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Preface

Some of the chapters of this thesis are parts of publications. At the beginning of
each chapter it is indicated which experiments where done by the author of the
thesis, which persons contributed to the publication, and in which journals the work

was published.
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1 Introduction

1.1 The immune system

Although our body is daily confronted with possible invasions of pathogens, severe
infections occur only seldom, due to our highly efficient immune system. It is
responsible for host defense against infectious agents. With the help of a complex
system of humoral and cellular defense mechanisms it is able to discriminate
between self and non-self protecting our body against pathogens. The immune
system consists of all organs, tissues, cells and molecules involved in host
defense. Immunocompetent organs can be broadly divided into central and
peripheral. In the central organs immunocompetent white blood cells — leukocytes
— are generated and major parts of their development take place: the bone
marrow, where generation of leukocyte progenitors from pluripotent hematopoetic
stem cells occurs and B lymphocytes mature, and the thymus, the organ of T
lymphocyte maturation. The most important peripheral organs are the spleen, the
lymph nodes and the mucosal lymphatic tissues. Here, lymphocytes are
maintained and meet possible antigens.

Defense mechanisms of the immune system, the so called immune response, are
based on two different but interacting principles, innate and adaptive immunity.
Innate immunity provides a first line of defense against many common pathogens.
It evolved before adaptive immunity and plays a crucial role in controlling
infections in the first four to seven days, the time needed before an initial adaptive
immune response can take effect. Part of an innate immune response are: the
complement system, inflammatory cells — macrophages and neutrophils —, natural
killer cells (NK cells), y:0 T cells and B-1 B cells. The components of innate
immunity are constitutively present in our body and do not generate an
immunological memory.

Adaptive immunity is based on clonal selection of antigen-specific effector
lymphocytes and on generation of memory cells that are able to prevent re-
infection with the same pathogen. An adaptive immune response, also known as

acquired immune response, is mainly made up by three different cell types:
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professional antigen-presenting cells (APC), B lymphocytes and T lymphocytes.
To raise such a response at least two of the above mentioned cell types have to
participate. Adaptive immunity distinguishes humoral, or B cell-mediated, and
cellular, or T cell-mediated, immunity. Humoral immunity is mainly based on
antibodies (Ab) secreted by B cells which have to get activated by antigen-specific
T helper cells (TH2), and is directed against extracellular pathogens and toxins.
Cellular immunity, in general directed against intracellular pathogens or for
example tumor cells, is based on cytotoxic T lymphocytes (CTL) and inflammatory
TH1 cells. To become activated, CTL have to interact with APC and TH1 cells.
Coordination and regulation of a specific immune response are maintained
through subpopulations of T cells that either activate or inhibit other immune

competent cells.

1.1.1 Major histocompatibility complex molecules and antigen processing

As already mentioned, the immune system is able to distinguish between self and
non-self through humoral and cellular defense mechanisms, respectively. B cell
receptors and Ab bind three dimensional, native structures, whereby nearly every
chemical substance can be recognized by Ab. T cells, on the other hand, are more
limited. Via their T cell receptor (TCR), they recognize parts of processed proteins,
peptides, which have to be presented on special receptors, the major
histocompatibility complex (MHC) molecules, on cell surfaces. The two different
subsets of T cells, CD8+ and CD4+ T cells, recognize two different types of MHC
molecules, MHC class | and MHC class I, respectively. The MHC is the most
polymorphic gene cluster in humans and is located on chromosome six. MHC
molecules, in humans called human leukocyte antigens (HLA), are a family of
highly polymorphic glycoproteins. MHC | molecules are heterodimers formed of a
heavy chain, in humans HLA-A, -B, -C, and of a noncovalently bound light chain,
B2-microglobulin (Bam). In contrast, MHC Il molecules, in humans HLA-DR, -DQ, -
DP, are made of two heavy chains, a and .

In the classical view, MHC class | molecules present peptides from endogenously

synthesized proteins on cell surfaces of the vast majority of cells, allowing
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circulating CD8+ cytotoxic T cells to survey cells for possible infections or improper
protein expression, such as might be seen during tumorigenesis. As MHC class |
genes are highly polymorphic, proteins encoded by each allele will bind only a
unique set of peptides. Anchor residues of the antigenic peptides determine the
binding specificity to the peptide binding groove of a specific MHC molecule [1].
The MHC class | molecule defines the position of anchor residues which have to
be occupied by specific amino acids. Most common, peptides of eight to ten amino
acids in length are generated by normal cellular degradation of proteins and
presented on the cell surface by class | [2]. The ubiquitin-proteasome system
generates precursor peptides that have the correct C-terminus but may have N-
terminal extensions of several amino acids [3]. The constitutive 20S proteasome
consists of 14 non-identical subunits (a1-7 and B1-7) forming four stacked rings of
seven subunits each (2 outer a rings and 2 inner B rings) and shows three different
proteolytical activities: a chymotrypsin-like (31, cleavage after hydrophobic
residues), a trypsin-like (32, cleavage after basic residues) and a caspase-like
(B5, cleavage after acidic residues) [4]. In the presence of interferon y (IFNy) the
subunits which harbor the active sites are exchanged by so called
immunosubunits: MECL1, LMP2 and LMP7 [5]. The newly formed immuno-
proteasome is able to enhance the generation of peptides which can be presented
on class | [6]. The N-termini of the peptides are further trimmed by
aminopeptidases residing either in the cytosol or in the endoplasmic reticulum
(ER) [7]. Peptides generated by the proteasome are transported by the transporter
associated with antigen processing (TAP) into the ER [8] where they are loaded on
MHC | heavy chain-B,m heterodimers through interactions in the peptide-loading
complex, consisting additionally of the transmembrane glycoprotein tapasin, the
chaperone calreticulin and the thiol oxidoreductase ERp57 [9]. Mature MHC |
complexes consisting of MHC | heavy chain, Bom and peptide are then transported
on the cell surface where they can interact with CD8+ T cells.

MHC class Il molecules — as polymorphic as class | — typically present peptides
from exogenous proteins acquired by endocytosis or from internalized plasma
membrane proteins to CD4+ T cells. Whereas for MHC class | the initial events of
antigen processing and MHC peptide assembly take place in different cellular
compartments, processing of exogenous antigens and MHC Il peptide loading
happen in the same [10]. Therefore it is not surprising that MHC Il peptide
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assembly differs substantially from that of MHC |I. MHC Il a- and B-chains are
synthesized into the ER where they form nonameric complexes consisting of three
MHC 1l dimers and three invariant chain molecules (li, CD74) [11], a type Il
membrane protein. |i serves as both a targeting subunit into the MHC class |l
loading compartment (MIIC) [12;13], part of the endosomal-lysosomal system, and
a guardian of the peptide binding groove [14]. On the way into the MIIC, li is
removed by an ordered proteolytic reaction, leading to the generation of a
fragment called class Il invariant chain peptide (CLIP), lodged in the peptide
binding site. li processing happens in a C-terminal-to-N-terminal direction and is
dependent on lysosomal proteases. Cathepsin S, cathepsin L and asparagine
endopeptidase (AEP) are three proteases involved in li processing [15], but further
proteases may also play a role, as some processing steps are redundant.
Dissociation of CLIP and loading of antigenic peptides is catalyzed by the
chaperone DM, whose function is modulated by DO [16]. Antigen processing
happens as li processing in the endosomal-lysosomal system. The principal
cysteine proteases involved are cathepsin S, L, B, F, H and V and the unrelated
AEP [17;18]. Compared to MHC | molecules, the binding grooves of MHC I
molecules are open at their ends. Therefore, MHC Il ligands show a much greater
variety in their length, in general being 11 to 18 amino acids long [19;20]. Often,
MHC Il peptides encompass a core sequence, which is variably extended at both
termini [21]. In contrast to MHC | molecules, binding of class Il molecules and their
ligands is mainly based on interactions between peptide backbone and MHC I
binding groove [22]. MHC Il molecules have also binding pockets specific for

defined anchor amino acids, but compared to class | they are degenerated.

1.1.2 T lymphocytes and anti-tumor immunotherapy

CD4+ and CD8+ T pocess TCRs which cells recognize MHC-peptide-complexes
presented by other cells. At the cell surface, the TCR is associated with the CD3
complex, responsible for signal transduction. To recognize MHC |- and MHC II-
peptide-complexes, in addition the co-receptors CD8 and CD4, respectively, have

to interact with conserved domains of the MHC molecules. Foreign peptides
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presented on MHC molecules on surfaces of professional APC can be recognized
by naive T cells, a process called priming. Primed T cells proliferate and
differentiate into armed effector T cells, either CTL, in the case of CD8+ T cells, or
TH1 and TH2, in the case of CD4+ T cells. To get primed, naive T cells have to
recognize MHC-peptide-complexes on professional APC, as they need an
additional co-stimulatory signal which is conferred for example by the receptors
CD80 and CD86 on APC to CD28 on T cells. In general, without this additional co-
stimulatory signal T cells recognizing MHC-peptide-complexes go over into
anergy. Activated CTL destroy their target cells via the induction of apoptosis,
either with the help of perforin and granzymes [23] or via Fas-ligand [24;25]. TH1
cells activate macrophages and CD8+ T cells — a cellular immune reaction — via
the secretion of interferon y (IFNy) and interleukin 2 (IL-2) [26], whereas TH2 cells
lead to an activation of Ab secreting B cells and the complement system via
interleukin 4 (IL-4) [27] — a humoral immune reaction. Recently, another
subpopulation of CD4+ T cells has been described: regulatory T cells (Treg) [28].
These cells express constitutively CD25 and inhibit T cell reactions in an, until
now, not fully understood way.

In the last 10 years it has been shown in many different clinical trials that the
immune system can be manipulated to specifically recognize and eliminate tumor
cells [29;30]. Many different approaches have been used to activate the immune
system towards the tumor, ranging from immunzations with whole tumor cell
lysates to the administration of molecularly defined parts of tumor rejection
antigens, in general peptides of proteins produced by the tumor. Tumor cells may
differ from their surrounding by the expression of tumor antigens which are either
tumor specific, meaning they occur exclusively in tumor tissue, as cancer-testis
antigens, mutated antigens and tumor-virus antigens, or tumor associated which
means they are highly overexpressed in tumors but can also be found in normal
tissue, as for example differentiation antigens. Table 1 shows a classification of
tumor rejection antigens.

Peptide based immunotherapy studies have shown that CTL are able to recognize
tumor rejection antigens on tumor cells and are thus able to contribute to tumor
regression [31;32]. Our knowledge about anti-tumor CD4+ effector T cells and
their epitopes is far more limited which is in part due to the more difficult

characterization. Degenerated class Il binding motifs inhibit an as efficient class Il
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epitope prediction as for CTL epitopes, a process known as reverse immunology
[33]. However, in order to elicit a long lasting anti-tumor immune response the
effector CTL response should be accompanied by effector CD4+ T cells [34-36],
giving the reason for the need of identification of class Il epitopes of tumor
rejection antigens [37]. In addition, it could be shown that CD4+ T cells are able to
act tumor repressive without any CTL effector function. Normally, this happens in
an indirect, cytokine dependent manner [38-40]. Thus, CD4+ T cells are able to
inhibit tumor angiogenesis via IFNy [41]. They can also counteract tumor

development via the induction of an Ab response [42].

Table 1: Classes of tumor antigens*

recognized by

class examples T cells antibodies
point mutation of normal gene CDK4 [43] X -
frame shift mutation of normal gene TGFBRII [44] X -
anti sense transcript of normal gene RU2AS [45] X -
expressed intron of normal gene N-acetylglucosaminyltransferase V [46] x -
fusion protein caused by translocation BCR-ABL [47] X -
fusion protein caused by posttrans. mod. gp100 [48], FGF-5 [49] X -
altered posttranslational modifications tyrosinase [50] X -
cancer/embryonic antigen CEA [51;52] X X
overexpressed antigens - protein Her2/neu, MUC1 [53;54] X X
overexpressed antigens — non-protein ganglioside GD3 [55] - X
cancer testis antigen NY-ESO-1 [56]

MAGE family [57] X X
oncogenes ras [58-60] X X
tumor suppressor genes p53 [61;62] X X
differentiation antigen tyrosinase [63;64] X X

gp100 [65;66] X X
viral proteins HPV E7 [67;68] X X

* adapted from Rammensee et al. [69]
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1.2 Mass spectrometry

Mass spectrometry (MS) is an analytical method which is able to determine
molecular weights of ions in a high vacuum. lons of inorganic or organic
compounds are generated by different means, separated by their mass-to-charge
ratios (m/z) and detected qualitatively and quantitatively by their respective m/z
[70]. In principle, a mass spectrometer is made up by an ion source, for example
an electrospray ionization (ESI) or a matrix assisted laser desorption/ionization
(MALDI) source, by a mass analyzer, for example a quadrupole or a time-of-flight
analyzer (TOF), and by a detector, for example a multichannel plate. With the
invention of soft ionization methods such as MALDI [71] and ESI [72;73] MS
became one of the most versatile tools in modern analysis of biomolecules. With
these techniques it is possible to determine molecular weights of big biomolecules,
for example of proteins, and to obtain sequence information, for example from
peptides. In the remaining part of this chapter MS with respect to the analysis of
proteins and peptides will be discussed. The different applications of MS in
inorganic chemistry and in the analysis of small organic compounds will not be
dealt with.

g | laser |
: U ]
ion source

E/III ' reflector ||I|I!/111] ‘

=

_._.J |

linear

data_ | - reflector detector
collection

Figure 1: Schematic of a reflector-MALDI-TOF mass spectrometer (adapted from

Bruker Daltonik, Bremen, Germany).
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1.2.1 MALDI-TOF mass spectrometry

MALDI uses photons to deposit energy into a solid sample layer. The sample is
co-crystallized with a matrix, usually small organic molecules that absorb at the
wavelength of a given laser, on a metal target. A common laser in MALDI mass
spectrometers is a nitrogen laser (337 nm). But not only ultraviolet (UV) lasers are
in use, wavelengths ranging from UV to infrared (IR) are employed. For the
analysis of peptides, matrices like a-cyano-4-hydroxycinnamic acid (CCA) [74] and
2-(4-hydroxyphenylazo)benzoic acid (HABA) [75] are used together with UV
lasers. The energy uptake of matrix crystals upon laser irradiation causes
evaporation and ionization of the sample. Once sample molecules have reached
the gas phase, usually singly charged ions are formed by proton transfer from
photo-ionized matrix molecules. Opposite of the target an electrode is mounted
which creates an electric field pulling the ions towards the analyzer (Figure 1). A
common analyzer used in MALDI mass spectrometers is a TOF analyzer. M/z are
determined by the time ions take to trespass a high vacuum and to reach a
detector. TOF analyzers have resolutions of up to 15,000 full width at half
maximum (FWHM) in a mass range of up to 5000 Da. To reach such high
resolution two devices are needed, a reflector [76] and an ion source with a
delayed extraction [77]. A reflector is an ion mirror that is mounted opposite of an
ion source and reverses flight directions of ions so that they reach the reflector
detector. With its help ions of different kinetic energies are focused in time.
Delayed extraction or time-lag focusing, a time delay between ion formation and
extraction/acceleration, also counteracts the energy spread of emerging ions and
the time distribution of ion formation. Usually, MALDI-TOF mass spectrometers

are used to determine molecular weights of peptides and proteins.
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Figure 2: Disintegration of charged droplets and generation of single ion entities in
an ESI-MS interface.

1.2.2 ESI-quadrupole-TOF mass spectrometry

In ESI MS gas phase ions are generated by the dispersion of a fluid in an electric
field which is created between a capillary and the entrance of a mass
spectrometer (Figure 2). In contrast to MALDI, ESI is not a real ionization process.
lons are already present in the fluidic phase and are only converted into the gas
phase. An electric field creates a fine mist consisting of small highly charged
droplets which follow a potential and pressure gradient into the analyzer of the
mass spectrometer. Discrete, completely desolvated ions are generated through
three interacting processes: desolvation of the solvent, Coulomb explosion, and
escape of single ions out of droplets. A perpendicular gas flow, the so called
curtain gas as for example heated nitrogen, supports the desolvation process.
Commonly, multiple charged ions are generated in ESI MS. As the desolvation of
the solvent is endotherme, it reduces the inherent energy of the ions and causes

no fragmentation. A special application of ESI is nano-electrospray [78].
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Miniaturization of the electrospray produces sample flow rates of 5 to 1000 nl/min

which causes reduced sample consumption, and thus a higher sensitivity.

ion source
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Figure 3: Schematic of a Q-Tof-
mass spectrometer (adapted from
Micromass, Manchester, UK). MCP =
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With the help of tandem mass spectrometers structural information of ions can be

obtained, in addition to mere mass analysis. In tandem mass spectrometry

(MS/MS) two mass analyzers (MS1 and MS2) are coupled in a row. Mass selected

ions (MS1) are subjected to a second mass spectrometric analysis (MS2) [78;79].

One possible setup of a tandem mass spectrometer is shown in Figure 3. lons are

selected by a quadrupole analyzer (MS1) and subjected to a hexapole collision

cell, where they collide with argon gas and ion fragments are generated (collision

induced dissociation, CID). These fragments are then further analyzed by a

reflector-TOF analyzer (MS2).
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Figure 4: Generation of b- and y-ions during CID in the gas phase [80].

With a Q-Tof mass spectrometer it is possible to generate sequence information of
peptides. Peptide ions are selected by the quadrupole and the corresponding
fragment ions, generated in the hexapole, are analyzed by the TOF analyzer.
Collision activated peptides preferably break between peptide bonds along the
peptide backbone (Figure 4) which allows — with the knowledge of the masses of
the amino acid residues (Table 2) — sequencing. Normally, during fragmentation
the charge can either stay at the N-terminus or at the C-terminus of a peptide.
Depending on the exact site of fragmentation, peptide ions are either called a, b,

and cions, ory, X, and z ions, respectively [78;81] (Figure 5).



14 Introduction

Table 2: Masses of the common amino acid residues an their corresponding

immonium ions.

mass

amino acid 3-letter 1-letter amino acid immonium

residue code code residue ion®

Alanine Ala A 71 44
Arginine Arg R 156 129
Asparagine Asn N 114 87
Aspartate Asp D 115 88
Cysteine Cys C 103 76
Glutamate Glu E 129 102
Glutamine GIn Q 128 101
Glycine Gly G 57 30
Histidine His H 137 110
Isoleucine lle | 113 86
Leucine Leu L 113 86
Lysine Lys K 128 101
Methionine Met M 131 104
Phenylalanine Phe F 147 120
Proline Pro P 97 70
Serine Ser S 87 60
Threonine Thr T 101 74
Tryptophan Trp W 186 159
Tyrosine Tyr Y 163 136
Valine Val \Y 99 72

R1 H ot R3 H [0}
L . I
B HN N HN i \'/\0.1
o) R2 (o] R4

N OH b, ion y, ion
o) R4

c immonium ion

amino acid residue C +
HN Z

Figure 5: A. Nomenclature of peptide fragment ions. B. Simplified structures of b2

and y2 ions (see Figure 4). C. Structure of an immonium ion.
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To analyze complex sample mixtures via MS, the combination of both separation
techniques and MS is needed. One of the most important and common
combinations is the coupling of a reversed-phase high performance liquid
chromatography (HPLC) to an ESI mass spectrometer (LC-MS). Using small flow
rates, the HPLC can be directly coupled online to the electrospray source, as is
done with p-capillary LC systems. Sample loss through extensive handling is
reduced, contaminations like salts can be washed away, and the sample is
concentrated in a sharply eluting peak. Usually, the sample is first loaded onto a
C18 pre-column, where salts can be washed away and the sample is
concentrated. In a second step, the sample is eluted in the opposite direction onto
a fused silica p-capillary separation column (for example 5 ym C18 material, 75
pum ID x 250 mm) which is directly coupled to the mass spectrometer via a
nanoflow interface. Commonly, the selection of peptide ions for tandem MS is

done automatically by the mass spectrometer.
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1.3 Aims of the thesis

MHC class | ligands, especially in association with tumor development and
immunity, have been extensively studied. Anti-tumor immunotherapy using class |
peptides of tumor associated antigens in different vaccination combinations is also
a research area which has been heavily explored. On the other hand, our
knowledge about MHC class Il peptides and their impact on anti-tumor immunity is
far more limited. Thus, the aim of this thesis was to establish a better knowledge of
the MHC class Il peptide repertoire, the ligandome, in general, and to outline a
procedure which helps in the identification of class Il peptides from tumor
associated antigens, in particular. To achieve these goals, state-of-the-art mass
spectrometric devices, ranging from a MALDI-Reflector-TOF mass spectrometer to
a LC-MS system, were used.

HLA-DR peptides from a tumor-like cell line should be identified by MS and
analyzed using the rules of proteome analysis. The question to answer was:
peptides from which source proteins are presented under normal conditions on
MHC class Il molecules on the cell surface? A further question was: has
autophagy, one of the two major cellular degradation pathways and a process
which plays a role in tumor development, an impact on the class Il ligandome? To
answer this question, a comparative MS analysis of MHC class Il peptides isolated
from cells undergoing autophagy and control cells had to be perforemd.

A special field of interest was posttranslational modified MHC peptides. It has
already been described that T cell recognition of antigenic peptides can depend on
posttranslational modifications of such peptides, but so far hardly any naturally
presented posttranslational modified MHC |l ligands have been identified.
Therefore the class Il ligandome should be searched for known modifications,
such as glycosylation and deamidation.

Finally, as most tumors are class Il negative and MHC Il ligands cannot be directly
isolated from solid tumor tissue, a strategy for the identification of naturally

presented class Il ligands from tumor associated antigens should be set up.
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2 Results and Discussion

2.1 Autophagy promotes MHC-II presentation of peptides from intracellular

source proteins

This manuscript has been composed by Jorn Dengjel, Oliver Schoor, Rainer
Fischer, Michael Reich, Marianne Kraus, Katharina Kreymborg, Florian
Altenberend, Hubert Kalbacher, Roland Brock, Christoph Driessen, Hans-Georg
Rammensee and Stefan Stevanovi¢. The author of this thesis has performed the
experiments leading to figure 1, 2, 3 and 4. All the mass spectrometric

experiments and cell culture work were done by him.

2.1.1 Summary

MHC-peptide complexes mediate key functions in adaptive immunity. In a classical
view, MHC | molecules present peptides from intracellular source proteins,
whereas MHC |l molecules present antigenic peptides from exogenous and
membrane proteins. Nevertheless substantial crosstalk between these two
pathways has been observed. We investigated the influence of autophagy on the
MHC Il ligandome and show that peptide presentation is strongly altered upon
induction of autophagy. The presentation of peptides from intracellular and
lysosomal source proteins was strongly increased on MHC Il in contrast to
peptides from membrane and secreted proteins. In addition, autophagy influenced
the MHC Il antigen processing machinery. Our study illustrates a profound
influence of autophagy on the class Il peptide repertoire and suggests implications

in the regulation of CD4+ T-cell-mediated processes.
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2.1.2 Introduction

Peptides of foreign and self proteins are presented on major histocompatibility
complex class | (MHC 1) and class Il (MHC Il) molecules at the cell surface and
can be recognized by CD8+ and CD4+ T lymphocytes, respectively [1;2]. By this
the MHC molecules transfer information about the current stock of proteins within
a cell and its surroundings to the cell surface allowing the immune system to
survey the cell's integrity and to react, if necessary. The definition of pools of
peptides presented at the cell surface under specific conditions is vital for the
understanding of the immune system. Especially if the interest lies in the
manipulation of the immune system, for example in peptide based immunotherapy
[3], it is absolutely necessary to understand which peptides are presented under
which condition at the cell surface.

From a classical point of view, MHC | molecules present antigenic peptides
derived from intracellular proteins whereas MHC |l molecules do so for exogenous
or membrane proteins [4]. This phenomenon is reflected in the two major cellular
breakdown pathways for proteins: proteasomal degradation, relevant particular to
the generation of MHC class | peptides [5], and degradation by the
endosome/lysosome system, responsible for the processing of MHC class Il
peptides [6]. However, the separation of these distinct pools of source proteins is
less stringent than originally thought. It is now well-established that MHC class |
molecules are able to present peptides derived from exogenous antigens (Ag) by a
process known as cross presentation [7]. On the other hand, intracellular proteins
can be presented by MHC class Il molecules [8] even though the underlying
processes are less clear. It could be shown that a model protein, artificially
introduced into cells, is presented on MHC class |l molecules via autophagy [9].
Autophagy plays a role in the endosomal/lysosomal degradation pathway and is
responsible for feeding intracellular components into this pathway. It is thought to
be required for normal turnover of cellular components, particularly in response to
starvation [10]. Against this background, we hypothesized that autophagy might
mediate MHC class Il presentation of intracellular Ag in general. Therefore, we
performed a detailed characterization of the MHC class Il ligand repertoire

(ligandome) presented at the cell surface under normal conditions and after
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increased autophagy, leading to a comprehensive overall picture of changes in

peptide processing and presentation.

2.1.3 Materials and Methods

Cells and antibodies

The human B-lymphoblastoid cell lines Awells (IHW-No. 9090; HLA-DRB1*0401,
HLA-DRB4*0101) and Awells-li-LGALS2 (Awells transfected with a fusion gene
encoding the 80 N-terminal amino acids of |li and LGALS2) were maintained at
37°C in DMEM (C.C.Pro, Neustadt, Germany) containing 10 % FCS (Pan,
Aidenbach, Germany) and supplemented with 2 mM L-glutamine (BioWhittaker,
Verviers, Belgium), 100 U/ml penicillin, and 100 pug/ml streptomycin (BioWhittaker).
During induction of autophagy, cells were kept in Hank’s Balanced Salt Solution
(HBSS). For autophagy inhibition, cells were kept in DMEM or HBSS
supplemented with 10 mM 3-methyladenine (Sigma-Aldrich, Steinheim, Germany).
The antibody L243 (anti-HLA-DR) [33] was purified from hybridoma culture
supernatants using protein A-Sepharose beads (Pharmacia, Uppsala, Sweden).
Antibodies used in flow cytometry analysis were from PharMingen (San Diego,
CA, USA).

Analysis of monodansylcadaverine (MDC) labeled vacuoles

Autophagic vacuoles were labeled with  MDC and analyzed using either
fluorescence microspcopy [16;34] or fluorescence spectroscopy in cell lysates
[16], essentially as described. Briefly, cells were incubated at 37°C for 10 min with
0.05 mM MDC and subsequently washed four times with PBS. Cells were either
analyzed by live cell microscopy or lysed in 10 mM Tris-HCI, pH 8 containing 0.1%
Triton X-100 for fluorescence spectroscopy. After lysis, remaining cellular debris

was spun down.

Fluorescence Microscopy
Live cells were immediately analyzed at room temperature by epifluorescence

microscopy on an inverted microscope (Axiovert 63W; Carl Zeiss, Jena, Germany)
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fitted with a 63 x 1.2 numerical aperture lens in eight-well chambered cover
glasses (Nunc, Wiesbaden, Germany). Fluorescence emission and detection was
performed with a filter system (excitation BP 365 nm, detection LP 397 nm, beam
splitter FT 395 nm). Images were acquired with a Sensicam cooled 12-bit CCD
camera (PCO Computer Optics, Kelheim, Germany) and processed using the

program Axiovision 3.1 (Carl Zeiss).

Fluorescence Spectroscopy

MDC concentrations in whole cell lysates [16] were determined using an LS50B
spectrofluorometer (Perkin-Elmer, Norwalk, CT, USA), with excitation at 380 nm
and detection of emission at 525 nm. The protein content of the lysates was
determined using a commercially available Bradford protein assay kit (Bio-Rad

Laboratories, Miinchen, Germany).

Gene expression analysis by high-density oligonucleotide microarrays

Total RNA was isolated from Awells using Trizol (Invitrogen, Karlsruhe, Germany)
followed by an RNeasy cleanup (QIAGEN, Hilden, Germany) after autophagy
induction for 6 h and 24 h and from cells cultured in normal medium for the same
times as controls. High RNA quality was ensured by a 2100 Bioanalyzer (Agilent,
Waldbronn, Germany) assay using the RNA 6000 Pico LabChip Kit (Agilent).
Gene expression analysis of the four RNA samples was performed by Affymetrix
Human Genome U133 Plus 2.0 oligonucleotide microarrays (Affymetrix, Santa
Clara, CA) according to the Affymetrix manual (http://www.affymetrix.
com/support/technical/manual/expression_manual.affx). Briefly, double-stranded
cDNA was synthesized from 8 ug of total RNA using SuperScript RTII (Invitrogen)
and the oligo-dT-T7 primer (MWG Biotech, Ebersberg, Germany) as described in
the manual. In vitro transcription was performed with the BioArray™ High Yield™
RNA Transcript Labeling Kit (ENZO Diagnostics, Inc., Farmingdale, NY), followed
by cRNA fragmentation, hybridization, and staining with streptavidin-phycoerythrin
and biotinylated anti-streptavidin antibody (Molecular Probes, Leiden, The
Netherlands). Images were scanned with the Affymetrix GeneChip Scanner 3000
and data were analyzed with the GCOS software (Affymetrix) using default

settings for all parameters.
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Normalization was performed by scaling all four arrays based on the overall
fluorescence intensity of each array. Scaling factors differed by no more than a
factor of 1.2 and all other quality control parameters provided by the array
indicated a high data quality. For each of the two time points a pairwise array
comparison was calculated with the autophagy array as the experiment and the
respective normal medium control array as the baseline.

In order to identify functional categories or pathways for which a higher proportion
of genes were up- or downregulated compared with the overall proportion of
regulated genes, the following analysis was performed: First of all, genes were
selected that were reproducibly up- or downregulated after 6 h and 24 h starvation
according to the GCOS software. In order to be considered upregulated, a gene
had to fulfill the following requirements: an "increase" in the change call algorithm,
a "present" in the detection call algorithm for the autophagy array, and a log2
overexpression (signal log ratio, SLR) of at least 0.5 (approx. 1.4-fold
overexpression). Downregulated genes had to show a "decrease", a "present" on
the control array and a SLR equal to or smaller than -0.5. According to this, 1336
probesets were reproducibly upregulated, 1680 were downregulated. In a second
step, these genes were analyzed using MAPPFinder [35] and EASE [36]. Both
programs aim at the identification of overrepresented biological themes within lists
of genes based on gene ontology (GO) categories. The 8-10% of GO terms with
the best scores for overrepresentation were selected for each of the programs and
for both, up- and downregulated genes. GO terms identified in common by both
programs were further edited manually to avoid too much redundancy among
overlapping terms and to exclude terms that were too general to draw any
conclusions from them. The remaining GO categories are shown in supplementary
tables 3 and 4.

Western blot

Cells/fractions lysed in NP-40/pH 7 lysis buffer (50 mM sodium acetate, 5 mM
MgCl2, 0.5% NP-40) were resolved by 12.5 % SDS-PAGE, transferred to PVDF
membrane (Millipore, Bedford, MA, USA), blocked, and probed with appropriate
dilutions of the respective primary antibody, followed by a secondary anti-rabbit
IgG antibody coupled with peroxidase (Southern Biotech, Birmingham, AL, USA).

An ECL detection Kit (Amersham Pharmacia, Freiburg, Germany) was used to
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visualize the Ab-reactive proteins. Anti cathepsin polyclonal antisera were

provided by E. Weber (University of Halle, Germany).

Affinity-labelling of active cysteine proteases

Crude endocytic fractions were generated by ultracentrifugation of postnuclear
supernatants as described [37]. 5 ug total endocytic protein were incubated with
reaction buffer (50 mM citrate/phosphate pH 5.0, 1 mM EDTA, 50 mM DTT) in the
presence of DCG-ON, a derivative of DCG-04 that shows the same labelling
characteristics [38] for 1 h at room temperature. Reactions were terminated by
addition of SDS reducing sample buffer and immediate boiling. Samples were
resolved by 12.5 % SDS-PAGE, then blotted on a PVDF-membrane and
visualized using streptavidine HRP and the ECL-detection kit [39].

Elution of MHC Class Il bound Peptides

Frozen cell pellets (1x109 to 5.7x1010cells) were processed as previously
described [40] and peptides were isolated according to standard protocols [11]
using 5 mg to 25 mg HLA-DR specific mAb L243 [33].

Molecular analysis of HLA-DR-eluted peptides

Peptides were separated by reversed-phase high performance liquid
chromatography (HPLC, SMART system, yRPC C2/C18 SC 2.1/10; Amersham
Pharmacia Biotech, Freiburg, Germany), and fractions were analyzed by MALDI-
TOF mass spectrometry (MS) using a Bruker Reflex Il mass spectrometer (Bruker
Daltonik, Bremen, Germany). Peptides were further analyzed by nano-ESI
(electrospray ionisation) MS/MS either on a Q-TOF mass spectrometer
(Micromass, Manchester, United Kingdom) or on a a QStar Pulsar i Qqoa Tof
mass spectrometer (Applied Biosystems-MDS Sciex, Weiterstadt, Germany) as
described [40].

For comparative peptide analysis between peptides eluted from 1-3x109 control
cells and 1-2x109 cells undergoing autophagy, peptides were analyzed by a
reversed phase Ultimate LC system (Dionex, Amsterdam, Netherlands), coupled
to a Q-TOF. Samples were loaded onto a C18 pre-column for concentration and
desalting. After loading, the pre-column was placed in line for separation by a

fused-silica microcapillary column (75 pm i.d. x 250 mm) packed with 5 um C18
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reversed-phase material (Dionex). Solvent A was 4 mM ammonium acetate/water.
Solvent B was 2 mM ammonium acetate in 80% acetonitrile/water. Both solvents
were adjusted to pH 3.0 with formic acid. A binary gradient of 15% to 40% B within
120 min was performed, applying a flow rate of 200 pl/min reduced to
approximately 300 nl/min by the Ultimate split-system. A gold coated glass
capillary (PicoTip, New Objective, Cambridge, MA, USA) was used for introduction
into the micro-ESI source. In MS/MS experiments, sequence information was
obtained by interpretation of fragment spectra using computer-assisted database
(NCBInr, non-redundant protein database) searching tools (MASCOT, Matrix
Science, London) [41]. In order to differentially quantify the identified peptides,
peptide signals in mass chromatograms from serial LC-MS runs (runs performed
directly one after the other using the same settings) were summed and
quantification was done from relative peak heights in the corresponding mass

spectra.

2.1.4 Results

Proteomic analysis of the constitutive MHC Il ligandome: Source proteins of
HLA-DR presented peptides are allocated throughout the cell and are largely
involved in responses to stimuli and normal cellular metabolism

We analyzed the constitutive human leukocyte antigen (HLA)-DR peptide
repertoire of Awells human B-lymphoblastoid cell lines. Peptides were separated
via high performance liquid chromatography (HPLC) as described previously [11]
and subsequently analyzed by nanoflow electrospray tandem mass spectrometry
(ESI-MS/MS). We were able to identify 404 peptides with 173 different core
sequences (Table 1), some of them posttranslationally modified (Table 2). As
expected many peptides with overlapping sequences were found, but there was
also a substantial number of peptides (78) found only once. This is the largest
number of MHC-presented peptides ever reported from a single experiment. In
order to classify the source proteins according to their cellular localization (Figure
1) and function (Figure 2), we used the DAVID program [12] and the Gene

Ontology (GO) classifications [13]. In contrast to the situation observed for MHC
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class | peptides [14], the majority of MHC Il source proteins, namely 41.1%,
belonged to membrane proteins, which is in concordance with conventional MHC
class Il antigen processing via the endosomal/lysosomal pathway. However, with
34.9% a rather large proportion of source proteins localized intracellularly —
meaning the contents of a cell contained within the plasma membrane, excluding
large vacuoles and secretory or ingested material (GO classifications) —, the site
where MHC class | peptide processing is expected to take place. Furthermore, we
could identify peptides from proteins localized in virtually every cell compartment:
10.1% lysosome, 9.2% nucleus, 4.0% cytoskeleton, 3.0% Golgi apparatus, 2.0%
ER, 1.2% ribosome, 0.7% peroxisome and 0.2% mitochondrion.

Regarding their biological function, source proteins were involved to a large extent
in responses to stimuli (38.1%) and organismal physiological processes (37.6%)
(Figure 2) indicated by the localization of many source proteins to the plasma
membrane (26.5%). On the other hand, 33.4% of proteins took part in metabolic
processes which mainly take place intracellularly. Thus, most peptides presented
on HLA class Il molecules derived from genes involved in normal cellular

processes which should be commonly expressed.
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Figure 1: Cellular distribution of source proteins of HLA-DR peptides.

Peptides were isolated from 5.7x1010 cells, separated via HPLC, and
subsequently analyzed by nanoflow ESI MS/MS. Displayed are percentages of
peptides falling in each GO category of source proteins. The 404 identified
peptides represent 100%. As some of the source proteins could be found in more
than one compartment, the total is higher than 100%.
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Figure 2: Biological processes in which HLA class Il peptide source proteins take
part. The major part of proteins was involved in responses to stimuli and in
organismal physiological processes. Displayed are percentages of peptides falling
in each GO category of source proteins (404 identified peptides represent 100%).
As some of the source proteins could be found in more than one compartment, the

total is higher than 100%.



37

Results and Discussion

Table 1. Sequences of peptides eluted from HLA-DR. Peptides are arranged according to their HLA-DR4 binding motive

(http://www.syfpeithi.de), indicated by score and rank. Anchor amino acids are printed bold.

Rank

Score

Entrez

Gene

Peptide Sequence

3-2-11 23 4567 8 9 +1+2+43

Gene ID

Symbol

28 1/256

3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3105
3106
3106
3106

FVRFDSDAASQR

HLA-A

FVRFDSDAASQRME
QFVRFDSDAASQRME

TQFVRFDSDAASAQ

TQFVRFDSDAASQR

TQFVRFDSDAASQRM

TQFVRFDSDAASQRMEP

DTQFVRFDSDAASNAQ

DTQFVRFDSDAASQR

DTQFVRFDSDAASQRM

DTQFVRFDSDAASQRME
DTEFVRFDSDAASQRME

DTQFVRFDSDAASQRMEFP
DTEFVRFDSDAASQRMEP

DTEFVRFDSDAASQRMOEP
DTQFVRFDSDAASQRMEPR

DTQFVRFDSDAASQRMEPRAP

DDTQFVRFDSDAASAQR
DDTQFVRFDSDAASQRME
DDTQFVRFDSDAASQRMEP

DDTQFVRFDSDAASQRMEPR

VDDTQFVRFDSDAASQR

VDDTQFVRFDSDAASQRM

VDDTQFVRFDSDAASQRMEP

VDDTQFVRFDSDAASQRMEPR

VDDTQFVRFDSDAASQRMEPRAP

VDDTQFVRFDSDAASQRMEPRAPW
VDDTQFVRFDSDAASQRMEPRAPWI

VDDTEFVRFDSDAASQR
TTKHKWEAAHVAEQLR

E

5/256

22
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1/362
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3106
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Rank
4/362
1/366

Score
26
28

Entrez
3106
3107
3107
3107
3107
3107
3107
3107
3107
3107
3107
3107

Results and Discussion
Gene ID

VGIVAG

Peptide Sequence

3-2-11 23 456 7 8 9 +1+2+3
LRWEPSSQSTVP
FVQFDSDAASPRGEP

TQFVQFDSDAASPR
TQFVQFDSDAASPRGEPR

DTQFVQFDSDAASPR
DTQFVQFDSDAASPRGEPRAP

DTQFVQFDSDAASPRG
DTQFVQFDSDAASPRGEPR
DDTQFVQFDSDAASPR
VDDTQFVQFDSDAASPRGEPR
VDDTQFVQFDSDAASPRGEPRAP
YVDDTQFVQFDSDAASPRGEPRAP
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Table 1, continued.

Gene
Symbol
HLA-B
HLA-C

18 35/366

3107
3107
3107
3107
3107
3107
3107
3107
3107
3107

ALNEDLRSWT
ALNEDLRSWTA
ALNEDLRSWTA
ALNEDLRSWT
ALNEDLRSW
ALNEDLRSWT
ALNEDLRSWTA
ALNEDLRSWT
ALNEDLRSWTA
ALNEDLRSWTAA
GRLLRGYNQFAYDGK

8/366
1/358
27/993
45/407
6/266
6/266
6/266
13/254
13/254
9/229
1/58
4/119
1/338

22
28
22
18
22
22
22
20
20
20
22
22
28

3107
3133
3133
3133
3508
1203
1203
3123
3123
3123
3123
3123
3123
3122
3122
3119
3115
3115
567
567
567
567
567
567
567
567
567
567
567
567
567
567
567
3135

S

S EQ

S EQ
|

|
|
|
G FR
G FR

MHDA
MHDA
AVDKANLE

YFRNQKGHS
QAEFYLNPDQSGEFTF

YVRFDSDVGEY
QEEYVRFDSDVGEYR
HQEEYVRFDSDVGEYR
HQEEYVRFDSDVGEYRA
|
YTEFTPTEKDEY
YYTEFTPTEKDEY
LLYYTEFTPTEHK

GHLK

LGHLK
LLYYTEFTPTEKDEYA

LRSWTAVDTAARQ
LRSWTAVDTAARQ
DLRSWTAVDTAARQ
DVEVYRAVTPLGPPD
NREEFVRFDSDVGETFR
REEFVRFDSDVGEFR
LLYYTEFTPTEKD
LLYYTEFTPTEKDE
LLYYTEFTPTEKDEY
YLLYYTEFTPTEHK

EPRRYGSAAALPS
HQEEYVRFDSDVGEYRAYV

GAGLF
YLLYYTEFTPTEKD
YLLYYTEFTPTEKDE
YLLYYTEFTPTEKDEY
YLLYYTEFTPTEKDEYA
FYLLYYTEFTPTEKD

AQGALAN
VDDTQFVRFDSDSACPRMEP

FYLLYYTEFTPTEKDEY
FYLLYYTEFTPTEKDEYA

IGHMBP2
CLN5

HLA-E
HLA-DRB1
HLA-DRA
