107.

164.

Singer, S. J., and G. L. Nicolson. 1972. The fluid mosaic model of the structure of
cell membranes. Science 175(4023): 720-731.

182

165.

Edidin, M. 2003. The state of lipid rafts: from model membranes to cells. Annu.
Rev. Biophys. Biomol. Struct. 32: 257-283.

166.

Simons, K., and E. Ikonen. 1997. Functional rafts in cell membranes. Nature
387(6633): 569-572.

167.

Fridriksson, E. K., P. A. Shipkova, E. D. Sheets, D. Holowka, B. Baird, and F. W.
McLafferty. 1999. Quantitative analysis of phospholipids in functionally
important membrane domains from RBL-2H3 mast cells using tandem high
resolution spectrometry. Biochemistry 38: 8056-8063.

168.

Brown D. A., and E. London. 2000. Structure and function of sphingolipid- and
cholesterol-rich membrane rafts. J. Biol. Chem. 275(17): 221-224.

169.

Friedrichson, T., and T. V. Kurzchalia. 1998. Microdomains of GPI-anchored
proteins in living cells revealed by crosslinking. Nature 394(6695): 802-805.

170.

Varma, R., and S. Mayor. 1998. GPI-anchored proteins are organized in
submicron domains at the cell surface. Nature 394(6695): 798-801.

171.

Hanzal-Bayer, M. F. and J. F. Hancock. 2007. Lipid rafts and membrane traffic.
FEBS Lett. 581(11): 2098-2104.

172.

Horejsi, V. and M. Hrdinka. 2014. Membrane microdomains in immunoreceptor
signaling. FEBS Lett. 588(15): 2392-2397.

173.

Jury, E. C., F. Flores-Borja, and P. S. Kabouridis. 2007. Lipid rafts in T cell
signalling and disease. Semin. Cell. Dev. Biol. 18(5-3): 608-615.

174.

Janes, P. W., S. C. Ley, and A. I. Magee. 1999. Aggregation of lipid rafts
accompanies signaling via the T cell antigen receptor. J. Cell. Biol. 147(2): 447461.

175.

Viola, A., S. Schroeder, Y. Sakakibara, and A. Lanzavecchia. 1999. T lymphocyte
costimulation mediated by reorganization of membrane microdomains. Science
283(5402): 680-682.

176.

Chiu, I., D. M. Davis, and J. L. Strominger. 1999. Trafficking of spontaneously
endocytosed MHC proteins. Proc. Natl. Acad. Sci. U S A 96(24): 13944-13949.

177.

Jenei, A., S. Varga, L. Bene, L. Mátyus, A. Bodnár, Z. Bacsó, C. Pieri, R. Jr.
Gáspár, T. Farkas, and S. Damjanovich. 1997. HLA class I and II antigens are
partially co-clustered in the plasma membrane of human lymphoblastoid cells.
Proc. Natl. Acad. Sci. U S A 94(14): 7269-7274.

183

178.

Huby, R. D., R. J. Dearman, and I. Kimber. 1999. Intracellular phosphotyrosine
induction by major histocompatibility complex class II requires co-aggregation
with membrane rafts. J. Biol. Chem. 274(32): 22591-22596.

179.

Levy, S., and T. Shoham. 2005. The tetraspanin web modulates immune-signaling
complexes. Nat. Rev. Immunol. 5(2): 136-148.

180.

Berditchevski, F. 2001. Complexes of tetraspanins with integrins: more than
meets the eye. J. Cell. Sci. 114(23): 4143:4151.

181.

Engering, A., and J Pieters. 2001. Association of distinct tetraspanins with MHC
class II molecules at different subcellular locations in human immature dendritic
cells. Int. Immunol. 13(2): 127-134.

182.

Hammond, C., L. K. Denzin, M. Pan, J. M. Griffith, H. J. Geuze, and P.
Cresswell. 1998. The tetraspan protein CD82 is a resident of MHC class II
compartments where it associates with HLA-DR, -DM, and -DO molecules. J.
Immunol. 161(7): 3282-3291.

183.

Ilangumaran, S., and D. C. Hoessli. 1998. Effects of cholesterol depletion by
cyclodextrin on the sphingolipid microdomains of the plasma membrane.
Biochem. J. 335(2): 433-440.

184.

Poloso, N. J., A. Muntasell, and P. A. Roche. 2004. MHC class II molecules
traffic into lipid rafts during intracellular transport. J. Immunol. 173(7): 45394546.

185.

Knorr, R., C. Karacsonyi, and R. Lindner. 2009. Endocytosis of MHC molecules
by distinct membrane rafts. J. Cell. Sci. 122(10): 1584-1594.

186.

Busman-Sahay, K., E. Sargent, J. A. Harton, and J. R. Drake. 2011. The Ia.2
epitope defines a subset of lipid raft-resident MHC class II molecules crucial to
effective antigen presentation. J. Immunol. 186(12): 6710-6717.

187.

Bouillon, M., Y. El Fakhry, J. Girouard, H. Khalil, J. Thibodeau, and W. Mourad.
2003. Lipid raft-dependent and -independent signaling through HLA-DR
molecules. J. Biol.Chem. 278(9): 7099-7107.

188.

Zilber, M. T., N. Setterblad, T. Vasselon, C. Doliger, D. Charron, N. Mooney, and
C. Gelin. 2005. MHC class II/CD38/CD9: a lipid-raft-dependent signaling
complex in human monocytes. Blood 106(9): 3074-3081.

184

189.

Setterblad, N., C. Roucard, C. Bocaccio, J. P. Abastado, D. Charron, and N.
Mooney. 2003. Composition of MHC class-II-enriched lipid microdomains is
modified during maturation of primary dendritic cells. J. Leukoc. Biol. 74(1): 4048.

190.

Khandelwal, S., and P. A. Roche. 2010. Distinct MHC class II molecules are
associated on the dendritic cell surface in cholesterol-dependent membrane
microdomains. J. Biol. Chem. 285(46): 35303-35310.

191.

Setterblad, N., S. Becart, D. Charron, and N. Mooney. 2004. B cell lipid rafts
regulate both peptide-dependent and peptide-independent APC-T cell interaction.
J. Immunol. 173(3): 1876-1886.

192.

Greaves, J., G. R. Prescott, O. A. Gorleku, and L. H. Chamberlain. 2009. The fat
controller: roles of palmitoylation in intracellular protein trafficking and targeting
to membrane microdomains. Mol. Membr. Biol. 26(1): 67-79.

193.

Karacsonyi, C., R. Knorr, A. Fulbier, and R. Lindner. 2004. Association of major
histocompatibility complex II with cholesterol- and sphingolipid-rich membranes
precedes peptide loading. J. Biol. Chem. 279(33): 34818-34826.

194.

de Gassart, A., C. Geminard, B. Fevrier, G. Raposo, and M. Vidal. 2003. Lipid
raft-associated protein sorting in exosomes. Blood 102(13): 4336-4344.

195.

Wubbolts, R., R. S. Leckie, P. T. Veenhuizen, G. Schwarzmann, W. Möbius, J.
Hoernschemeyer, J. W. Slot, H. J. Geuze, and W. Stoorvogel. 2003. Proteomic
and biochemical analyses of human B cell-derived exosomes. Potential
implications for their function and multivesicular body formation. J. Biol. Chem.
278(13): 10963-10972.

196.

Mobius, W., E. van Donselaar, Y. Ohno-Iwashita, Y. Shimada, H. F. Heijnen, J.
W. Slot, and H. J. Geuze. 2003. Recycling compartments and the internal vesicles
of multivesicular bodies harbor most of the cholesterol found in the endocytic
pathway. Traffic 4(4): 222-231.

197.

Mobius, W., Y. Ohno-Iwashita, E. G. van Donselaar, V. M. Oorschot, Y.
Shimada, T. Fujimoto, H. F. Heijnen, H. J. Geuze, and J. W. Slot. 2002.
Immunoelectron microscopic localization of cholesterol using biotinylated and
non-cytolytic perfringolysin O. J. Histochem. Cytochem. 50(1): 43-55.

198.

Rubinstein, E., F. Le Naour, C. Lagaudriere-Gesbert, M. Billard, H. Conjeaud,
and C. Boucheix. 1996. CD9, CD63, CD81, and CD82 are components of a
surface tetraspan network connected to HLA-DR and VLA integrins. Eur. J.
Immunol. 26(11): 2657-2665.

185

199.

Boucheix, C., and E. Rubinstein. 2001. Tetraspanins. Cell. Mol. Life Sci. 58(9):
1189-1205.

200.

Stipp, C. S., T. V. Kolesnikova, and M. E. Hemler. 2003. Functional domains in
tetraspanin proteins. Trends. Biochem. Sci. 28(2): 106-112.

201.

Yang, X., C. Claas, S. K. Kraeft, L. B. Chen, Z. Wang, J. A. Kreidberg, and M. E.
Hemler. 2002. Palmitoylation of tetraspanin proteins: modulation of CD151
lateral interactions, subcellular distribution, and integrin-dependent cell
morphology. Mol. Biol. Cell 13(3): 767-781.

202.

Charrin, S., S. Manie, M. Oualid, M. Billard, C. Boucheix, and E. Rubinstein.
2002. Differential stability of tetraspanin/tetraspanin interactions: role of
palmitoylation. FEBS Lett. 516(1-3): 139-144.

203.

Hemler, M. E. 2003. Tetraspanin proteins mediate cellular penetration, invasion,
and fusion events and define a novel type of membrane microdomain. Annu. Rev.
Cell Dev. Biol. 19: 397-422.

204.

Charrin S., F. le Naour, O. Silvie, P. E. Milhiet, C. Boucheix, and E. Rubinstein.
2009. Lateral organization of membrane proteins: tetraspanins spin their web.
Biochem. J. 420(2): 133-154.

205.

Levy, S., and T. Shoham. 2005. Protein-protein interactions in the tetraspanin
web. Physiology(Bethesda) 20: 218-224.

206.

Hemler, M. E. 2005. Tetraspanin functions and associated microdomains. Nat.
Rev. Mol. Cell Biol. 6(10): 801-11.

207.

Tarrant, J. M., L. Robb, A. B. van Spriel, and M. D. Wright. 2003. Tetraspanins:
molecular organisers of the leukocyte surface. Trends Immunol. 24(11): 610-617.

208.

Todd, S. C., S. G. Lipps, L. Crisa, D. R. Salomon, and C. D. Tsoukas. 1996. CD81
expressed on human thymocytes mediates integrin activation and interleukin 2dependent proliferation. J. Exp. Med. 184(5): 2055-2060.

209.

Charrin, S., S. Manie, M. Oualid, M. Billard, C. Boucheix, and E. Rubinstein.
2002. Differential stability of tetraspanin/tetraspanin interactions: role of
palmitoylation. FEBS Lett. 516(1-3): 139-144.

210.

Charrin, S., S. Manié, C. Thiele, M. Billard, D. Gerlier, C. Boucheix, and E.
Rubinstein. 2003. A physical and functional link between cholesterol and
tetraspanins. Eur. J. Immunol. 33(9): 2479-2489.

186

211.

Charrin S., F. le Naour, O. Silvie, P. E. Milhiet, C. Boucheix, and E. Rubinstein.
2009. Lateral organization of membrane proteins: tetraspanins spin their web.
Biochem. J. 420(2): 133-154.

212.

Poloso, N. J., L. K. Denzin, and P. A. Roche. 2006. CDw78 defines MHC class IIpeptide complexes that require Ii chain-dependent lysosomal trafficking, not
localization to a specific tetraspanin membrane microdomain. J. Immunol. 177(8):
5451-5458.

213.

Rasmussen, A. M., V. Horejsi, F. O. Levy, H. K. Blomhoff, E. B. Smeland, K.
Beiske, T. E. Michaelsen, G. Gaudernack, and S. Funderud. 1997. CDw78—a
determinant on a major histocompatibility complex class II subpopulation that can
be induced to associate with the cytoskeleton. Eur. J. Immunol. 27(12): 32063213.

214.

Andreu, Z. and M. Yáñez-Mó. 2014. Tetraspanins in extracellular vesicle
formation and function. Front. Immunol. 5: 442.

215.

Claas, C., C. S. Stipp, and H. E. Hemler. 2001. Evaluation of prototype
transmembrane 4 superfamily protein complexes and their relation to lipid rafts. J.
Biol. Chem. 276(11): 7974-7984.

216.

Silvie, O., S. Charrin, M. Billard, J. F. Franetich, K. L. Clark, G. J.van Gemert, R.
W. Sauerwein, F. Dautry, C. Boucheix, D. Mazier, and E. Rubinstein. 2006.
Cholesterol contributes to the organization of tetraspanin-enriched microdomains
and to CD81-dependent infection by malaria sporozoites. J. Cell Sci. 119(10):
1992-2002.

217.

Unternaehrer, J. J., A. Chow, M. Pypaert, K. Inaba, and I. Mellman. 2007. The
tetraspanin CD9 mediates lateral association of MHC class II molecules on the
dendritic cell surface. Proc. Natl. Acad. Sci. U S A 104(1): 234-239.

218.

Hoorn, T., P. Paul, L. Janssen, H. Janssen, and J. Neefjes. 2012. Dynamics within
tetraspanin pairs affect MHC class II expression. J. Cell Sci. 125: 328-339.

219.

Raposo, G., H. W. Nijman, W. Stoorvogel, R. Liejendekker, C. V. Harding, C. J.
Melief, and H. J. Geuze. 1996. B lymphocytes secrete antigen-presenting vesicles.
J. Exp. Med. 183(3): 1161-1172.

220.

Zitvogel, L., A. Regnault, A. Lozier, J. Wolfers, C. Flament, D. Tenza, P.
Ricciardi-Castagnoli, G. Raposo, and S. Amigorena. 1998. Eradication of
established murine tumors using a novel cell-free vaccine: dendritic cell-derived
exosomes. Nat. Med. 4(5): 594-600.

187

221.

Thery, C., A. Regnault, J. Garin, J. Wolfers, L. Zitvogel, P. Ricciardi-Castagnoli,
G. Raposo, and S. Amigorena. 1999. Molecular characterization of dendritic cellderived exosomes. Selective accumulation of the heat shock protein hsc73. J. Cell.
Biol. 147(3): 599-610.

222.

Kowal, J., M. Tkach, and C. Théry. 2014. Biogenesis and secretion of exosomes.
Curr. Opin. Cell Biol. 29: 116-125.

223.

Trams, E. G., C. J. Lauter, N. Jr. Salem, and U. Heine. 1981. Exfoliation of
membrane ecto-enzymes in the form of micro-vesicles. Biochim. Biophys. Acta
645(1): 63-70.

224.

Fevrier, B., and G. Raposo. 2004. Exosomes: endosomal-derived vesicles
shipping extracellular messages. Curr. Opin. Cell. Biol. 16(4): 415-421.

225.

Alais, S., S. Simoes, D. Bass, S. Lehmann, G. Raposo, J. L. Darlix, and P.
Leblanc. 2008. Mouse neuroblastoma cells release prion infectivity associated
with exosomal vesicles. Biol. Cell. 100(10): 603-615.

226.

Griffiths, R. E., K. J. Heesom, and D. J. Anstee. 2007. Normal prion protein
trafficking in cultured human erythroblasts. Blood 110(13): 4518-4525.

227.

Li, X. B., Z. R. Zhang, H. J. Schluesener, and S. Q. Xu. 2006. Role of exosomes
in immune regulation. J. Cell. Mol. Med. 10(2): 364-375.

228.

Bhatnagar, S., K. Shinagawa, F. J. Castellino, and J. S. Schorey. 2007. Exosomes
released from macrophages infected with intracellular pathogens stimulate a
proinflammatory response in vitro and in vivo. Blood 110(9): 3234-3244.

229.

Thery, C., M. Ostrowski, and E. Segura. 2009. Membrane vesicles as conveyors
of immune responses. Nat. Rev. Immunol. 9(8): 581-593.

230.

Caby, M. P., D. Lankar, C. Vincendeau-Scherrer, G Raposo, and C. Bonnerot.
2005. Exosomal-like vesicles are present in human blood plasma. Int. Immunol.
17(7): 879-887.

231.

Taylor, D. D., S. Akyol, and C. Gercel-Taylor. 2006. Pregnancy-associated
exosomes and their modulation of T cell signaling. J. Immunol. 176(3): 15341542.

232.

Pisitkun, T., R. F. Shen, and M. A. Knepper. 2004. Identification and proteomic
profiling of exosomes in human urine. Proc. Natl. Acad. Sci. U S A 101(36):
13368-13373.

188

233.

Admyre, C., S. M. Johansson, K. R. Qazi, J. J. Filen, R. Lahesmaa, M. Norman, E.
P. Neve, A. Scheynius, and S. Gabrielsson. 2007. Exosomes with immune
modulatory features are present in human breast milk. J. Immunol. 179(3): 19691978.

234.

Prado, N., E. G. Marazuela, E. Segura, H. Fernandez-Garcia, M. Villalba, C.
Thery, R. Rodriquez, and E. Batanero. 2008. Exosomes from bronchoalveolar
fluid of tolerized mice prevent allergic reaction. J. Immunol. 181(2): 1519-1525.

235.

Andre, F., N. E. Schartz, M. Movassagh, C. Flament, P. Pautier, P. Morice, C.
Pomel, C. Lhomme, B. Escudier, T. Le Chevalier, T. Tursz, S. Amigorena, G.
Raposo, E. Angevin, and L. Zitvogel. 2002. Malignant effusions and
immunogenic tumour-derived exosomes. Lancet 360(9329): 295-305.

236.

Asea, A., C. Jean-Pierre, P. Kaur, P. Rao, I. M. Linhares, D. Skupski, and S. S.
Witkin. 2008. Heat shock protein-containing exosomes in mid-trimester amniotic
fluids. J. Reprod. Immunol. 79(1): 12-17.

237.

Schorey, J. S., and S. Bhatnagar. 2008. Exosome function: from tumor
immunology to pathogen biology. Traffic 9(6): 871-881.

238.

Wolfers, J., A. Lozier, G. Raposo, A. Regnault, C. Thery, C. Masurier, C.
Flament, S. Pouzieux, F. Faure, T. Tursz, E. Angevin, S. Amigorena, and L.
Zitvogel. 2001. Tumor-derived exosomes are a source of shared tumor rejection
antigens for CTL cross-priming. Nat. Med. 7(3): 297-303.

239.

Admyre, C., S. M. Johansson, S. Paulie, and S. Gabrielsson. 2006. Direct
exosome stimulation of peripheral human T cells detected by ELISPOT. Eur. J.
Immunol. 36(7): 1772-1781.

240.

Thery, C., L. Duban, E. Segura, P. Veron, O. Lantz, and S. Amigorena. 2002.
Indirect activation of naïve CD4+ T cells by dendritic cell-derived exosomes. Nat.
Immunol. 3(12): 1156-1162.

241.

Segura, E., S. Amigorena, and C. Thery. 2005. Mature dendritic cells secrete
exosomes with strong ability to induce antigen-specific effector immune
responses. Blood Cells Mol. Dis. 35(2): 89-93.

242.

Montecalvo, A., W. J. Shufesky, D. B. Stolz, M. G. Sullivan, Z. Wang, S. J.
Divito, G. D. Papworth, S. C. Watkins, P. D. Robbins, A. T. Larregina, and A. E.
Morelli. 2008. Exosomes as a short-range mechanism to spread alloantigen
between dendritic cells during T cell allorecognition. J. Immunol. 180(5): 30813090.

189

243.

Obregon, C., B. Rothen-Rutishauser, S. K. Gitahi, P. Gehr, and L. P. Nicod. 2006.
Exovesicles from human activated dendritic cells fuse with resting dendritic cells,
allowing them to present alloantigens. Am. J. Pathol. 169(6): 2127-2136.

244.

Bastos-Amador, P., B. Pérez-Cabezas, N. Izquierdo-Useros, M. C. Puertas, J.
Martinez-Picado, R. Pujol-Borrell, M. Naranjo-Gómez, and F. E. Borràs. 2012.
Capture of cell-derived microvesicles (exosomes and apoptotic bodies) by human
plasmacytoid dendritic cells. J. Leukoc. Biol. 91(5): 751-758.

245.

Lynch, S., S. G. Santos, E. C. Campbell, A. M. Nimmo, C. Botting, A. Prescott,
A. N. Antoniou, and S. J. Powis. 2009. Novel MHC class I structures on
exosomes. J. Immunol. 183(3): 1884-1891.

246.

Escudier, B., T. Dorval, N. Chaput, F. Andre, M. P. Caby, S. Novault, C. Flament,
C. Leboulaire, C. Borg, S. Amigorena, C. Boccaccio, C. Bonnerot, O. Dhellin, M.
Movassagh, S. Piperno, C. Robert, V. Serra, N. Valente, J. B. Le Pecq, A. Spatz,
O. Lantz, T. Tursz, E. Angevin, and L. Zitvogel. 2005. Vaccination of metastatic
melanoma patients with autologous dendritic cell (DC) derived-exosomes: results
of the first phase I clinical trial. J. Transl. Med. 3(1): 10.

247.

Morse, M. A., J. Garst, T. Osada, S. Khan, A. Hobeika, T. M. Clay, N. Valente, R.
Shreeniwas, M. A. Sutton, A. Delcayre, D. H. Hsu, J. B. Le Pecq, and H. K.
Lyerly. 2005. A phase I study of exosome immunotherapy in patients with
advanced non-small cell lung cancer. J. Transl. Med. 3(1): 9.

248.

Dai, S., D. Wei, Z. Wu, X. Zhou, X. Wei, H. Huang, and G. Li. 2008. Phase I
clinical trial of autologous ascites-derived exosomes combined with GM-CSF for
colorectal cancer. Mol. Ther. 16(4): 782-790.

249.

Viaud, S., C. Théry, S. Ploix, T. Tursz, V. Lapierre, O. Lantz, L. Zitvogel, and N.
Chaput. 2010. Dendritic cell-derived exosomes for cancer immunotherapy: what's
next? Cancer Res. 70(4): 1281-1285.

250.

Mahaweni, N. M., M. E. Kaijen-Lambers, J. Dekkers, J. G. Aerts, and J. P.
Hegmans. 2013. Tumour-derived exosomes as antigen delivery carriers in
dendritic cell-based immunotherapy for malignant mesothelioma. J. Extracell.
Vesicles. 2: 10.3402/jev.v2i0.22492.

251.

Murphy, D. B., S. Rath, E. Pizzo, A. Y. Rudensky, A. George, J. K. Larson, and
C. A. Jr. Janeway. 1992. Monoclonal antibody detection of a major self peptide.
MHC class II complex. J. Immunol. 148(11): 3483-3491.

252.

Murphy, B. B., D. Lo, S. Rath, R. L. Brinster, R. A. Flavell, A. Slanetz, and C. A.
Jr. Janeway. 1989. A novel MHC class II epitope expressed in thymic medulla but
not cortex. Nature 338(6218): 765-768.

190

253.

Dadaglio, G., C. A. Nelson, M. B. Deck, S. J. Petzold, and E. R. Unanue. 1997.
Characterization and quantitation of peptide-MHC complexes produced from hen
egg lysozyme using a monoclonal antibody. Immunity 6(6): 727-738.

254.

Eastman, S., M. Deftos, P. C. DeRoos, D. H. Hsu, L. Teyton, N. S. Braunstein, C.
J. Hackett, and A. Rudensky. 1996. A study of complexes of class II invariant
chain peptide: major histocompatibility complex class II molecules using a new
complex-specific monoclonal antibody. Eur. J. Immunol. 26(2): 385-393.

255.

Wolpl, A., T. Halder, H. Kalbacher, H. Neumeyer, K. Siemoneit, S. F. Goldmann,
and T. H. Eiermann. 1998. Human monoclonal antibody with T-cell-like
specificity recognizes MHC class I self-peptide presented by HLA-DR1 on
activated cells. Tissue Antigens 51(3): 258-269.

256.

Rudensky, A. Y., S. Rath, P. Preston-Hurlburt, D. B. Murphy, and C. A. Jr.
Janeway. 1991. On the complexity of self. Nature 353(6345): 660-662.

257.

Löffler, D., M. Welschof, S. F. Goldmann, and A. Wölpl. 1998. Recognition of
HLA-DR1/DRB1*0101 molecules presenting HLA-A2 derived peptides by a
human recombinant antibody, Fab-5 A1. Eur. J. Immunogenet. 25(5): 339-347.

258.

Lovitch, S. B., and E. R. Unanue. 2005. Conformational isomers of a peptide-class
II major histocompatibility complex. Immunol. Rev. 207: 293-313.

259.

Peterson, M., and J. Miller. 1990. Invariant chain influences and immunological
recognition of MHC class II molecules. Nature 345(6271): 172-174.

260.

Chervonsky, A. V., R. M. Medzhitov, L. K. Denzin, A. K. Barlow, A. Y.
Rudensky, and C. A. Jr. Janeway. 1998. Subtle conformational changes induced in
major histocompatibility complex class II molecules by binding peptides. Proc.
Natl. Acad. Sci. U S A 95(17): 10094-10099.

261.

Fallang, L. E., S. Roh, A. Holm, E. Bergseng, T. Yoon, B. Fleckenstein, A.
Bandyopadhyay, E. D. Mellins, and L. M. Sollid. 2008. Complexes of two cohorts
of CLIP peptides and HLA-DQ2 of the autoimmune DR3-DQ2 haplotype are poor
substrates for HLA-DM. J. Immunol. 181(8): 5451-5461.

262.

Carven, G. J., S. Chitta, I. Hilgert, M. M. Rushe, R. F. Baggion, M. Palmer, J. E.
Arenas, J. L. Strominger, V. Horejsi, L. Santambrogio, and L. J. Stern. 2004.
Monoclonal antibodies specific for the empty conformation of HLA-DR1 reveal
aspects of the conformational change associated with peptide binding. J. Biol.
Chem. 279(16): 16561-16570.

191

263.

Potolocchio, I., S. Chitta, X. Xu, D. Fonseca, G. Crisi, V. Horejsi, J. L.
Strominger, L. J. Stern, G. Raposo, and L. Santambrogio. 2005. Conformational
variation of surface class II MHC proteins during myeloid dendritic cell
differentiation accompanies structural changes in lysosomal MIIC. J. Immunol.
175(8): 4935-4947.

264.

Zarutskie, J. A., R. Busch, Z. Zavala-Ruiz, M. Rushe, E. D. Mellins, and L. J.
Stern. 2001. The kinetic basis of peptide exchange catalysis by HLA-DM. Proc.
Natl. Acad. Sci. U S A 98(22):12450-12455.

265.

Ozata, K., N. Mayer, and D. H. Sachs. 1980. Hybridoma cell lines secreting
monoclonal antibodies to mouse H-2 and Ia antigens. J. Immunol. 124(2): 533540.

266.

Chervonsky, A. V., R. M. Medzhitov, L. K. Denzin, A. K. Barlow, A. Y.
Rudensky, C. A. Jr. Janeway. 1998. Subtle conformational changes induced in
major histocompatibility complex class II molecules by binding peptides. Proc.
Natl. Acad. Sci. U S A 95(17): 10094-10099.

267.

Mellins, E., L. Smith, B. Arp, T. Cotner, E, Celis, and D. Pious. 1990. Defective
processing and presentation of exogenous antigens in mutants with normal HLA
class II genes. Nature 343(6253): 71-74.

268.

Ceman, S., R. Rudersdorf, E. O. Long, and R. Demars. 1992. MHC class II
deletion mutant expresses normal levels of transgene encoded class II molecules
that have abnormal conformation and impaired antigen presentation ability. J.
Immunol. 149(3): 754-761.

269.

Pious, D., L. Dixon, F. Levine, T. Cotner, and R. Johnson. 1985. HLA class II
regulation and structure. Analysis with HLA-DR3 and HLA-DP point mutants. J.
Exp. Med. 162(4): 1193-1207.

270.

Mellins, R., S. Kempin, L. Smith, T. Monji, and D. Pious. 1991. A gene required
for class II-restricted antigen presentation maps to the major histocompatibility
complex. J. Exp. Med. 174(6): 1607-1615.

271.

Morris, P., J. Shaman, M. Attaya, M. Amaya, S. Goodman, C. Bergman, J. J.
Monaco, and E. Mellins. 1994. An essential role for HLA-DM in antigen
presentation by class II major histocompatibility molecules. Nature 368(6471):
551-554.

272.

Sanderson, F., C. Thomas, J. Neefjes, and J. Trowsdale. 1996. Association
between HLA-DM and HLA-DR in vivo. Immunity 4(1): 87-96.

192

273.

Verreck, F. A., C. A. Fargeas, and G. J. Hammerling. 2001. Conformational
alterations during biosynthesis of HLA-DR3 molecules controlled by invariant
chain and HLA-DM. Eur. J. Immunol. 31(4): 1029-1036.

274.

Pu, Z., S. B. Lovitch, E. K. Bikoff, and E. R. Unanue. 2004. T cells distinguish
MHC-peptide complexes formed in separate vesicles and edited by H2-DM.
Immunity 20(4): 467-476.

275.

Rath, S., R. H. Lin, A. Rudensky, and C. A. Jr. Janeway. 1992. T and B cell
receptors discriminate major histocompatibility complex class II conformations
influenced by the invariant chain. Eur. J. Immunol. 22(8): 2121-2127.

276.

Drover, S., W. H. Marshall, and H. B. Younghusband. 1985. A mouse monoclonal
antibody with HLA-DR4 associated specificity. Tissue Antigens 26(5): 340-343.

277.

Alber, C. A., R. Watts, E. P. Klohe, S. Drover, W. H. Marshall, S. F. Radka, and
R. W. Karr. 1989. Multiple regions of HLA-DR beta 1 chains determine
polymorphic epitopes recognized by monoclonal antibodies. J. Immunol. 143(7):
2248-2255.

278.

Drover, S., R. W. Karr, X. T. Fu, and W. H. Marshall. 1994. Analysis of
monoclonal antibodies specific for unique and shared determinants on HLA-DR4
molecules. Hum. Immunol. 40(1): 51-60.

279.

Drover, S., W. H. Marshall, W. W. Kwok, G. T. Nepom, and R. W. Karr. 1994.
Amino acids in the peptide-binding groove influence an antibody-defined,
disease-associated HLA-DR epitope. Scand. J. Immunol. 39(6): 539-550.

280.

Drover, S., S. Kovats, S. Masewicz, J. S. Blum, and G. T. Nepom. 1998.
Modulation of peptide-dependent allospecific epitopes on HLA-DR4 molecules
by HLA-DM. Hum. Immunol. 59(2): 77-86.

281.

Spurrell, D. R., S. A. Oldford, T. Frost, B. Larsen, D. Codner, A. Edgecombe, and
S. Drover. 2004. Discordant expression of HLA class II-associated co-chaperones
and HLA-DRB alleles in cultured fibroblast-like synoviocytes. Hum. Immunol.
65(12): 1516-1529.

282.

Fu, X. T., S. Drover, W. H. Marshall, and R. W. Karr. 1995. HLA-DR residues
accessible under the peptide –binding groove contribute to polymorphic antibody
epitopes. Hum. Immunol. 43(4): 243-250.

283.

Spurrell, D. R. 2004. Characterization of antibody-defined epitopes on HLADRB1*04 molecules. Ph.D dissertation. Memorial University of Newfoundland,
Canada.

193

284.

Turesson, C., D. J. Schaid, C. M. Weyand, L. T. Jacobsson, J. J. Goronzy, I. F.
Petersson, G. Sturfelt, B. M. Nyhäll-Wåhlin, L. Truedsson, S. A. Dechant, and E.
L. Matteson. 2005. The impact of HLA-DRB1 genes on extra-articular disease
manifestations in rheumatoid arthritis. Arthritis Res. Ther. 7(6): R1386-E1393.

285.

Gonzalez-Gay, M. A., C. Garcia-Porrua, and A. H. Hajeer. 2002. Influence of
human leukocyte antigen-DRB1 on the susceptibility and severity of rheumatoid
arthritis. Semin. Arthritis Rheum. 31(6): 355-360.

286.

Louis-Plence, P., S. Kerlan-Candon, J. Morel, B. Combe, J. Clot, V. Pinet, and J.
F. Eliaou. 2000. The down-regulation of HLA-DM gene expression in rheumatoid
arthritis is not related to their promoter polymorphism. J. Immunol. 165(9): 48614869.

287.

Toussirot, E., C. Sauvageot, J. Chabod, C. Ferrand, P. Tiberghien, and D.
Wendling. 2000. The association of HLA-DM genes with rheumatoid arthritis in
Eastern France. Hum. Immunol. 61(3): 303-308.

288.

Scally, S. W., J. Petersen, S. C. Law, N. L. Dudek, H. J. Nel, K. L. Loh, L. C.
Wijeyewickrema, S. B. Eckle, J. van Heemst, R. N. Pike, J. McCluskey, R. E.
Toes, N. L. La Gruta, A. W. Purcell, H. H. Reid, R. Thomas, and J. Rossjohn.
2013. A molecular basis for the association of the HLA-DRB1 locus,
citrullination, and rheumatoid arthritis. J. Exp. Med. 210(12): 2569-2582.

289.

van Ham, M., M. van Lith, B. Lillemeier, E. Tjin, U. Gruneberg, D. Rahman, L.
Pastoors, K. van Meijgaarden, C. Roucard, J. Trowsdale, T. Ottenhoff, D. Pappin,
and J. Neefjes. 2000. Modulation of the major histocompatibility complex class IIassociated peptide repertoire by human histocompatibility leukocyte antigen
(HLA)-DO. J. Exp. Med. 191(7): 1127-1136.

290.

Perraudeau, M., P. R. Taylor, H. J. Stauss, R. Lindstedt, A. E. Bygrave, D. J.
Pappin, S. Ellmerich, A. Whitten, D. Rahman, B. Canas, M. J. Walport, M. Botto,
and D. M. Altmann. 2000. Altered major histocompatibility complex class II
peptide loading in H2-O-deficient mice. Eur. J. Immunol. 30(10): 2871-2880.

291.

Yang, S. Y., E. Milford, U. Hammerling, and B. Dupont. 1991. HLA 1991:
Proceedings of the Tenth International Histocompatibility Workshop and
Conference. Vol. 1. Springer-Verlag, New York, 11-19.

292.

Kwok, W. W., D. Schwarz, B. S. Nepom, R. A. Hock, P. S. Thurtle, and G. T.
Nepom. 1988. HLA-DQ molecules form alpha-beta heterodimers of mixed
allotype. J. Immunol. 141(9): 3123-3127.

293.

Lampson, L. A., and R. Levy. 1980. Two populations of Ia-like molecules on a
human B cell line. J. Immunol. 125(1): 293-299.

194

294.

Shackelford, D. A., L. A. Lampson, and J. L. Strominger. 1981. Analysis of HLADR antigens by using monoclonal antibodies: recognition of conformational
differences in biosynthetic intermediates. J. Immunol. 127(4): 1403-1410.

295.

Drover, S., and W. H. Marshall. 1986. Glutaraldehyde fixation of target cells to
plastic for ELISA assays of monoclonal anti-HLA antibodies produces artefacts.
J. Immunol. Methods 90(2): 275-281.

296.

Klohe, E. P., R. Watts, M. Bahl, C. Alber, W. Y. Yu, R. Anderson, J. Silver, P. K.
Gregersen, and R. W. Karr. 1988. Analysis of the molecular specificities of anticlass II monoclonal antibodies by using L cell transfectants expressing HLA class
II molecules. J. Immunol. 141(6): 2158-2164.

297.

Sutherland, D. R., N. Kuek, J. Davidson, D. Barth, H. Chang, E. Yeo, S. Bamford,
I. Chin-Yee, and M. Keeney. 2007. Diagnosing PNH with FLAER and
multiparameter flow cytometry. Cytometry B Clin. Cytom. 72(3): 167-177.

298.

Diep, D. B., K. L. Nelson, S. M. Raja, E. N. Pleshak, and J. T. Buckley. 1998.
Glycosylphosphatidylinositol anchors of membrane glycoproteins are binding
determinants for the channel-forming toxin aerolysin. J. Biol. Chem. 273(4):
2355-2360.

299.

Brodsky, R. A., G. L. Mukhina, K. L. Nelson, T. S. Lawrence, R. J. Jones, and J.
T. Buckley. 1999. Resistance of paroxysmal nocturnal hemoglobinuria cells to the
glycosylphosphatidylinositol-binding toxin aerolysin. Blood 93(5): 1749-1756.

300.

Brodsky, R. A., G. L. Mukhina, S. Li, K. L. Nelson, P. L. Chiurazzi, J. T.
Buckley, and M. J. Borowitz. 2000. Improved detection and characterization of
paroxysmal nocturnal hemoglobinuria using fluorescent aerolysin. Am. J. Clin.
Pathol. 114(3): 459-466.

301.

Peghini, P. E. and J. Fehr. 2005. Clinical evaluation of an aerolysin-based
screening test for paroxysmal nocturnal haemoglobinuria. Cytometry B Clin.
Cytom. 67(1): 13-18.

302.

Rosse, W. F. and R. E. Ware. 1995. The molecular basis of paroxysmal nocturnal
hemoglobinuria. Blood 86(9): 3277-3286.

303.

Thery, C., S. Amigorena, G. Raposo, and A. Clayton. 2006. Isolation and
characterization of exosomes from cell culture supernatants and biological fluids.
Curr. Protoc. Cell Biol. Chapter 3: Unit 3.22.

304.

Keller, P., and K. Simons. 1998. Cholesterol is required for surface transport of
influenza virus hemagglutinin. J. Cell. Biol. 140(6): 1357-1367.

195

305.

Kilsdonk, E. P., P. G. Yancey, G. W. Stoudt, F. W. Bangerter, W. J. Johnson, M.
C. Phillips, and G. H. Rothblat. 1995. Cellular cholesterol efflux mediated by
cyclodextrins. J. Biol. Chem. 270(29): 17250-17256.

306.

Scheiffele, P., M. G. Roth, and K. Simons. 1997. Interaction of influenza virus
haemagglutinin with sphingolipid-cholesterol membrane domains via its
transmembrane domain. EMBO J. 16(18): 5501-5508.

307.

Masserini, M., M. Pitto, F. Raimondo, E. Cazzaniga, S. Sesana, and T. Bellini.
2005. Methyl-beta-cyclodextrin treatment affects the thermotropic behaviour of
membranes and detergent-resistant membrane fractions of cultured A431 cells.
Biol. Pharm. Bull. 28(12): 2185-2188.

308.

Lingwood, D., and K. Simons. 2007. Detergent resistance as a tool in membrane
research. Nat. Protoc. 2(9): 2159-2165.

309.

Matkó, J., A. Bodnár, G. Vereb, L. Bene, G. Vámosi, G. Szentesi, J. Szöllösi, R.
Gáspár, V. Horejsi, T. A. Waldmann, and S. Damjanovich. 2002. GPImicrodomains (membrane rafts) and signaling of the multi-chain interleukin-2
receptor in human lymphoma/leukemia T cell lines. Eur. J. Biochem. 269(4):
1199-1208.

310.

Marshall, W. H., S. Drover, B. Larsen, D. Codner, M. D. Copp, J. Gamberg, E.
Keystone, D. Gladman, and J. Wade. 1997. Assessing Prognosis in Rheumatoid
Arthritis using Monoclonal Antibodies and Flow Cytometry. In: Madrigal AJ,
editor. Immunogenetics: Advances and Education: Kluwer Academic Publishers;
p. 87-98.

311.

Pos, W., D. K. Sethi, and K. W. Wucherpfennig. 2013. Mechanisms of peptide
repertoire selection by HLA-DM. Trends Immunol. 34(10): 495-501.

312.

Rinderknecht, C. H., S. Roh, A. Pashine, M. P. Belmares, N. S. Patil, N. Lu, P.
Truong, T. Hou, C. Macaubas, T. Yoon, N. Wang, R. Busch, and E. D. Mellins.
2010. DM influences the abundance of major histocompatibility complex class II
alleles with low affinity for class II-associated invariant chain peptides via
multiple mechanisms. Immunology 131(1): 18-32.

313.

Fallas, J. L., W. Yi, N. A. Draghi, H. M. O'Rourke, and L. K. Denzin. 2007.
Expression patterns of H2-O in mouse B cells and dendritic cells correlate with
cell function. J. Immunol. 178(3): 1488-1497.

314.

Chalouni, C., J. Banchereau, A. B. Vogt, V. Pascual, and J. Davoust. 2003 Human
germinal center B cells differ from naive and memory B cells by their aggregated
MHC class II-rich compartments lacking HLA-DO. Int. Immunol. 15(4): 457-466.

196

315.

Honey, K., K. Forbush, P. E. Jensen, and A. Y. Rudensky. 2004. Effect of
decreasing the affinity of the class II-associated invariant chain peptide on the
MHC class II peptide repertoire in the presence or absence of H-2M. J. Immunol.
172(7): 4142-4150.

316.

Morton, P. A., M. L. Zacheis, K. S. Giacoletto, J. A. Manning, B. D. Schwartz.
1995. Delivery of nascent MHC class II-invariant chain complexes to lysosomal
compartments and proteolysis of invariant chain by cysteine proteases precedes
peptide binding in B-lymphoblastoid cells. J. Immunol. 154(1): 137-150.

317.

Klein, U., G. Klein, B. Ehlin-Henriksson, K. Rajewsky, and R. Küppers. 1995.
Burkitt's lymphoma is a malignancy of mature B cells expressing somatically
mutated V region genes. Mol. Med. 1(5): 495-505.

318.

Hummel, M., S. Bentink, H. Berger, W. Klapper, S. Wessendorf, T. F. Barth, H.
W. Bernd, S. B. Cogliatti, J. Dierlamm, A. C. Feller, M. L. Hansmann, E.
Haralambieva, L. Harder, D. Hasenclever, M. Kühn, D. Lenze, P. Lichter, J. I.
Martin-Subero, P. Möller, H. K. Müller-Hermelink, G. Ott, R. M. Parwaresch, C.
Pott, A. Rosenwald, M. Rosolowski, C. Schwaenen, B. Stürzenhofecker, M.
Szczepanowski, H. Trautmann, H. H. Wacker, R. Spang, M. Loeffler, L. Trümper,
H. Stein, and R. Siebert. 2006. A biologic definition of Burkitt's lymphoma from
transcriptional and genomic profiling. N. Engl. J. Med. 354(23): 2419-2430.

319.

Ling, N. R., D. Hardie, J. Lowe, G. D. Johnson, M. Khan, and I. C. MacLennan.
1989. A phenotypic study of cells from Burkitt lymphoma and EBV-Blymphoblastoid lines and their relationship to cells in normal lymphoid tissues.
Int. J. Cancer 43(1): 112-118.

320.

God, J. M., and A. Haque. 2016. Multiple Defects Impair the HLA Class II
Antigen Presentation Capacity of Burkitt Lymphoma. J. Clin. Cell. Immunol. 7(4):
e119.

321.

Zhou, D., P. Li, Y. Lin, J. M. Lott, A. D. Hislop, D. H. Canaday, R. R.
Brutkiewicz, and J. S. Blum. 2005. Lamp-2a facilitates MHC class II presentation
of cytoplasmic antigens. Immunity 22(5): 571-581.

322.

Majeski, A. E., and J. F. Dice. 2004. Mechanisms of chaperone-mediated
autophagy. Int. J. Biochem. Cell Biol. 36(12): 2435-2444.

323.

Lich, J. D., J. A. Jayne, D. Zhou, J. F. Elliott, and J. S. Blum. 2003. Editing of an
immunodominant epitope of glutamate decarboxylase by HLA-DM. J. Immunol.
171(2): 853-859.

324.

Munz, C. Enhancing immunity through autophagy. 2009. Annu. Rev. Immunol.
27: 423-449.

197

325.

Dengjel, J., O. Schoor, R. Fischer, M. Reich, M. Kraus, M. Muller, K.
Kreymborg, F. Altenberend, J. Brandenburg, H. Kalbacher, R. Brock, C. Driessen,
H. G. Rammensee, and S. Stevanovic. 2005. Autophagy promotes MHC class II
presentation of peptides from intracellular source proteins. Proc. Natl. Acad. Sci.
U S A 102(22): 7922-7927.

326.

Becker, H. J., E. Kondo, A. Shimabukuro-Vornhagen, S. Theurich, and M. S. von
Bergwelt-Baildon. 2016. Processing and MHC class II presentation of exogenous
soluble antigen involving a proteasome-dependent cytosolic pathway in CD40activated B cells. Eur. J. Haematol. 97(2): 166-174.

327.

Destro, F., F. Sforza F, M. Sicurella, D. Marescotti, E. Gallerani, A. Baldisserotto,
M. Marastoni, and R. Gavioli. 2011. Proteasome inhibitors induce the presentation
of an Epstein-Barr virus nuclear antigen 1-derived cytotoxic T lymphocyte epitope
in Burkitt's lymphoma cells. Immunology 133(1): 105-114.

328.

Nanda, N. K., and A. J. Sant. 2000. DM determines the cryptic and
immunodominant fate of T cell epitopes. J. Exp. Med. 192(6): 781-788.

329.

Sant, A. J., F. A. Chaves, S. A. Jenks, K. A. Richards, P. Menges, J. M. Weaver,
and C. A. Lazarski. 2005. The relationship between immunodominance, DM
editing, and the kinetic stability of MHC class II:peptide complexes. Immunol.
Rev. 207: 261-278.

330

Nakayama, T., R. Fujisawa, D. Izawa, K. Hieshima, K. Takada, and O. Yoshie.
2002. Human B cells immortalized with Epstein-Barr virus upregulate CCR6 and
CCR10 and downregulate CXCR4 and CXCR5. J. Virol. 76(6): 3072-3077.

331.

Wang, F., C. Gregory, C. Sample, M. Rowe, D. Liebowitz, R. Murray, A.
Rickinson, and E. Kieff. 1990. Epstein-Barr virus latent membrane protein
(LMP1) and nuclear proteins 2 and 3C are effectors of phenotypic changes in B
lymphocytes: EBNA-2 and LMP1 cooperatively induce CD23. J. Virol. 64(5):
2309-2318.

332.

Gregersen, P. K. , J. Silver, and R. J. Winchester. 1987. The shared epitope
hypothesis. An approach to understanding the molecular genetics of susceptibility
to rheumatoid arthritis. Arthritis Rheum. 30(11): 1205-1213.

333.

Buckner, J. H., and G. T. Nepom. 2002. Genetics of rheumatoid arthritis: is there a
scientific explanation for the human leukocyte antigen association? Curr. Opin.
Rheumatol. 14(3): 254-259.

334.

Denzer, K., M. van Eijk, M. J. Kleijmeer, E. Jakobson, C. de Groot, and H. J.
Geuze. 2000. Follicular dendritic cells carry MHC class II-expressing
microvesicles at their surface. J. Immunol. 165(3): 1259-1265.

198

335.

Clayton, A., J. Court, H. Navabi, M. Adams, M. D. Mason, J. A. Hobot, G. R.
Newman, and B. Jasani. 2001. Analysis of antigen presenting cell derived
exosomes, based on immuno-magnetic isolation and flow cytometry. J. Immunol.
Methods 247(1-2): 163-174.

336.

Vincent-Schneider, H., P. Stumptner-Cuvelette, D. Lankar, S. Pain, G. Raposo, P.
Benaroch, and C. Bonnerot. 2002. Exosomes bearing HLA-DR1 molecules need
dendritic cells to efficiently stimulate specific T cells. Int. Immunol. 14(7): 713722.

337.

Turley, S. J., K. Inaba, W. S. Garrett, M. Ebersold, J. Unternaehrer, R. M.
Steinman, and I. Mellman. 2000. Transport of peptide-MHC class II complexes in
developing dendritic cells. Science 288(5465): 522-527.

338.

Sangiorgio, V., M. Pitto, P. Palestini, and M. Masserini. 2004. GPI-anchored
proteins and lipid rafts. Ital. J. Biochem. 53(2): 98-111.

339.

Ruddock, L. W., H. M. Webb, S. P. Ruston, C. Cheesman, R. B. Freedman, and T.
R. Hirst. 1996. A pH-dependent conformational change in the B-subunit pentamer
of Escherichia coli heat-labile enterotoxin: structural basis and possible functional
role for a conserved feature of the AB5 toxin family. Biochemistry 35(50): 1606916076.

340.

Merritt, E. A., T. K. Sixma, K. H. Kalk, B. A. van Zanten, and W. G. Hol. 1994.
Galactose-binding site in Escherichia coli heat-labile enterotoxin (LT) and cholera
toxin (CT). Mol. Microbiol. 13(4): 745-753.

341.

Ahmed, S. N., D. A. Brown, and E. London. 1997. On the origin of
sphingolipid/cholesterol-rich detergent-insoluble cell membranes: physiological
concentrations of cholesterol and sphingolipid induce formation of a detergentinsoluble, liquid-ordered lipid phase in model membranes. Biochemistry 36(36):
10944-10953.

342.

London, E. 2002. Insights into lipid raft structure and formation from experiments
in model membranes. Curr. Opin. Struct. Biol. 12(4): 480-486.

343.

Escola, J. M., M. J. Kleijmeer, W. Stoorvogel, J. M. Griffith, O. Yoshie, and H. J.
Geuze. 1998. Selective enrichment of tetraspan proteins on the internal vesicles of
multivesicular endosomes and on exosomes secreted by human B-lymphocytes. J.
Biol. Chem. 273(32): 20121-20127.

344.

Buschow, S. I., B. W. van Balkom, M. Aalberts, A. J. Heck, M. Wauben, and W.
Stoorvogel. 2010. MHC class II-associated proteins in B-cell exosomes and
potential functional implications for exosome biogenesis. Immunol. Cell Biol.
88(8): 851-856.

199

345.

Oksvold, M. P., A. Kullmann, L. Forfang, B. Kierulf, M. Li, A. Brech, A. V.
Vlassov, E. B. Smeland, A. Neurauter, and K. W. Pedersen. 2014. Expression of
B-cell surface antigens in subpopulations of exosomes released from B-cell
lymphoma cells. Clin. Ther. 36(6): 847-862.

346.

McLellan, A. D. 2009. Exosome release by primary B cells. Crit. Rev. Immunol.
29(3): 203-217.

347.

Saunderson, S. C., P. C. Schuberth, A. C. Dunn, L. Miller, B. D. Hock, P. A.
MacKay, N. Koch, R. W. Jack, and A. D. McLellan. 2008. Induction of exosome
release in primary B cells stimulated via CD40 and the IL-4 receptor. J. Immunol.
180(12): 8146-8152.

348.

Arita, S., E. Baba, Y. Shibata, H. Niiro, S. Shimoda, T. Isobe, H. Kusaba, S.
Nakano, and M. Harada. 2008. B cell activation regulates exosomal HLA
production. Eur. J. Immunol. 38(5): 1423-1434.

349.

Rastelli, J., C. Hömig-Hölzel, J. Seagal, W. Müller, A. C. Hermann, K. Rajewsky,
and U. Zimber-Strobl. 2008. LMP1 signaling can replace CD40 signaling in B
cells in vivo and has unique features of inducing class-switch recombination to
IgG1. Blood 111(3): 1448-1455.

350

Lam, N., and B. Sugden. 2003. CD40 and its viral mimic, LMP1: similar means to
different ends. Cell. Signal. 15(1): 9-16.

351.

Lovitch, S. B., T. J. Esparza, G. Schweitzer, J. Herzog, and E. R. Unanue. 2007.
Activation of type B T cells after protein immunization reveals novel pathways of
in vivo presentation of peptides. J. Immunol. 178(1): 122-133.

352.

Katzmann, D. J., G. Odorizzi, and S. D. Emr. 2002. Receptor downregulation and
multivesicular-body sorting. Nat. Rev. Mol. Cell Biol. 3(12): 893-905.

353.

Buschow, S. I., J. M. Liefhebber, R. Wubbolts, W. Stoorvogel. 2005. Exosomes
contain ubiquitinated proteins. Blood Cells Mol. Dis. 35(3): 398-403.

354.

van Niel, G., I. Porto-Carreiro, S. Simoes, and G. Raposo. 2006. Exosomes: a
common pathway for a specialized function. J. Biochem. 140(1): 13-21.

355.

Thibodeau, J., M. C. Bourgeois-Daigneault, G. Huppé, J. Tremblay, A. Aumont,
M. Houde, E. Bartee, A. Brunet, M. E. Gauvreau, A. de Gassart, E. Gatti, M.
Baril, M. Cloutier, S. Bontron, K. Früh, D. Lamarre, and V. Steimle. 2008.
Interleukin-10-induced MARCH1 mediates intracellular sequestration of MHC
class II in monocytes. Eur. J. Immunol. 38(5): 1225-1230.

200

356.

Buschow, S. I., E. N. Nolte-'t Hoen, G. van Niel, M. S. Pols, T. ten Broeke, M.
Lauwen, F. Ossendorp, C. J. Melief, G. Raposo, R. Wubbolts, M. H. Wauben, and
W. Stoorvogel. 2009. MHC II in dendritic cells is targeted to lysosomes or T cellinduced exosomes via distinct multivesicular body pathways. Traffic 10(10):
1528-1542.

357.

Gauvreau, M. E., M. H. Côté, M. C. Bourgeois-Daigneault, L. D. Rivard, F. Xiu,
A. Brunet, A. Shaw, V. Steimle, and J. Thibodeau. 2009. Sorting of MHC class II
molecules into exosomes through a ubiquitin-independent pathway. Traffic
10(10): 1518-1527.

358.

Trajkovic, K., C. Hsu, S. Chiantia, L. Rajendran, D. Wenzel, F. Wieland, P.
Schwille, B. Brügger, and M. Simons. 2008. Ceramide triggers budding of
exosome vesicles into multivesicular endosomes. Science 319(5867): 1244-1247.

359.

Clayton, A., C. L. Harris, J. Court, M. D. Mason, and B. P. Morgan. 2003.
Antigen-presenting cell exosomes are protected from complement-mediated lysis
by expression of CD55 and CD59. Eur. J. Immunol. 33(2): 522-531.

360.

Sega, G. A. 1984. A review of the genetic effects of ethyl methanesulfonate.
Mutat. Res. 134(2-3): 113-142.

361.

Keysar, S. B. and M. H. Fox. 2009. Kinetics of CHO A L mutant expression after
treatment with gamma radiation, EMS, and asbestos. Cytometry A 75(5): 412-419.

362.

Keysar, S. B. and M. H. Fox. 2009. EMS mutant spectra generated by multiparameter flow cytometry. Mutat. Res. 671(1-2): 6-12.

363.

Suzuki, K. G., R. S. Kasai, K. M. Hirosawa, Y. L. Nemoto, M. Ishibashi, Y.
Miwa, T. K. Fujiwara, and A. Kusumi. 2012. Transient GPI-anchored protein
homodimers are units for raft organization and function. Nat. Chem. Biol. 8(9):
774-783.

364.

Hazenbos, W. L., B. E. Clausen, J. Takeda, and T. Kinoshita. 2004. GPI-anchor
deficiency in myeloid cells causes impaired FcgammaR effector functions. Blood
104(9): 2825-2831.

365.

Morelon, E., V. Dodelet, P. Lavery, N. R. Cashman, and R. Loertscher. 2001. The
failure of Daudi cells to express the cellular prion protein is caused by a lack of
glycosyl-phosphatidylinositol anchor formation. Immunology 102(2): 242-247.

366.

Harris, C. L., and B. P. Morgan. 1995. Characterization of a glycosylphosphatidylinositol anchor-deficient subline of Raji cells. An analysis of the
functional importance of complement inhibitors on the Raji cell line. Immunology
86(2): 311-318.

201

367.

Xiu, F., M. H. Côté, M. C. Bourgeois-Daigneault, A. Brunet, M. E. Gauvreau, A.
Shaw, and J. Thibodeau. 2011. Cutting edge: HLA-DO impairs the incorporation
of HLA-DM into exosomes. J. Immunol. 187(4): 1547-1551.

368.

Papadimitriou, L., I. Zerva, M. Georgouli, T. Makatounakis, J. Papamatheakis,
and I. Athanassakis. 2013. DOα⁻β⁺ expression in favor of HLA-DR engagement
in exosomes. Immunobiology 218(8): 1019-1025.

369.

Drbal, K., P. Angelisová, A. M. Rasmussen, I. Hilgert, S. Funderud, and V.
Horejsí. 1999. The nature of the subset of MHC class II molecules carrying the
CDw78 epitopes. Int. Immunol. 11(4): 491-498.

370.

Munro, S. 2003. Lipid rafts: elusive or illusive? Cell 115(4): 377-388.

371.

Delaguillaumie, A., J. Harriague, S. Kohanna, G. Bismuth, E. Rubinstein, M.
Seigneuret, and H. Conjeaud. 2004. Tetraspanin CD82 controls the association of
cholesterol-dependent microdomains with the actin cytoskeleton in T
lymphocytes: relevance to co-stimulation. J. Cell Sci. 117(22): 5269-5282.

372.

Xu, C., Y. H. Zhang, M. Thangavel, M. M. Richardson, L. Liu, B. Zhou, Y.
Zheng, R. S. Ostrom, and X. A. Zhang. 2009. CD82 endocytosis and cholesteroldependent reorganization of tetraspanin webs and lipid rafts. FASEB J. 23(10):
3273-3288.

373.

Gombos, I., E. Kiss, C. Detre, G. László, and J. Matkó. 2006. Cholesterol and
sphingolipids as lipid organizers of the immune cells' plasma membrane: their
impact on the functions of MHC molecules, effector T-lymphocytes and T-cell
death. Immunol. Lett. 104(1-2): 59-69.

374.

Bhayani, H. R. and S. M. Hedrick. 1991. The role of polymorphic amino acids of
the MHC molecule in the selection of the T cell repertoire. J. Immunol. 146(4):
1093-1098.

375.

Wucherpfennig, K. W. and J. L. Strominger. 1995. Selective binding of self
peptides to disease-associated major histocompatibility complex (MHC)
molecules: a mechanism for MHC-linked susceptibility to human autoimmune
diseases. J. Exp. Med. 181(5): 1597-1601.

376.

Amria, S. L. M. Hajiaghamohseni, C. Harbeson, D. Zhao, O. Goldstein, J. S.
Blum, and A. Haque. 2008. HLA-DM negatively regulates HLA-DR4-restricted
collagen pathogenic peptide presentation and T cell recognition. Eur. J. Immunol.
38(7): 1961-1970.

202

377.

Sakkas, L. I., D. P. Bogdanos, C. Katsiari, and C. D. Platsoucas. 2014. Anticitrullinated peptides as autoantigens in rheumatoid arthritis-relevance to
treatment. Autoimmun. Rev. 13(11): 1114-1120.

378.

Holoshitz, J. 2010. The rheumatoid arthritis HLA-DRB1 shared epitope. Curr.
Opin. Rheumatol. 22(3): 293-298.

379.

Suri, A., S. B. Lovitch, and E. R. Unanue. 2006. The wide diversity and
complexity of peptides bound to class II MHC molecules. Curr. Opin. Immunol.
18(1): 70-77.

380.

Zachgo, S., B. Dobberstein, and G. Griffiths. 1992. A block in degradation of
MHC class II-associated invariant chain correlates with a reduction in transport
from endosome carrier vesicles to the prelysosome compartment. J. Cell. Sci.
103(3): 811-822.

381.

Riese, R. J., G. P. Shi, J. Villladangos, D. Stetson, C. Driessen, A. M. LennonDumenil, C. L. Chu, Y. Naumov, S. M. Behar, H. Ploegh, R. Locksley, H. A.
Chapman. 2001. Regulation of CD1 function and NK1.1(+) T cell selection and
maturation by cathepsin S. Immunity 15(6): 909-919.

382.

Yoon, T., H. Macmillan, S. E. Mortimer, W. Jiang, C. H. Rinderknecht, L. J.
Stern, and E. D. Mellins. 2012. Mapping the HLA-DO/HLA-DM complex by
FRET and mutagenesis. Proc. Natl. Acad. Sci. U S A 109(28): 11276-11281.

383.

Denzin, L. K. 2013. Inhibition of HLA-DM mediated MHC class II peptide
loading by HLA-DO promotes self tolerance. Front. Immunol. 4: 465.

384.

Chapman, H. A. 2006. Endosomal proteases in antigen presentation. Curr. Opin.
Immunol. 18(1): 78-84.

385.

Zavasnik-Bergant, T. and B. Turk. 2006. Cysteine cathepsins in the immune
response. Tissue Antigens 67(5): 349-355.

386.

Hastings, K. T. 2013. GILT: Shaping the MHC class II-restricted peptidome and
CD4(+) T cell-mediated immunity. Front. Immunol. 4: 429.

387.

Gombos, I., Z. Bacso, C. Detre, H. Nagy, K. Goda, M. Andrasfalvy, G. Szabo,
and J. Matko. 2004. Cholesterol sensitivity of detergent resistance: A rapid flow
cytometric test for detecting constitutive or induced raft association of membrane
proteins. Cytometry Part A 61A: 117–126.

388.

Gombos, I., C. Detre, G. Vámosi, and J. Matkó. 2004. Rafting MHC-II domains in
the APC (presynaptic) plasma membrane and the thresholds for T-cell activation
and immunological synapse formation. Immunol. Lett. 92(1-2): 117-124.

203

389.

Bacso, Z., H. Nagy, K. Goda, L. Bene, F. Fenyvesi, J. Matko, and G. Szabo. Raft
and cytoskeleton associations of an ABC transporter: P-glycoprotein. Cytometry
Part A 61A: 105–116.

390.

Lichtenberg, D., F. M. Goñi, and H. Heerklotz. 2005. Detergent-resistant
membranes should not be identified with membrane rafts. Trends Biochem. Sci.
30(8): 430-436.

391.

Viaud, S., M. Terme, C. Flament, J. Taieb, F. André, S. Novault, B. Escudier, C.
Robert, S. Caillat-Zucman, T. Tursz, L. Zitvogel, and N. Chaput. 2009. Dendritic
cell-derived exosomes promote natural killer cell activation and proliferation: a
role for NKG2D ligands and IL-15Ralpha. PLoS One 4(3): e4942.

392.

Besse, B., M. Charrier, V. Lapierre, E. Dansin, O. Lantz, D. Planchard, T. Le
Chevalier, A. Livartoski, F. Barlesi, A. Laplanche, S. Ploix, N. Vimond, I.
Peguillet, C. Théry, L. Lacroix, I. Zoernig, K. Dhodapkar, M. Dhodapkar, S.
Viaud, J. C. Soria, K. S. Reiners, E. Pogge von Strandmann, F. Vély, S.
Rusakiewicz, A. Eggermont, J. M. Pitt, L. Zitvogel, and N. Chaput. 2015.
Dendritic cell-derived exosomes as maintenance immunotherapy after first line
chemotherapy in NSCLC. Oncoimmunology 5(4): e1071008.

393.

Tan, A., H. De La Pena, and A. M. Seifalian. 2010. The application of exosomes
as a nanoscale cancer vaccine. Int. J. Nanomedicine 5: 889-900.

394.

Pitt, J. M., F. André, S. Amigorena, J. C. Soria, A. Eggermont, G. Kroemer, and
L. Zitvogel. 2016. Dendritic cell-derived exosomes for cancer therapy. J. Clin.
Invest. 126(4): 1224:1232.

395.

De La Pena, H., J. A. Madrigal, S. Rusakiewicz, M. Bencsik, G. W. Cave, A.
Selman, R. C. Rees, P. J. Travers, and I. A. Dodi. 2009. Artificial exosomes as
tools for basic and clinical immunology. J. Immunol. Methods 344(2): 121-132.

204

Appendices

205

Preamble
The results presented in the Appendices include mostly preliminary data that
requires further follow with additional experiments. The author did not feel that these
results warranted inclusion in Chapter 3 or 4, as the data would likely be excluded from a
future manuscript prepared from these chapters. Appendices D, E and F show results
from several independent experiments and are meant to compliment the data presented in
Figures 4.6A, 4.6B, and 4.9, respectively, which display mean values compiled from the
independent experiments.

206

Appendix A. The effect of additional protease inhibitors on surface DR epitope
expression.

Figure A.1. SAVC cells were treated with several protease inhibitors or with the
appropriate diluent control and surface expression of HLA-DR (L243), DRB1*04
(NFLD.D1), D11-0401 (NFLD.D11), CLIP (cerCLIP), and Ii (LN2) was measured by
CELISA. Brefeldin A prevents transport of proteins from the ER to the Golgi apparatus.
Chloroquine prevents acidification of late endosomes and thus lysosomal degradation of
proteins. Leupeptin is an inhibitor of cysteine, serine, and threonine peptidases. E64d is
an inhibitor of a wide range of cysteine peptidades including papain, cathepsin B,
cathepsin L, and calpain. Pepstatin inhibits aspartyl proteases. Calpeptin is a calpain
inhibitor. Bafilomycin is an endosomal acidification and late autophagy inhibitor.
Lactacystin is an inhibitor of the proteasome. Results are displayed as a ratio of protease
inhibitor-treated expression values to untreated controls. Results are from at least two
independent experiments (n ≥ 2). Error bars indicate standard error. DRB1*04, D110401, and CLIP expression was compared to DR using a paired t-test and asterisks
indicate significant differences (* = p < 0.05; ** = p < 0.01).
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Figure A.2. MT14B cells were treated with several protease inhibitors or with the
appropriate diluent control and surface expression of HLA-DR (L243), DRB1*04
(NFLD.D1), D13-0404 (NFLD.D13), CLIP (cerCLIP), and Ii (LN2) was measured by
CELISA. Brefeldin A prevents transport of proteins from the ER to the Golgi apparatus.
Chloroquine prevents acidification of late endosomes and thus lysosomal degradation of
proteins. Leupeptin is an inhibitor of cysteine, serine, and threonine peptidases. E64d is
an inhibitor of a wide range of cysteine peptidades including papain, cathepsin B,
cathepsin L, and calpain. Pepstatin inhibits aspartyl proteases. Calpeptin is a calpain
inhibitor. Bafilomycin is an endosomal acidification and late autophagy inhibitor.
Lactacystin is an inhibitor of the proteasome. Results are displayed as a ratio of protease
inhibitor-treated expression values to untreated controls. Results are from at least two
independent experiments (n ≥ 2). Error bars indicate standard error. DRB1*04, D130404, and CLIP expression was compared to DR using a paired t-test and asterisks
indicate significant differences (* = p < 0.05; ** = p < 0.01).

209

210

Appendix B. Surface and intracellular expression of membrane proteins assessed on
exosomes.

Figure B.1. 8.1.6 0401 cells were analyzed for surface and intracellular expression of
antigen presentation molecules, DRB1*04 epitopes, and exosomal markers using flow
cytometry. Isotype control staining was performed in parallel and had an MFI ≤ 10.
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Figure B.2. 9.5.3 0401 cells were analyzed for surface and intracellular expression of
antigen presentation molecules, DRB1*04 epitopes, and exosomal markers using flow
cytometry. Isotype control staining was performed in parallel and had an MFI ≤ 10.
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Appendix C. The effect of lipid raft disruption on the surface expression of raft
markers and DRB1*04 epitopes in additional DRB1*04 B cell lines.

Figure C.1. Lipid rafts were disrupted by membrane cholesterol depletion using MBCD
to treat (A) Boleth, (B) PF97387, and (C) BM92 and expression of CD59 (MEM-43),
CD71 (M-A712), CD82 (TS82b), total DR (L243), DRB1*04 (NFLD.D1), D11-0401,
and D13-0404 was compared to untreated control cells. Results from one flow cytometry
are shown. D. The fold change in expression was calculated in by dividing the MFI
values of MBCD-treated cells by the MFI values of untreated controls. The broken line in
the graph represents no change in expression caused by MBCD.
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Appendix D. The effect of lipid raft disruption on the surface expression of
transmembrane proteins.

Figure D.1. The effect of lipid raft disruption on the surface expression of (A) CD59
(MEM-43), (B) CD45 (HI30), (C) CD71 (M-A712), (D) CD82 (TS82b), and (E) MHC-I
(W6/32) on SAVC, MT14B, 8.1.6 0401, and 9.5.3 0401 was determined as displayed in
Figure 4.6A. The fold change in expression caused by MBCD treatment (Fold change in
MFI) for each individual experiment is shown and was calculated by dividing the MFI
expression value of MBCD-treated cells by the MFI of untreated controls. Each dot
denotes an individual experiment and the solid lines indicate the mean fold change in
MFI. The broken line in each graph represents no effect of MBCD-treatment on
expression. A paired t-test was performed to compare expression between MBCD-treated
and untreated control cells for a given cell line. Significant differences are indicated by an
asterisk (p < 0.05).
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Appendix E. The effect of lipid raft disruption on the surface expression of DRB1*04
epitopes.

Figure E.1. The effect of lipid raft disruption on the surface expression of (A) total DR
(L243), (B) DRB1*04 (NFLD.D1), (C) class-II-CLIP (cerCLIP), (D) D11-0401, and (E)
D13-0401/D13-0404 on SAVC, MT14B, 8.1.6 0401, and 9.5.3 0401 was determined as
displayed in Figure 4.6B. The fold change in expression caused by MBCD treatment
(Fold change in MFI) for each individual experiment is shown and was calculated by
dividing the MFI expression value of MBCD-treated cells by the MFI of untreated
controls. Each dot denotes an individual experiment and the solid lines indicate the mean
fold change in MFI. The broken line in each graph represents no effect of MBCD
treatment on expression. A paired t-test was performed to compare expression between
MBCD-treated and untreated control cells for a given cell line. Significant differences are
indicated by an asterisk (p < 0.05). ND, not determined.
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Appendix F. The effect of TEM disruption on the surface expression of
transmembrane proteins and DRB1*04 epitopes.

Figure F.1. The effect of saponin treatment on the surface expression of (A)
transmembrane proteins and (B) DRB1*04 epitopes on SAVC, MT14B, 8.1.6 0401, and
9.5.3 0401 was determined as displayed in Figure 4.9. The fold change in expression
caused by saponin treatment (Fold change in MFI) for each individual experiment is
shown and was calculated by dividing the MFI expression value of saponin-treated cells
by the MFI of untreated controls. Each dot denotes an individual experiment and the solid
lines indicate the mean fold change in MFI. The broken line in each graph represents no
effect of saponin-treatment on expression. A paired t-test was performed to compare
expression between saponin-treated and untreated control cells for a given cell line.
Significant differences are indicated by an asterisk (p < 0.05). ND, not determined.
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Appendix G. Flow cytometric assay of detergent resistance.

G.1 Flow cytometric assay of differential detergent resistance
As an alternative to sucrose density gradient ultracentrifugation, a unique flow
cytometric assay of differential detergent resistance (FCDR) was used to analyze whether
DRB1*04 epitopes associate with detergent resistant membranes. Similar to sucrose
density gradient ultracentrifugation, the FCDR assay is based on the principle that lipid
rafts and associated proteins are resistant to solubilisation in nonionic detergent such as
Triton X-100 (1-2). Association of DRB1*04 epitopes with rafts was measured by their
differential sensitivity to Triton X-100 before and after cholesterol depletion using
MBCD. Since this method involves intact cells instead of cell lysates, the chance that
proteins become associated with rafts after cell lysis are not of concern.
The FCDR protocol has been previously described in detail (1). Freshly harvested
cells (5 x 105/test) were washed with RPMI media and incubated in media for 15 minutes
at 37oC. The cells were then washed with media followed by a wash with FACS buffer
(PBS containing 0.2% FCS and 0.02% sodium azide). Cells were then labeled with the
appropriate primary and secondary antibody as previously described for flow cytometry
and analyzed using a BD FACSCalibur flow cytometer. After a baseline level of
expression was acquired, cells were treated with 0.1% ice-cold Triton X-100 in PBS for 5
minutes on ice, followed by a second analysis of surface expression by flow cytometry.
Analysis of flow cytometric data was performed using FlowJo 7.6 software.
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Detergent resistance was quantified using the mean fluorescence intensity (MFI)
values of the following fluorescence histograms as previously described (1): MFI of
labeled untreated cells (MFIUT), MFI of labeled cells treated with 0.1% Triton X-100 for
5 minutes (MFITX), MFI of isotype control untreated cells (MFIUTiso), MFI of isotype
control cells treated with 0.1% Triton X-100 for 5 minutes (MFITXiso). The extent of
detergent resistance was calculated using the below equation:

FCDR value = (MFITX – MFITxiso) / (MFIUT – MFIUTiso)

Therefore, the FCDR value is approximately less than 0.5 if a membrane protein
is solubilized by Triton X-100 treatment and is approximately equal to 1 in the case of a
typical detergent resistant protein. For a detergent resistant protein, pretreatment of the
cells with 10mM MBCD in media for 15 minutes at 37oC can provide insight into the
cause of the detergent resistance. For example, a significant decrease in the FCDR value
after cholesterol depletion with MBCD indicates that the observed detergent resistance is
likely caused by the association of the membrane protein with lipid rafts. When a
detergent resistant FCDR value does not significantly change after MBCD treatment, it
indicates that factors other than lipid raft association are responsible for the observed
detergent resistance. The possible outcomes of the FCDR assay and the interpretations are
summarized in Figure G.1.

224

Figure G.1. Summary of potential outcomes and interpretation of the FCDR assay.
Immunostaining of cells for a particular protein is first performed followed by analysis of
surface expression by flow cytometry before and after treatment with Triton X-100. If
surface expression substantially decreases after Triton X-100 treatment (upper left
histogram), the protein is considered detergent soluble and likely not associated with
membrane rafts. If expression is unaffected by Triton X-100 (upper right histogram), the
protein is considered detergent resistant. The change in expression due to Triton X-100
treatment is quantified using the FCDR value, where a value markedly less than 1
indicates detergent-solubility and a value approximately equal to 1 indicates detergentresistance. Once a protein is considered detergent resistant by this method, pretreatment
of the cells in culture with MBCD to reduce membrane cholesterol before performing the
FCDR assay can determine whether the observed detergent resistance is caused by
association with membrane rafts. If cholesterol depletion with MBCD results in a
decrease of the FCDR (bottom left histogram), this indicates that the observed detergent
resistance is likely due to lipid raft association. If MBCD treatment has no effect on the
FCDR (bottom right histogram), addition cellular factors other than raft association (i.e.
cytoskeletal attachment) are most likely responsible for the observed detergent resistance.
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G.2 Determination of detergent solubility of DRB1*04 epitopes using the FCDR
assay
The association of DRB1*04 epitopes with lipid rafts was measured by their
differential sensitivity to the nonionic detergent Triton X-100 using the FCDR assay as
described above. The detergent resistance of CD59, CD71, and CD82 was first analyzed.
As expected, CD71 on SAVC and MT14B cells displayed a high sensitivity to treatment
with detergent, resulting in FCDR values of 0.27 and 0.25 for SAVC and MT14B
respectively, indicating that CD71 was almost completely solubilized from the membrane
with 0.1% Triton X-100 (Figure G.2). Similar results were observed in 8.1.6 0401 and
9.5.3 0401 cells (Table G.1). The tetraspanin CD82 also exhibited a high sensitivity to
detergent treatment with FCDR values of 0.15 and 0.22 in SAVC and MT14B
respectively, suggesting that this protein is not associated with membrane rafts in these
cells (Figure G.2). In contrast, the raft marker CD59 was mostly detergent resistant in
both SAVC and MT14B, with FCDR values of 0.73 and 0.88 respectively (Figure G.2).
In addition, CD59 displayed detergent resistance in 8.1.6 0401 cells with a FCDR value
of 0.76 (Table G.1). The detergent resistance of CD59 in 9.5.3 0401 was not performed as
these cells were previously shown not to express this protein (Figure 4.4).
Since the detergent solubility of CD59 and CD71 corresponded to their known
raft-association properties, the FCDR assay was used to analyze the detergent resistance
of total DR and DRB1*04 epitopes. Total DRαβ dimers (L243), MHC-II/CLIP, and total
DRB1*04 (NFLD.D1) were largely detergent soluble in SAVC, MT14B, 8.1.6 0401, and
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Figure G.2. Total DR and D11-0401 are detergent soluble while D13-0404 is detergent
resistant measured using the FCDR assay.
The association of membrane proteins with lipid rafts in SAVC and MT14B cells was
analyzed by measuring detergent resistance using the FCDR assay. Surface expression of
CD59, CD71, CD82, DRαβ (L243), class-II-CLIP, DRB1*04, and D11-0401 or D130404 on live SAVC and MT14B cells was measured before (thick histogram) and after
(broken histogram) treatment with 0.1% Triton X-100 to determine the detergent
resistance of this proteins. Isotype controls (thin histogram) were adjusted to a MFI equal
to 10. The calculated FCDR value is shown to the right of each histogram.
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Table G.1. Summary of FCDR values for various molecules and DRB1*04 epitopes.
The association of membrane proteins with lipid rafts in 8.1.6 0401 and 9.5.3 0401 cells
was analyzed by measuring detergent resistance using the FCDR assay. Surface
expression of CD59, CD71, CD82, DRab (L243), class-II-CLIP, DRB1*04, D11-0401
and D13-0401 on live 8.1.6 0401 and 9.5.3 0401 cells was measured before and after
treatment with 0.1% Triton X-100 to determine the detergent resistance of this proteins.
The calculated FCDR values are displayed, along with those from SAVC and MT14B for
comparison. NT, not tested.
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9.5.3 0401 cells, with FCDR values ranging from 0.01 to 0.16 (Figure G.2, Table G.1).
Similarly, D11-0401 was found to be detergent soluble in SAVC and 8.1.6 0401 cells
with FCDR values of 0.32 and 0.13 respectively (Figure G.2, Table G.1). D13-0401 in
9.5.3 0401 was also detergent soluble with an FCDR value of 0.43 (Table G.1). In
contrast to the other DRB1*04 epitopes, D13-0404 exhibited partial detergent resistance
in MT14B cells with an FCDR value of 0.63 (Figure G.2), suggesting that this molecule
partially resides in lipid rafts.
In total, these FCDR results suggest that the majority of total DR, D11-0401, and
D13-0401 are not associated with lipid rafts, while a portion of D13-0404 molecules may
be raft-associated. These findings are not in agreement with the MBCD disruption and
sucrose density gradient ultracentrifugation experiments, but instead suggest the exact
opposite concerning the raft-association of these epitopes. Furthermore, it is well
documented in the literature that a substantial fraction of total surface pMHC-II resides in
lipid rafts (3). Given these discrepancies, it is apparent that further validation of this assay
is required before its results can be correctly interpreted.
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