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A-t-on le droit de dire que la science des microbes
a su accomplir la plus merveilleuse des révolutions
humaines?

Nous serions tentés de le prétendre si, apres avoir
contemplé le beau chemin parcouru, nous ne nous
retournions pas pour apercevoir immense, illimitée,
rude montagne qui reste a gravir.

Elias Metchnikoff
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1 — Introduction

1 Introduction

1.1 Function of DC in immunoregulation

1.1.1 The DC system

While dendritic cells (DC) had been described mofpgically to reside in the skin by
Langerhans in 1868, who believed them, accordindnée structure, to be cells of the
nervous system [129], it was Aschoff who describbezse cells in the spleen, observed
their phagocytic activity and forged the term relicendothelial system for them [8, 9].
However, it was not until 1973 that DC were disaedein peripheral lymphatic organs
by Steinman and Cohn who started their charact@izan a series of publications
[220-222, 224, 225]. This was only the beginning afmore refined way of
understanding the immune response; since then, mesearch groups in basic science
and clinical settings have focused on studying D@ accumulated an impressive
amount of information.

DC are key players of both the innate and the agmptimune system: they register the
presence of pathogens, capture antigens in peapbies of the organism and make
this information available to the immune systenmiigrating to lymph nodes (LN) and
presenting the acquired information to T lymphosyt&hey are of haematopoietic
origin. Their progenitors arise from bone marrowlsc@ositive for the cluster of
differentiation molecule 34 (CD34) and colonize missuesn vivo as immature non-
dividing cells. Their growth and differentiation pggomoted by various cytokines, such
as the transmembrane proteins c-Kit ligand and Hik&Styrosine kinase 3 (Flt-3)
ligand [150], granulocyte/macrophage-colony stitinia factor (GM-CSF) and
interleukin (IL)-3 [102]. Once they have settledtire peripheral tissues, they are found
to have an “immature” phenotype and capture andqa® antigens in various ways.
Upon infection with a pathogen, DC are “activatasii undergo a profound structural
and functional transformation [12]: the expressidmajor histocompatibility complex
(MHC) molecules that present pathogen peptidesheim surface — forming peptide-
MHC complexes — is up-regulated. A “mature” DC pbgpe ensues that is
characterized by efficient antigen presentatiorbsgguently, DC start to migrate to
lymphoid organs, the spleen and the draining LNesEhsurveillance and migratory
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properties are indeed unique to DC, and they ateshared by any other antigen-
presenting cell type such as B cells or macrophages

Once they reach the DC-dependent areas of the lyishpdrgans, they upregulate co-
stimulatory molecules. Naive T cells pass by, sterwith antigen-presenting DC,
seeking their cognate peptide-MHC complexes thatracognized by T cell receptors

(TCR), and are being activated in an antigen-spefashion.

1.1.2 DC subsets

There is no DC prototype. Studying DC biology ism@ading because the DC
population is very diverse, fulfiling many diffare functions in a large variety of
tissues. Possibilities to classify DC are outlineéFig. 1.

Fluorescence-associated cell sorting (FACS) armlymid detection of secreted
cytokines by enzyme-linked immunosorbent assaysISE)L have permitted to
elucidate phenotypical and functional differend&fiether these divisions reflect subset
specialization or functional plasticity is still ciear [269]. Moreover, due to intrinsic
differences of the immune systems, a transfer atlusions from animal models such

as the mouse to human biology is not always passibl

Dendritic cells

Maturation stage Jineage” .
(immature — (lymphoid — Tissue Method
semimature — myeloid — localization of generation

mature)

plasmacytoid)

Fig. 1: Possibilities of DC classification‘DC” is a generic term, and their tissue of origims to be kept

in mind when results are interpreted. Attemptsistinjuish DC subsets with the consequence tolaescri
specific functions are based on different critedad these terms are not mutually exclusive. The
maturation stage of DC refers to the functionatestahat DC can acquire when being activated. The
assignment to different lineages relates to theggmitor cell population. DC have many different
functions in different tissues, which is why théissue localization is another important distinetiv
feature. The method of generation is equally ingrdstas the properties of DC extracted from tissumes
different from those of DC generated in culturenfrprecursors.
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DC spread diffusely over the entire organism; thaye different functions in the blood,
thymus, the secondary lymphoid organs, the lived #he skin. Specific phenotypic
characteristics are associated with their locabrmat They are closely related, but
functionally distinct cell types. Although they dpelieved to originate from a common
progenitor cell in the bone marrow, a lineage-dpeanarker has not been identified;
cells are currently defined by a combination of ptmlogic and functional properties.
Murine DC are usually defined as CD116D11¢, MHCII™ and CD205 cells [269].
Nevertheless, one important way to distinguish fisnally different DC subsets is their
attribution to one of three DC “lineages”: Clas$lica“lymphoid” DC bearing the
CD8x molecule were distinguished from C@&egative “myeloid” DC. It was shown,
however, that CD&-positive DC can develop from both lymphoid and ok
precursors [149]. Therefore, some authors suggeélsee@D& molecule simply to be a
marker of DC maturation [269]. A third variant, th@asmacytoid DC, was first
characterized in human blood as interferon (IfMecreting “plasmacytoid pre-DC”.
They were discovered late in the mouse becauselidaythe B220 molecule on their
surface; antibodies against B220 had been usedinonate B cells from sample
cultures [90]. Later, murine plasmacytoid DC were esdibed as
Ly6C"'B220'CD11¢°CD4" cells that produce IFN- and IL-12 upon stimulation with
viruses and CpG oligodeoxynucleotides (CpG), butoacteria [10]. In contrast to most
other DC types, they enter the LN directly fromdsdovia high endothelial venules, not
from peripheral tissues [165, 169].

Another limitation that complicates studying DC sebbiology is the collection of a
sufficient number of cells for experimental purppse the mouse model: many
experiments were conducted using Langerhans aglgpations from mouse ears, thymi
or spleens. In 1999, Lug& al. published a modified protocol for the generatidmigh
numbers of DC at 90 to 95% purity after stimulat@mmurine bone marrow cultures
with GM-CSF. These cells exhibit a myeloid phenetyf44]. Plasmacytoid DC are
generated from bone marrow cultures under Flt-&negstimulation. It has to be born in
mind that experiments conducted with these cekksypo not necessarily reflect “DC”

propertiedn situthat can be generalized without caution.
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1.1.3 Mechanisms of exogenous antigen capture by DC

DC residing in peripheral tissues, usually undethepal surfaces and in most solid
organs, exhibit an immature phenotype and are e#igient in capturing and uptake of
antigens. They share this ability with their clostatives the macrophages. Classically,
peptides from exogenous antigens are eventuallsepted via MHCII molecules. DC
have different mechanisms to generate these MH@deepomplexes that are needed
for antigen presentation to T cells. Peptide logdinto MHC molecules can occur on
both the intra- and extracellular side of DC.

Extracellular loading of peptides onto MHC molesutdoes not involve endocytosis
and is only based on peptide-MHC affinity. It istechnique being widely used in
experimental and clinical settings. It was alsovamdo be a mechanism of MHC-
peptide complex formatiomn vitro and in vivo under certain conditions, but the
contribution of peptide exchange to MHC loadinghat cell surface is not thought to be
very prevalenin vivo[249].

The primordial mechanism for assembling MHC molesuklith peptides derived from
exogenous antigens, however, is intracellular peplbading: Endocytosis is followed
by antigen processing, meaning conversion of exagemntigens into immunogenic
peptides that can bind to MHC molecules to be rezegl by T cells. To date, three
main types of endocytosis have been described tigeampresenting cells. On top of
that, some pathogens (e. Tpxoplasma gondiihelp to gain entry to the host cell by
forming their own parasitophorous vacudknovg213].

(1) Phagocytosis is the uptake of pathogen-deraretlendogenous particulate antigens.
It is partly mediated by receptors, such as-féceptors, complement receptors and
lectins. Immature DC avidly phagocytose apoptoétis¢ microbes, inert particles, or
liposomes. The ingestion of apoptotic cells is aoly believed to play a vital role in
sampling self-antigens in the steady state forrtlaéntenance of tolerance [228], but
also in sampling pathogens present in the enguédd, especially for microbes that
may not infect antigen-presenting cells [131]. X2 do not always wait for other cells
to die before starting to sample them; in factythee able to physically “nibble” pieces
of the cell membrane of live neighboring cells [85]

(2) Macropinocytosis represents internalization sdluble antigens from the

surrounding fluids, a scenario that is of principalevance foin vitro experimental



1 — Introduction

settings. It is constitutive in immature DC and noghages. These cells also use
macropinocytosis for antigen uptake after injectdrsoluble antigens. Its significance
in vivo is still unclear, as most antigen encounters flybaccur in tissues where
extracellular fluid is not abundant. Moreover, majens only release few soluble
antigens; most antigens are found as membranerateshproteins that would require
uptake as particles via other endocytic mechan{@ng. phagocytosis) [249].

(3) Receptor-mediated endocytosis of soluble resdigand complexes was found to
be subdivided into at least two major mechanismgermnalization by clathrin-coated
vesicles and via caveolin-containing invaginatioresmed “caveolae endocytosis”. It
has not been confirmed yet if DC exhibit this tydeendocytosis, but there is evidence
that they may exhibit a related form of endocytdkat involves neither clathrin nor
caveolin [249]. Receptors mediating this type ofsagtive endocytosis include
scavenger receptors, complement receptors, C-ggqim$ (e. g., macrophage mannose
receptor, DC-specific ICAM3-grabbing nonintegrinGESIGN) and DEC-205), Fand
Fce-receptors. Receptor-mediated endocytosis goesg alwith two substantial
advantages: first, it has a concentrating effec@ can present antigen that is found at
concentrations lower by several orders of magni{d88], achieving uptake of antigens
in up to nanomolar and picomolar concentrations2[20his sensitive detection of
antigen is not only helpful, but even necessamgrévent antigen escape, as the immune
system has to face three other limiting parametdes:low density of peptide-MHC
complexes on the surface of tumor and infected,cele paucity of T cell clones and a
low affinity of the TCR [12]. Second, differentiagéxpression of receptors or
functionally different consequences upon ligandagggnent contribute to functional
specificity and diversity of DC [147].

DC are not performing all three types of endocgasinstitutively; for instance, after a
transient increase, macropinocytosis is down-regdlapon maturation, while clathrin-
mediated uptake is still occurring in mature DC,[809, 267]. In other words, even
though immature DC are specialized on antigen ca@nd uptake, and mature DC are
mainly potent antigen-presenting cells, antigenaketstill continues in the mature

stage.
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1.1.4 Mechanisms of antigen processing

Generally, exogenous antigens captured and pratebge phagocytic cells are
eventually presented via MHCII molecules. Some ideptand lipids generated in the
endocytic pathway, however, can be bound by MHKH-Inolecules that are encoded
outside the MHC: the CD1 molecules [124, 180]. Egefous antigens, on the other
hand, are mainly presented in the MHCI context. Hd@ handle antigens during this
process called “antigen processing” is likely to && important a determinant of
immunogenicity and tolerance as is the nature @ftfitigens themselves [249].

In the classical understanding, the decision whedhgeptide generated for presentation
will be assembled with MHCI or MHCII molecules depls on its compartment of
origin: antigens present in the cytosolic compartmes it is the case in viral and
certain bacterial infections, are degraded in gtesol, loaded on MHCI molecules and
presented to CD8T cells. On the other hand, many pathogenic biactemd some
eukaryotic parasites replicate in organelles of ¥esicular system where they are
degraded; peptides derived from these pathogenkwaded on MHCII molecules and
presented to CD4T cells.

1.1.4.1 The classical MHCI pathway

Typically, peptides presented by MHCI moleculesiaefrom cytosolic host proteins
or from viruses that have taken over the cell'sspighetic mechanisms to make their
own proteins. Other sources are “cryptic” or alatnre transcripts (resulting from
alternative open reading frames), defective ribadomnoducts (DRiPs) and secretory
and membrane proteins that are retranslocatedtfierandoplasmic reticulum (ER).
Most proteins are degraded unspecifically by cyiosmeptidases. For the generation of
MHCI ligands, proteins need to be conjugated taquibin and are degraded thereafter
by a multicatalytic protease complex called thet@meome. Ubiquitination is required
for efficient and rapid generation of MHCI peptidbg the proteasome [72]. The
proteasome is present in virtually all cell typasd its structure and function is highly
conserved throughout the eukaryotes. It is intergsto see that evolution has not
developed dedicated mechanisms for antigen degpaday immune cells, but chose to
avail pre-existing ones [249]. Nevertheless, subocmmposition of the proteasome can

vary, e. g. in inflammatory conditions when IFNs present, resulting in the production
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of a different peptide repertoire and an increasehé production of peptides capable of
binding to MHCI molecules [64, 192]. Notably, theofeasome also creates MHCI
ligands by splicing peptides that are not contiguguthe original protein sequence
[263]. Peptides that are generated by the proteasom further trimmed by cytosolic
peptidases [192], yet they are thought to be ptetefom exhaustive degradation by
cytosolic chaperones [127]. Moreover, under K-Btmulation, the content of certain
destructive peptidases is reduced [192].

Loading on MHCI molecules occurs in the ER. MHCI lesnles are heterodimers,
consisting of the MHCh. chain andB3,-microglobulin. They are pre-assembled in the
ER membrane where they form complexes with a wardat chaperone proteins,
including calnexin, tapasin, calreticulin and ErpBeing part of the MHCI loading
machinery, they are thereby defined as ER marlk@HCI molecules are not released
from the ER for transport to the cell membraneluh@y bind an appropriate peptide.
Peptide transport from the cytosol into the ER mdiated by heterodimeric proteins
called Transporters associated with Antigen PracgséTAP1 and TAP2) that are
inducible by interferons. They preferentially biadd translocate peptides with a length
suitable for binding to MHC class | molecules, Uguaight to nine amino acids [272],
although peptides that are considerably longer atsxy be substrates [120]. Once inside
the ER, the translocated peptide binds to an MHGleaule that is part of a pre-
assembled complex and completes its folding. PefMH#iC complexes are

subsequently exported in vesicles to the surfadkeoDC.

1.1.4.2 The classical MHCII pathway

Conversely, in the MHCII pathway, there are stilhamber of important questions
remaining unanswered. In general, antigens prodessehe MHCIl pathway are

derived from intravesicular pathogens and antigeternalized via endocytosis (see
section 1.1.3).

The key question has been: which is the compartmdwre peptides generated in
lysosomal degradation are loaded onto MHCII molesuland how? Many authors
postulated a specialized, MHCII-rich compartmerdtttvas termed MIIC [12, 168].

Yet, it has become apparent that DC rather usewite conventional organelles (late
endosomes and lysosomes) by modifying their featurthey were simply found to be
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the sites to which the bulk of MHCII molecules actuate [116].

How does the antigen reach the loading compartmé&né&? organelles that comprise
endocytosed antigen are endosomes which beconeasiogly acidic as they progress
to the interior of the cell. They contain proteatdest are activated at low pH and are
responsible for degradation of intravesicular pgéms and protein antigens, cathepsins
S and L being the predominant proteases. Late entks gradually undergo a
maturation process and become lysosomes, beingppliwith typical lysosomal
enzymes and performing degradative functions [28%}y also have the capacity to
fuse with pre-existing lysosomes [62]. In the imumat stage, lysosomes are poorly
degradative, due to the still high pH and the aadation of protease inhibitors like
cystatin C [249]. DC maturation lowers the lysosbpid and thus enhances protein
degradation [248].

How do the MHCII molecules reach the loading cortipant? The distribution of
MHCII molecules in mature and immature DC is distinn the immature stage, newly
synthesized MHCII molecules are transported to dadosomes/lysosomes where they
accumulate, whereas they are transferred to thenoembrane via non-lysosomal
vesicles once the DC undergoes maturation. In @ahfonicroscopy imaging, this
property confers two impressively distinct morplyes [178].

Immediately after biosynthesis by the ribosomalaapfus, newly synthesized MHCII
molecules are transferred into the ER where peptibrived from the host cell and
peptides that have been actively transported ih® ER are present. To prevent
indiscriminate binding of these peptides, MHCII smlles are instantly assembled with
a protein called the MHC class ll-associated iravatrchain (li). A part of the li peptide
chain blocks the peptide-binding groove of MHCII lewules; its cytoplasmic domain
contains a signal that diverts li:MHCII complexesrh the secretory pathway leading
to the surface and targets them to the endocytibwzgy. Once MHCII and li are
assembled in nonameric complexes, they are expéedthe trans-Golgi network to
acidified endocytic vesicles.

The substantial difference of the MHCII distributian differently mature DC is
probably owed to this targeting signal: upon médiarma the cytoplasmic li domain is
degraded more efficiently due to an increase iodgse protease activity in general
[248]. So-called tubular extensions are formed flate endocytic compartments, the
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“multivesicular bodies”, which carry MHCII molecédo the cell surface [115].

How is the invariant chain processed and replacath vantigenic peptides?
Replacement of li takes place in three steps, ohvthe first two are widely accepted:
(1) In endosomes, an intravesicular portion ofslicieaved by an asparagine-specific
endopeptidase (AEP) and other proteases [148],lesiving the cytoplasmic domain
and the part binding to the MHCII binding groovéairt. This fragment remains as a
trimer. (2) The second step was shown to involvenlpdahe protease cathepsin S, but
also cathepsin B and L: subsequent cleavage eavids only a short peptide still bound
by the MHCII molecule, called “CLIP” (for class #ssociated invariant chain peptide).
(3) The exchange mechanism of CLIP against thegamic peptide is still subject to
debate. In parallel to the TAP molecules that faté peptide binding to MHCI
molecules, an MHCII-like chaperone molecule callee2M in mice (HLA-DM in
humans) stabilizes empty MHCIlI molecules that woaltherwise aggregate [125].
Furthermore, it catalyzes the release of CLIP &edbinding of antigenic peptides, and
it removes unstably bound peptides from MHCII males — which happens to ensure a
minimum peptide-MHCII complex stability that is mssary for efficient antigen
presentation [110]. Different aspects of peptide®IHcomplex formation, such as
peptide binding, dissociation of li and enzymatisutfide reduction by the gamma-
interferon-inducible lysosomal thiol reductase (G)lare facilitated by acidic pH [109,
176, 217].

It could not be elucidated so far whether during phocess, the MHCII molecule binds
directly to an appropriate antigenic peptide (theeptide capture hypothesis”) or
whether the peptide is generated by cleavage laiftding of the MHCII molecule to an
intact antigen (the “epitope capture hypothesihere is evidence for both models, and
they are thought not to be mutually exclusive [249]

1.1.4.3 Elusive pathways

The classical separation between the two pathwdgsining distinct subcellular
compartments and molecules to be responsible ®pthsentation of endogenous or
exogenous antigens bestowed a certain beauty tngotoncepts of the initiation of the
immune response. This paradigm was, however, ciggl It was not able to explain
experiments starting in the 1970s which showedttiaasplantation of allogeneic tissue
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as a source of exogenous antigens resulted in@ogyt T cell response that was
mediated by CDBT lymphocytes recognizing peptides bound to MH®Illenules [20,
29, 70, 71]. It is now known that boundaries betwketh pathways can be crossed.
The presentation of exogenous antigens by MHGéfsrred to as “cross-presentation”,
the elicitation of a CDBT cell response towards exogenous antigen is cédiexbs-
priming”. While presentation of self-peptides on EMHmolecules is achieved by
virtually all nucleated cells, cross-presentatiowl #he capacity to elicit a cytotoxic T
cell response is limited to endocytically activels;especifically to CD8 DC [1, 47].
This difference is critical; otherwise, healthy Iselvould put themselves at risk to
become targets for killing by CDg cells [1].

To explain the process of cross-presentation, tbk a@bviously has to offer a
mechanism for egress of the endocytosed antigem tim cytosol to achieve its
degradation and generation of appropriate MHCI-inigd peptides. Indeed, a
phagosome-to-cytosol pathway was shown to exis][1Zhe generated peptides
would, subsequently, have to be loaded on MHCI mdés before they could be
exported to the cell surface. For a long time aotiyesis claiming that loading of MHCI
molecules with peptides derived from exogenousgans might take place in the ER
after peptide translocation was prevalent. Howexesearchers were facing technical
limitations to prove this.

In 2002 and 2003, evidence was found in macrophgggsand DC [78, 95] that early
phagosomes could be the compartments responsibtdes-presentation. The results
suggested that during phagocytosis, the ER membuases with the plasma membrane
to form the phagocytic cup and initial phagosorhe; process was hence termed “ER-
mediated phagocytosis” [78]. Moreover, phagosomesvshown to contain virtually
the entire MHCI loading machinery, including TAP1MRansport across their
membranes. The retrotranslocation from the phagakdumen to the cytosol might
occur via the Sec6l pore, an otherwise ER-resigentein [95]. Interestingly,
proteasomes were able to associate with the cytaside of phagosomes, notably upon
treatment with IFNy [95], while ribosomes were never found on phagasom
membranes [75]. These findings point to the faet #arly phagosomes may hold an
MHCI loading machinery similar to that of the ER,tlwthe difference that in

phagosomes it only serves for assembly of MHCI od&s with peptides generated

10
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from exogenous antigens, not with peptides derivech newly synthesized cellular
proteins. Phagosomes were thus considered as degatieat are self-sufficient for
cross-presentation of exogenous antigen. The esjemowever, is contested with
arguments derived from theoretical calculations exgerimental observations [247].
The pathway operating in the opposite directionscdbing the phenomenon of
presentation of endogenous antigens on MHCIl mddscuis referred to as
“autophagy”. Two subforms of autophagy, macroaudgyhand chaperone-mediated
autophagy have been characterized in mammalias. dell macroautophagy, a cup
shape isolation membrane forms from membranes bgknown origin [160]. The
isolation membrane engulfs cytoplasmic content aodon closure forms
autophagosomes with intravesicular membranes. Thesephagosomes fuse with
lysosomes and late endosomes [141] where they @uass to the MHCII loading
apparatus. In chaperone-mediated autophagy, citgsateins are delivered directly
into lysosomes via the protein transporter lysosassociated membrane protein
(LAMP)-2a with the assistance of cytosolic and B@mal chaperone proteins [2].
Notabene, up to 20% of peptides eluted from affiptirified MHCIlI molecules were
found to originate from cytosolic sources [160].

These current models are based on the understatidihgvery DC is a single actor in
the immune response. Their quality as a “systens’, peoposed by Aschoff, is
appreciated by recent findings pointing to addailopathways for MHCI loading:
adjacent DC were shown to form gap junctions, &timgj of the broadly expressed
protein connexin 43 that is expressed under tHaante of inflammatory cytokines or
stimulators of the innate immune system [55]. Fdiomaof gap junctions resulted in
electrical coupling, and DC were able to exchangptides with a relative molecular
weight of up to 1,800 and eventually present themCD8 T cells [166]. This
mechanism, termed as “gap junction-mediated imnagical coupling” (GMIC),
provides neighboring DC with, e. g. virus-derivadfigenic peptides, thus arming them
with a tool to elicit cytotoxic T cells before thaye infected themselves. Although this
happens at the cost of some cells that might otkermot have been infected, GMIC is
thought to help prevent the spread of infection foyming a cordon sanitaire
surrounding the infected cell [166].

Furthermore, tunnelling nanotubules (TNT), origipaldescribed in Drosophila
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melanogasterand named cytonemes [121], were recently also shtowestablish
functional continuity of plasma membranes betwewmm tadjacent DC [266]. If
signaling via TNT could be relevant for the preaéinh of antigen to T lymphocytes
will yet have to be investigated.

New challenges came up when, for experimental magpoalternative ways of antigen
administration, e. g. transfection with nucleicdsciwere introduced. These will be
discussed further down.

1.1.5 The process of DC maturation as the link to adapti® immunity

One of the most intriguing questions is: How doles immune system differentiate
between “dangerous (or infectious) non-self” andriigangerous (or non-infectious)
self”? In mammals, evolution has brought forth tgystems that act in cooperation to
achieve this differentiation: an adaptive systeat th based on gene rearrangement and
clonal expansion upon detection of specific antsigeh an invading pathogen, and a
phylogenetically older innate nonclonal system tpheamptly recognizes conserved
molecular patterns of pathogenic structures.

The presence of pathogens is signalled by sucheces patterns of molecular
structures, often on the surface of microorganismgd mostly non-protein structures
like oligosaccharide or lipid residues, termed haajen-associated molecular patterns”
(PAMP). Recognition by the host organism is mediaby germline-encoded, non-
clonotypic “pattern recognition receptors” (PRRpatthexist as soluble molecules or
molecules bound to intra- or extracellular membsaoephagocytic cells. In the latter
case, they can trigger phagocytosis or transmitadggthat result in triggering responses
of innate immunity or responses that eventuallyd léa the induction of adaptive
immunity [106].

A family of receptors that appears to function aselely as signaling receptors is
evolutionarily conserved and was termed, due tchthraology to Toll molecules in the
fruit fly Drosophila melanogasterToll-like receptors” (TLR). In general, signatjn
through these receptors results in the activatiamvo pathways: first, activation of the
transcription factor NkeB occurs, which acts as a master switch for inflatom,
regulating the transcription of many genes thabdacproteins involved in immunity

and inflammation. For most TLR, this pathway is eegpent on the myeloid
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differentiation factor (MyD) 88 adaptor protein RB]1 Secondly, mitogen-activated
protein (MAP) kinases are being activated whicho alsarticipate in increased
transcription and regulate the stability of certaiRNAS [171].

Until now, eleven different TLR have been idendfig71]. Originally, it was thought
that the TLR recognition repertoire was limited rtacrobial homopolymers. For
instance, lipoarabinomannan, peptidoglycan andptipeins were found to bind to
TLR2 [238, 256, 274]; double-stranded viral RNArecognized by the intracellular
TLR3 [5]; lipopolysaccharide (LPS) from gram-negatibacterial cell walls, probably
the best studied TLR ligand, is recognized by TUR4]; unmethylated bacterial CpG
DNA was shown to bind to TLR9 [89]. Some microbsatuctures are recognized by
heterodimers consisting of TLR2 and other TLR: Lir&lecules from different gram-
negative bacterial species will use either TLRZbR4 for signaling [184].

Later, this paradigm was challenged when it wasatestnated that certain proteins,
such as theTrypanosoma cruziTc52-released protein or bacterial flagellin are
recognized by receptors of the TLR family as wélLR 2 and 5, respectively) [87,
173]. It is still subject to debate if host heabak proteins also act as TLR ligands and
initiate inflammatory responses, as a good pathefresults was shown to suffer from
technical limitations [251].

Upon TLR signaling, the secretion of a number dbkines, especially IL-12 [191], but
also IL-6, IL-10, tumor necrosis factor (TN [128] and chemokines [203], is
initiated, depending on the TLR ligand. At the sainee, nuclear factokB (NF-«xB)
activation induces the expression of co-stimulatoplecules such as CD80 and CD86
[104] and upregulation of MHC expression [103] tarisus extents. Hence, even
though there are TLR ligand-dependent differenceshe ultimate gene expression
profile that result in different cytokine secretipatterns [171], these properties serve as
appropriate markers for DC maturation in experiraksettings.

Classically, T cells need two signals before thag proliferate and act as effector T
cells: being part of the adaptive immune systeray tf) have to recognize peptides
presented on MHC complexes on the surface of amigesenting cells, like DC, by
their membrane-bound TCR. Additionally, as an un#jmesignal, (ii) interaction of the
T cell surface molecule CD28 with the B7 co-stinboitg molecules CD80 or CD86 is

required, while absence of co-stimulatory molecldesis to T cell anergy or tolerance
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in many settings [74]. DC are by far the most potsstivators of T cells: only small
numbers and low levels of antigen are needed tocmdtrong T cell responses [12].
The (iii) secretion of cytokines is critical foralpolarization of the T cell response, thus
providing a third signal. Only recently has it be@ apparent that the induction of
specific cytokine profiles is actually dependenttio@ TLR that is involved in signaling.
In other words, the type of TLR ligand is criticdr the polarization of T cell
differentiation [185].

This “polarization” of the T cell response is aféi€ntiation process of CD4T cells
into two types of T helper (TH) cells, termed THidarH2 cells. TH1 cells are mainly
involved in the establishment of cell-mediated inmitya Their development is marked
by the production of IFN-that enhances the microbicidal properties of mattages,
but also by the induction of B lymphocytes to proeligG antibodies that have a role in
the opsonization of pathogens for uptake by phagscylFNy is the cytokine
dominating TH1 responses. TH2 cells, on the oth@dhare more involved in humoral
immunity: they activate naive antigen-specific Blscéo produce IgM antibodies and
are subsequently able to induce an isotype switdgA or IgE responses. TH2-related
cytokines are IL-4, IL-5 and IL-10. Ultimately, tliesponse represents a bias towards
one end of the TH1/TH2 spectrum, rather than amaabTH1 or TH2 response [48].
Infections by intracellular pathogens are predomtiyarelated to TH1 responses, while
TH2 responses are more common in diseases causeekttycellular pathogens,
parasitic infections and hypersensitivity reactio@enerally, TLR3, TLR4, TLR5 and
TLRY, by the release of IL-12, are known as THldwets, while TLR2, via IL-12
suppression and IL-10 release, induces a skewingrtts TH2 development [167].

The discrimination between dangerous non-self amddangerous self is thus mainly
achieved by TLR in phagocytic cells like DC; thegister the presence of microbial
pathogens. DC subsequently undergo a process calddration and are able to
process and present foreign antigen to specifiells.cBy secretion of cytokines, they
polarize T helper cells that proliferate and pragiagan inflammatory response.
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1.1.6 Immunity vs. tolerance

The immune system is a balanced entity. Its pradcfpnction is to avoid both self-
reactivity and pathogen escape, i. e. leave thg'danlvn tissues unharmed and try to
eliminate aggressors. One of the indispensableireagants to achieve this is the
generation of a lymphocyte reservoir that has beelucated” to recognize what is
“self” and what is “non-self”.

Although all lymphocytes are derived from bone marrprecursors, the location of
lymphopoiesis, the development of new lymphocytesjes: B cells develop in the
bone marrow, while T cells are generated in thenthy, These cell types relate to
different functions of the immune system. Humornahiunity is the aspect of immunity
that is mediated by secreted antibodies, produgedells of the B cell lineage after
their differentiation into plasma cells. T cells) the other hand, are key actors in cell-
mediated immunity. In leishmaniasis, their respottséeishmanial antigens presented
by DC — which has been studied in the present waskcritical for the outcome of the
infection. Therefore, this section focuses on tile of T cells in the immune response.
T cell lymphopoiesis results in a state of immugadal tolerance to ubiquitous self
antigens. This is accomplished in two steps: Psmosrwith randomly arranged TCR
first receive a survival signal from thymic epitiakcells (positive selection) when they
are able to recognize the body’'s own MHC moleculesells that are unable to
recognize self-MHC do not survive. In a second skapphocytes that bind strongly to
self antigens on self MHC molecules receive a diginat leads to their death; they
might initiate detrimental autoimmune reactions aar@ hence removed from the
repertoire (“negative selection”). By this mechamishon-reactivity to self-antigens is
established; this state was termed “central tosran

Once mature T lymphocytes that survived in the thyrnave started to circulate in the
body, they are in a continuous dialogue with amtigeesenting cells. The nature of the
dialogue determines the outcome of the encouritégryelves both specific ligand and
co-stimulatory signals. If an MHC-peptide complexnot recognized by the T cell,
nothing happens; if it is, there are two possildasequences — activation, proliferation
and differentiation vs. anergy or induction of talece.

Co-stimulation was found to be the culprit: as veiscussed above, DC are only
activated to express the co-stimulatory B7 moles(@D80 and CD86) on detecting
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the presence of infection through receptors ofitimate immune system, e. g. TLR.
Expression of B7 molecules by the same DC thateptesthe antigen is required for
clonal T cell expansion. Binding of B7 to CD28 tw tsurface of T cells leads to IL-2
production and expression of a high affinity IL-€ceptor [7]. Upon T cell activation,
other surface molecules including CD40-ligand, CtLAand ICOS are expressed by
the T cell and modify the T cell response [91].eAf-5 days of proliferation under IL-
2 influence, T cells differentiate into “armed effer T cells” that have specialized
functions as cytotoxic or helper T cells. Once thaye reached this stage, they do not
require co-stimulation any more whenever they ententheir specific antigen [107]. A

model for T cell activation is depicted in Fig. 2.

Fig. 2: T cell activation. Three signals are required before T cells areatetil to proliferate: 1) antigen
presentation, 2) co-stimulation, 3) cytokines thetermine the polarization of the T cell response.

Thus, the activation of naive T cells — the immwystem’s ambition to establish
immunity — is dependent on co-stimulation. Thisniportant, as during lymphopoiesis
in the thymus, not all potentially self-reactivecé&lls are eliminated; especially those
with a lower affinity for self antigens escape diele [25]. Self-tolerance could thus be
broken if antigen presentation was the only presigufor activation.

This mechanism is of use in vaccination: most amsgadministered as vaccines do not
by themselves possess the ability to confer a bipah encourages the immune system
to establish a protective immune response. If adtis for DC maturation is
coadministered, upregulation of co-stimulatory males can be achieved in the
presence of the antigen, importantly: by the samks dhat present the antigen.
Maturation stimuli may thus serve as adjuvants, #madindividual is more prone to
develop immunity against the antigen. Indeed, ragsits used as adjuvants have TLR
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stimulating activities [167].

Central tolerance may be efficient, but it is alsoomplete. Another mechanism has
evolved that helps to ensure the tolerance of Ts del self tissue antigens in the
periphery; it is referred to as “peripheral tolar@h When T cells encounter their
specific MHC-peptide complex in the absence of timrdation, they not only fail to be
activated: they become refractory, incapable tcatt@vated when specific antigen is
subsequently presented to them by a professiotigearpresenting cell. This results in
a state of anergy which is thought to be a revierédrm of tolerance [223].

In experimental settings, tolerance could be induicea number of different ways. It
was shown that it is not merely the presence oeratss of typical maturation stimuli
that determines if the DC is tolerogenic or immuermg. Antigens that were targeted in
low doses to the DC surface receptor DEC-205 byugaion to or engineering into an
anti-DEC-205 antibody induced tolerance [23, 86lelvise, in the steady state, DC are
able to acquire antigen from different types of @ptic somatic cells, e. g. pancreatic
islet B cell antigens or the proton pump ATPase of gagtaitetal cells [100, 208]. This
mechanism may explain the immune system’s toleranceumors: with DC being
unable to sample antigens from tumors that failutmlergo apoptosis, a tumor is
recognized as self, induction of tolerance enswelste tumor is left unharmed by T
lymphocytes.

If DC have both the capacity to take up self amtiff@m apoptotic cells and are also
able to induce immunity upon encounter of a forgggthogen with the help of MHCII,
co-stimulatory molecules and cytokine productione @entral question arises: should
DC that receive a maturation stimulus not be exgetd upregulate presentation of self
antigens they have sampled before a subsequenttiorfe and thereby cause
autoimmunity on a regular basis? What is done &vemt this? It is postulated that,
here, the induction of peripheral tolerance is fc@l importance: immature DC are
thought to induce antigen-specific peripheral w@iee in the steady state, before
maturation during infection or under inflammatognditions. This way, self-reactive T
cells are silenced or deleted and are prevented &licitation of detrimental immune
reactions during infections [226].

17



1 — Introduction

1.1.7 Immature, semi-mature and mature DC

Certain aspects of the tolerance phenomenon cabaofully explained with the
classical model introduced above. The tolerogerticddpulation seemed to comprise a
second — so to say intermediate — subtype thatevaged “semi-mature”, also referred
to as “partially mature” DC. They were found to the “missing link” between the
immature, antigen-sampling DC that reside in peniphtissues, and the potent antigen-
presenting DC that were found in T cell-dependeaasof lymphatic tissues.

DC migration does not only occur in inflammatorynddions, but also in the “steady
state”; there is a homeostatic turnover of DC ia $skin and in secondary lymphoid
organs [135, 199]. These migratory DC are fountymphatic vessels and represent a
cell population that seems to be derived from imnur@atDC. They contain apoptotic
material and are loaded with antigens from thentisel tissue. This uptake of dying
cells is remarkably selective for the CD&ubset of splenic DC [105]. Morphologically
and phenotypically, they exhibit dramatic differeadn comparison to tissue-resident
DC: anchor receptors (e. g. E-cadherin) are downlated, whereas expression of
chemokine receptors (e. g. CCR7) and matrix meiadkeinases is induced. Thereby, a
phenotype that is predestined for migratory funties established [188].

Antigen processing and tolerogenic cross-presemtati apoptotic material by DC was
shown to require at least some degree of maturaiibase tolerogenic DC, however,
still differ from mature DC, notably by their lac&f cytokine producing ability:
secretion of IL-12 or other proinflammatory cytoden cannot be detected. The
maturation process of these cells seems to hagstad at a “semi-mature” stage [145].
Production of IL-2 by DC was found to be necessarpnduce T cell priming [73]. The
ability of DC to produce cytokines might thus regget a switch from tolerance to
immunity.

The phenotype of these tolerogenic semi-mature @€ found to be MHCH", co-
stimulatior'®", cytokine&". Taking into consideration that they exhibit botiClI
and co-stimulatory molecules at a level that hanlibought to be sufficient to initiate
primary immune responses and lead to immunity etloedls questioned the established
models on T cell activation. Under the influenceTidF-a, semi-mature DC were
shown to stimulate IL-10-producing Cbeegulatory T cells [4, 152, 153]. Upon further

stimulation with maturation inducers, e. g. LPSWhare still able to reach the state of
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terminal differentiation as fully mature DC [145].

It has even been shown recently that the same ature DC type is able to assume
both tolerizing and immunogenic properties at thes time, depending on the MHC
context in which peptides are presented [117]. Tkesni-mature DC can assume an
important role in the regulation of the immune @s®e towards self and non-self
antigens.

These concepts led researchers to postulate ahmew $tage maturation model for the
role of DC in the control of immunity, introducirggmi-mature DC, a tolerogenic cell
population with migratory function in the steadwtst as the link between immature

and mature DC.

1.2 DC as adjuvants for vaccination

Since the revolutionary trials on smallpox by Jennghe 1790s and on rabies, anthrax
and chicken cholera by Pasteur in the 1880s, vatcim has become an extremely
powerful medical tool, saving the lives of manylmi people annually. For the best of
the 20" century, scientists have attempted to understded underlying causes of
infectious diseases and improve vaccination teclesq

As it was demonstrated, DC represent a key preasgdearly on the keyboard of the
immune response. Their pivotal role in immunoregoitais appreciated in the term
“nature’s adjuvants” which was forged by Steinmd®]][ Many of the classical
vaccination techniques using live attenuated osyasj including measles, mumps and
Sabin polio vaccines, may have unintentionally malevantage of this adjuvant
function. The critical property that is exploitad vaccination is the capacity of DC to
elicit strong primary T cell responses, which isegsary to establish an immunological
memory by the formation of memory T cells and asdlijpproducing B cells.

Not every pathogen can be attenuated and used effeative and safe vaccine. With
the knowledge emerging from basic immunologicakaesh, acellular vaccines could
be developed (e. g. against Hepatitis B infectibm)some diseases, it is not primarily
the interaction between the pathogen and the hgsinem, but the action of a toxin
that determines the clinical outcome, as in intewi caused bylostridium tetani
Bordetella pertussisand Corynebacterium diphtheriaeAttenuated variants of these

toxins, called toxoids, are usually not immunogeonictheir own. In the absence of an
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adjuvant that would be able to act on DC, the adstration of a toxoid does therefore
not elicit a sufficient level of immunity. To soltlis problem, an interesting approach
was undertaken for the development of a vaccinensgtetanus and diphtheria: tetanus
and diphtheria toxoids were mixed with pertussigrtevhich has adjuvant properties in
its own right. Thus, pertussis toxin not only vaates against whooping cough, but
also acts as an adjuvant for the other two tox@iél

DC cannot not only be targeted indirectly by apdimn of adjuvants, they can also be
isolated directly from animals and humans, loaddtth wntigensex vivoand used to
elicit protective or therapeutic effects in sevenahlignant and infectious diseases.
Malignancies for which adjuvant immunotherapeutimdtion of DC was assessed
include breast, renal cell and prostate carcinan&anoma and certain lymphoprolife-
rative diseases. Some studies have advanced te phaknical trials [52, 205].

So far, immune interventions utilizing DC in climicsettings are confined to the field of
tumor therapy. The role of DC as anti-infective aiaes is a relatively new field of
research, but has yielded important insights imtleehanisms of immunoregulation.

1.2.1 Targeting of DCin vivo

As DC are spread over the entire organism, evélmeif immunostimulatory action is

mainly carried out in the lymphatic tissues, idifficult to target them with respect to

their localization. Therefore, some vaccines hagenbdesigned to exhibit a specific
property that can be recognized selectively by D0 prevent “misuse” by other cell

types. Furthermore, despite the fact that DC aee riain cell population that is

responsible for antigen uptake after injection wtigen, efficiency of antigen delivery

and the quality of antigen processing are imporgamameters that may be influenced
favorably by appropriate targeting [227].

Based on these prerequisites, experiments wereuctedl using antigens targeted to
endocytic receptors that are specifically expressedDC, e. g. DEC-205, either by
conjugation to anti-DEC-205 antibodies or by speaify engineered antibodies [23,

147]. As another novel approach, transcriptionaggang was introduced: high

expression levels of the actin-bundling proteincifasand its selective expression in
mature DC had been observed. This encouraged cbsearto construct a DNA

expression vector containing the sequence of ttareed green fluorescent protein
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(EGFP) under the control of the fascin promoter.ADWccinations of mice using a
gene gun consistently resulted in selective EGRKiression by Langerhans cells [198].
DC targetingn vivo, however, has not yet advanced into clinical sg#ti

1.2.2 Antigen loading of DCex vivo and reinjection

The direct application of DC, taking advantage hadit adjuvant effect in vaccination,
has been studied more extensively in the recentgrak at least in tumor vaccination,
reached the stage of clinical trials. The protoemés simple: isolating and enriching DC
culturesex vivois followed by antigen administration, with vargpossible modes of

administration. Eventually, the DC are reinjectatbithe donor (in humans) or into a
syngeneic organism (in mice). Again, the desirddcefis the elicitation of a T cell

response. This approach has become even more iagpeaken methods for generation
of larger amounts of DC from bone marrow or bloogcprsors became available.

1.2.2.1 DC stimulated by exogenous pulsing

With respect to the fact that for antitumor immyné cytotoxic CD8T cell response is
required, and the mechanisms of cross-presentatere largely unknown until the
recent past, exogenous antigen delivery for DC madation — resulting in predominant
MHCII presentation — played a limited role in tumamodels. Still, loading of
immunodominant antigen-derived or synthetic pegtida MHCI molecules of DC is
feasible, and DC pulsed this way were indeed ueeddccinations against malignant
diseases. Later, dead allogeneic tumor cells os@res were utilized as sources of
antigens [11].

At the same time, DC were shown to confer protecimmunity against pathogen
infections in murine models when pulsed with ategad or nonviable microorganisms,
such as againdvlycobacterium tuberculosif6] and Chlamydia trachomati§234]
infections. Other approaches favored loading of @&h peptides from defined
antigens; e. g., a gp63-derived peptide was abomber protection against cutaneous
leishmaniasis [250]. In a study involving cutanebasgerhans cells as vaccine carriers
it was shown that foex vivopulsing, DC do not need to engulf an intact orglamithey
are rather able to utilize an antigen cocktail ki from lysedLeishmania major

promastigotes to confer protective immunity againsnajorinfection [58].
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The development of subunit vaccines, for reasonssafety, efficacy and easy
applicability, has always been desirable. In systeapplication, recombinant antigens
have been proven protective in various infectiogsakes [33, 268]. While for systemic
application, subunit- and multi-subunit vaccinesevehown to confer at least partial
protection againsk. major infection [39, 45, 214], one study revealed ttas$ effect
was also attained when Langerhans cells were ebland pulsed with single,
molecularly defined recombinant antigens [17]. Amoother Leishmaniaantigens,
LelF (Leishmaniahomologue of eukaryotic ribosomal initiation fact@) was shown to
be particularly apt, owing to its property to brdghe innate and adaptive immune
system by both acting as an adjuvant — inducindl2Lsecretion — and delivering
peptide epitopes to generate LelF-specific TH1sdalr].

1.2.2.2 Transfection of DC

Exogenous antigen pulsing does not account foraicentaccination requirements:

Peptide loading is dependent on the individual'snano leukocyte antigen (HLA)

haplotype; protein purifications may be costly amde-consuming; finally, due to the

lack of knowledge about the mechanisms of crossgmtation, the question of how
CDS8" T cell responses to exogenously obtained antigertdcbe elicited reliably was

not solved for a long time. A technique overcontingse limitations would have to gain
access to the MHCI presentation pathway, eitheemgogenous synthesis or direct
introduction of the antigen into the cytosol.

An appealing approach to address this problem isvibgl transduction. Besides

retroviral transduction that was described firs6,[1189], other viruses including

vaccinia virus, adenovirus, herpes virus, lentsiand influenza virus were manipulated
to encode antigen sequences [reviewed in 108].0Afh the transduction rate was
remarkably high in some cases, certain disadvastiagee to be kept in mind: the virus-
host interaction sometimes may lead to the inlwbinf maturation, and some viruses
down-regulate the level of co-stimulatory molecute®C, both of which, while being

a central mechanism to escape the host immune nesporeduce their

immunostimulatory capacity. Furthermore, some ésutiave a cytopathic effect on
their host cell which causes a decreased viabditypC. While initial results were

promising, many viral immunomodulatory effects o Mave been elucidated from
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these studies which were soon deemed to limit Heead viruses for DC-based immune
intervention against tumors and most infectionsl[1239]. However, many data still
suggest that virally transduced DC may be usefulaasines in viral infections [275],
and some authors still postulate a role for certainses, e. g. lentivirus, in cancer
therapy [51].

Another strategy to manipulate DC genetically isitgect nucleic acids into the
organism. In the first nucleic acid-based vaccihgaliss in the early 1990s, plasmid
DNA encoding antigen was injected intramusculaflize studies were based on two
assumptions: first, the plasmid would be delivetedocal muscle cells which would
express and release the encoded protein. Aftekeatiad presentation of the protein via
MHCII by antigen-presenting cells, an immune reggowas expected to be elicited.
Second, the plasmid would be taken up by antigesgnting cells that would express
and present it directly via MHCI [240, 255]. It wslsown that the immunogenicity of a
DNA vaccine correlated with the number of DC comitzg the plasmid; this number
was typically very low (< 1%). Indeed, immune respes of both CD4and CD8 T
cells were reported [32, 40].

Direct transfection of DC had been limited for aadotime by their scarcity in the
organism and the lack of an efficient method fopamsion. In the late 1990s, studies
evaluating systematically different gene transfesthmnds for manipulation of human
DC - that could be generated more easily in seffichumbers than murine DC — were
published. First results did not favor physical neets in general [6], but delivery of
plasmid DNA by electroporation was soon shown h@esor to other techniques using
liposomes, non-liposomal reagents or calcium phaispf260].

The efficiency of DNA transfection, however, is raterwhelming. It is reasoned that
there are too many steps involved before the emtpdstein reaches the cytosol: DNA
needs to penetrate the cell membrane and the mwewalopment until it reaches the
transcriptional machinery in the nucleus. The peafilgy of the nuclear membrane is
low in most primary cells, especially postmitotiells, and therefore represents a
fundamental limitation to gene expression [28]. &duently, the resultant RNA has to
be transported into the cytoplasm in a form that loa translated [27]. As it was shown
in cell line studies, this latter step also repnése limiting parameter for the efficiency
of the technique [252].
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Furthermore, DNA transfection of DC may lead topetsfic (i.e. antigen-independent)
stimulation of cytotoxic T cells which, especialfgpr vaccination, constitutes an
unacceptable adverse immunological property. THestwas attributed to possible DC
activation by CpG DNA motifs [259].

Another elegant way to target antigen to the cytogathway is to deliver RNA to DC.
While a number of trials focused on RNA applicatiorvivo, on self-replicating RNA
vaccines and on targeting RNA to DC via certairepgars [reviewed in 27], a novel
technique — delivering RNA to D@&x vivo by electroporation — was pioneered by
Boczkowskiet al. in 1996 and has since greatly influenced the fa&ldC research
[21]. It is based on the assumption that RNA iediy transferred to the cytosol where
it is able to bind to ribosomes and initiate tratish of the encoded protein. Once the
RNA-encoded protein is available intracellularlyisi subjected to the same processing
and presentation mechanisms as is cell-deriveeiprot

Indeed, both the efficiency of RNA transfection $25and the capacity of RNA-
transfected DC to stimulate cytotoxic T cells (CTRB3] are superior compared to
DNA transfection. Unanimously, electroporation of Dbas been shown to be the more
efficient method of RNA delivery, compared to lipofion [112, 258].

Electroporation of DC with RNA is a very attractitechnique and has been favored
recently as a preferable method of antigen deliveoy only because it circumvents the
limitations imposed by peptide loading (MHC redion) or by the complicated
laboratory infrastructure needed for viral trangauwc Furthermore, there is no
unspecific stimulation of CTL as observed in DNArtsfection. Most importantly,
RNA transfection of DC is a very safe technique,RaA, unlike DNA, cannot be
integrated into the host cells DNA — whereby maagverse effects, from gene
dysregulation to malignant degeneration, can bédado

It has to be kept in mind that stable transfectioterms of maximal duration of antigen
expression is not the goal of nucleic acid-based tEx@sfection. The intention is to
generate a potent T cell response. To that endsiénat intracellular expression is
sufficient to generate MHC-peptide complexes thrat stable and that can recirculate
from the interior of the cell to the surface.

Electroporation of mammalian cells is not restdcte nucleic acids; cell membranes

can be permeabilized for other macromolecules pikageins as well: it was shown in
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several studies that soluble proteins can acces$MthCl presentation pathway when
delivered to the interior of the cell via electrogiion [37, 84]. One group was able to

demonstrate that delivery to the MHCII pathway aecs well [140].

1.3 A note on electroporation
Electroporation is a term used for transient pebiieation of the cell membrane that
allows exogenous molecules to enter the cell.quires the application of an external
electric field on a cell suspension.
While transfer of proteins and nucleic acids bycetgporation is a technique widely
used in molecular biology, on one hand for genenadif transgenic microorganisms, on
the other hand in the field of genetic manipulattdmammalian cells or tissu@svitro
orin vivo, even in clinical settings, its molecular mecharsigemain poorly understood.
What is certain is that molecules do not gain axdesthe cytosol through a simple
“hole” in the cell membrane that is formed by alisig door-like closed-open-closed
mechanism. Electroporation has rather challengedctassical models of membrane
biology. First, it has to be kept in mind that tb#ects of electroporation are not
confined to the short duration of the electricallspu Electroporation is rather a
procedure that subjects the cells to a suddersstiesmtion with profound effects on the
membrane structure which is followed by complexgaaization.
Electroinduced permeabilization of the cell membramly occurs in cell membrane
regions where the transmembrane electric poteatifierence exceeds a threshold value
of about 200 mV [243]. The potential differenceundd by an external electric field in
a cell at a given point M of the cell membrane &pehdent on the membrane
conductance factog(1), the shape factof (a cell being not an ideal sphere, but a
spheroid), the cell radius the field intensityE and the angl® between the electric
field vector and the membrane normal vector afpiiat M, described by the equation
[242]:

AV =fg(d) r Eco®

Five steps have been postulated to describe epertabon:
(1) Induction or trigger step: Once the increaseéhm potential difference reaches the
critical value of 200 mV, membrane leakage can kéedaed within less than a
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microsecond after the onset of the pulse. During ffhase, a mechanical stress is
exerted on the cell membrane.

(2) Expansion step: As long as the electric fisldnaintained at an overcritical value,
the size of the cell membrane’s permeabilized dags not change, but the density of
defects increases.

(3) Stabilization: As soon as the external fieldbslow the critical permeabilizing
threshold, there is a fast decrease of conductent®e permeabilized part of the cell
surface within milliseconds; the membrane orgampatecovers dramatically. Still, the
cell membrane remains slightly leaky to polar commts, albeit their flow also
decreases strongly.

(4) Resealing: Annihilation of the membrane perniggltakes place within a time
scale of seconds to minutes. Resealing kinetiadependent on physical strains like
hydraulic stress [276] and an intact organizatibthe cytoskeleton [195]; moreover, at
low temperatures, the permeabilized state can hatam@ed for several hours [143].
Thus, a cellular response is thought to influeheequality and the kinetics of resealing.
(5) Memory: Although cell viability may not be stigly affected, electroporation still
induces certain cellular alterations from whichls&leed to recover on a time scale of
several hours: asymmetrical phospholipid distrinutin the plasma membrane [82] and
the establishment of macropinocytosis of otherwse-endocytic cells can be observed
[194].

In general, the cell membrane is permeable for erogs molecules during the phases
1 through 3, while the membrane potential diffeeeie beyond the threshold of 200
mV. Depending on the specific experimental condgi@and the type of molecule, a
slightly permeable state may be maintained in ftexraath during phase 4. Afterwards,
macropinocytosis may be induced.

Molecular descriptions of membrane electropermeation still remain highly
speculative to date. Presumably, membrane dismphiming electropulsation does not
cause the formation of a toroidal pore as suggestigthally, but rather a structureless
defect. Theoretical models account for field-indliedterations of membrane lipids and
proteins, postulating three different protein andrfdifferent lipid states, but these

models still await experimental validation [242].
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These mechanisms hold only true for small molecofesp to 4 kD. The transfer of
macromolecules to the interior of the cell followasslightly different mechanism.
Currently, the largest quantity of information igadable on DNA transfection, and it
remains to be seen if the conclusions can be eatetalother macromolecules such as
RNA or proteins. As the mechanisms are differeoimfr“electropermeabilization”,
DNA electroporation is referred to as “electrotfanson”.

Results from systematic studies suggested that BNAtroporation occurs in a multi-
step process: During the pulse, (1) cells are mlpetmeabilized. (2) The polyanion
DNA is electrophoretically attracted to the postpole and driven into contact with the
cell surface, whereupon (3) a metastable DNA-mendmmplex is formed. The pulse
duration needs to be at least 1 ms to allow plasmibdcomplex formation. (4) After the
pulse, plasmids leave the complex and are relemsedhe cytoplasm, while this step
involves active participation by the cell, indicatey its ATP dependence. (5) A small
fraction of DNA molecules crosses the nuclear espelto be expressed [66].

While small molecules diffuse into the cytoplasnethe permeabilized area of the cell
membrane, uptake of DNA is not a result of diffus[65]. Its exact nature has not yet
been elucidated, but it is dependent on electragtlwoiorces [235]. Moreover, presence
of DNA even facilitates pore formation through dirénteraction with the membrane
[218].

Importantly, macromolecules like DNA do not simoss the cell membrane during
electropulsation. This was concluded from experimerdemonstrating that
hyperosmolarity of post-pulse medium [65], low tergiure of post-pulse incubation
[193] and the presence of DNAsel (which is known t@ocross the membrane) in the
medium up to 60 s after the pulse [56] reducedstesmion efficiency.

Detailed studies showed that the formation of tHéABmembrane complex is the
critical step in electrotransfection: although DMAes not diffuse through the pores, it
needs to be “trapped” in the permeabilized partttef membrane; moreover, the
complex has a certain stability [66]. The crossamgl release to the cytosol happens
within the minute following the electropulsation.
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diffusion
DNA / RNA

Fig. 3: Electroporation and macromolecule transferInitially, permeabilization will happen at the cell
pole facing the positive electrode where the memdbreapacitance is first exceeded when an external
field is applied. Subsequently, permeabilizationttoé cell pole facing the negative electrode occurs
While the membrane area that is permeabilizedrigefeon the cell pole facing the positive electrdtie
degree of permeabilization is greater on the opposide facing the negative electrode. This has
consequences for the flux of molecules over thé meimbrane: diffusion of smaller molecules is
predominant by the positive cell pole; the entrylasfjer molecules occurs preferentially at the pole
facing the negative electrode [244]. Macromoleculke DNA (and presumably also RNA), being
polyanions, are driven by electrophoretic forcesréwel towards the positive pole, and indeed ettiter
cell via the pole facing the negative electrodeyas shown by fluorescence studies [67].

When DNA is added after the pulse, no plasmidssctbe membrane. Electric field
parameters critical for membrane permeabilizatioe the field intensity, the number
and the duration of pulses: the area that is (ptote) permeabilized increases with the
field intensity, while with a constant electriclfientensity value, but increasing values
of pulse numbers and/or pulse duration, the demdityransient permeated structures
(permeabilization) in that area increases [196].

A model for the mechanisms of macromolecule trangfiéo mammalian cells is
depicted in Fig. 3. Electroporation experimentshwitcombinant RNA in the present
study were carried out at 300 V and 150 uF whidh teeen shown to result in efficient
transfection of DC before [258, 259].

1.4 Leishmaniasis — a parasitic infection

1.4.1 The disease

Leishmaniasis is a collective term that is usediéscribe a range of closely related
diseases caused by parasites of the gémishmania they occur in humans and
different rodent species and are transmitted byt dlmale phlebotomine sandflies.
Leishmaniases are divided into three main clinfoains: cutaneous, mucocutaneous

and visceral leishmaniasis. Some forms have bgeortesl since antiquity, e. g. on pre-
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Inca pottery from Ecuador and Peru and in Egypéiad Assyrian papyri. The first
relevant clinical description of cutaneous leishiaais was given in 1756 by the British
physician Alexander Russell who travelled to Syarad termed the disease “Aleppo
boil”. From the late 1880s, microscopic observatiohbiopsies taken from skin lesions
of patients suffering from the “oriental sore” warede, and the causative agent was
thought to be an intracellular parasite. In 1888, Russian physician Borovsky was the
first to recognize correctly that it was a protozodn 1900, Sir William Leishman
examined spleen biopsies from an Irish soldieresu§ from “Dum-Dum fever” and
found intracellular corpuscles he thought toTwgpanosomasimilar corpuscles were
described by Charles Donovan in 1903. Both obsemnstwere published in 1903 [49,
136]. The new species, originally referred to asiShman-Donovan bodies”, was later

termedLeishmania donovanilhe taxonomic classification is depicted in Hg.

Scientific classification
Kingdom Protista
Subkingdom Protozoa
Phylum Sarcomastigophora
Class Zoomastigophorea
Order Kinetoplastida
Family Trypanosomatidae
Genus Leishmania

Fig. 4: Scientific classification ofLeishmania [43].

Leishmaniaparasites develop along a life cycle. They arevgdemt in two groups of
hosts: in mammals, including humans and other hestg., dogs, rodents, sloths etc.),
where they develop from the promastigote to thestigate form, and in the intestine of
phlebotomine sandflies where they develop from dh@astigote to the promastigote
form. The only insect vectors fdreishmaniaparasites ar®hlebotomusspp. — which
occur only in the Old World — andutzomyiaspp. — which are found only in the New
World, especially in the forested areas of Cergral South America.

After an infective blood meal, the parasites reswhel multiply in the intestine of
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sandflies. They develop a flagellum while beingaelted to the gut wall. Once they
have developed into the metacyclic stage (withza sif 10 — 25 um), which happens
within about 4 to 12 days after the uptake, theyfaund in the anterior mouth parts.
From here, they are regurgitated and inoculateal anhew host during another blood
meal.

Once they have entered the host organism, theyaphiminfect cells of the
mononuclear phagocytic system like macrophages kawgerhans cells; rarely,
fibroblasts are infected. Here, they transform ithhe amastigote form and multiply
within vacuoles (phagolysosomes) by continuousatmmy. Eventually, the host cell is
destroyed; the amastigotes are released and ezt mdighboring cells.

Cutaneous leishmaniasis (CL) of the Old World igseal byL. tropica, L. majorandL.
aethiopica here, only the skin is affected. Within weeksmonths, papules, nodules
and ulcerations develop next to the puncture. Thessons usually resolve
spontaneously and are associated with subseqéedony immunity. In contrast, CL of
the New World is caused by parasites from themexicanaand L. braziliensis
complexes. Lesions caused by mexicanaare similar to CL of the Old World.
ConverselyL. braziliensisdisseminates into body areas distant from the tou@and
may also affect the mucosa of e. g. the nasophagnjrgpace; these lesions resolve less
easily and may cause considerable disfiguration.

Visceral leishmaniasis (VL) is the disease that aise called “Dum-Dum fever” by
Charles Donovan, named after a town near Calcutexrevthe disease was particularly
endemic, or kala-azar (a Hindi expression meanbigck fever”, relating to the typical
black skin pigmentation of infected patients). 9t Gaused by.. donovaniand L.
infantumin the Old World, whileL. chagasiis the prevalent subspecies in Central and
South America. The parasites are not confined toropnages at the site of infection,
but disseminate to visceral organs (especiallyespléver and also bone marrow) and
cause a systemic infection of the entire reticuldeghelial system.

The majority of infections are asymptomatic. Clallg, after an incubation time of
weeks, or even months to years after infectiomethe a sudden onset of fever (39 —
40°C) within 24 hours. Patients will present witkdolent hepatosplenomegaly, anaemia
and, in advanced stages, with ascites and blaak gigmentation. Untreated, the
lethality is up to 90%. Current therapy regimenslude treatment with pentavalent
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antimony, amphotericin B, pentamidine, paromomyanmd recently miltefosine [18,
163].

To date, even though leishmaniases are not pertceigea critical health issue in
Europe, Leishmaniainfections represent a worldwide threat: accordiaga current
WHO report, they are endemic in 88 countries arabact for 1.5 million new cases
and 59,000 deaths annually; worldwide, 12 millic@ople are affected with a total of
350 million at risk. The WHO has declared leishmais a category 1 disease:
emerging and uncontrolled. Evolving problem aredwead of vectors to formerly non-
endemic regions and an increasing numbéresghmanidHlV coinfections.

1.4.2 Immunobiology

Murine leishmaniasis has not only proven to beefulsnodel to study specifically the
immunology ofLeishmaniainfections — it was also the disease in whichrdwgulatory
importance of T helper cell subsets, the TH1/THahee, was first described [211].
Typically, murine leishmaniasis is established kgdie inoculation of a high number
of metacyclic promastigotes into subcutaneous,siigsh as the base of the tail or the
right hind footpad.

Initially, it was shown that different inbred mousstrains react differently to
subcutaneous infection with. major [83, 96-98, 114]; e. g., BALB/c mice develop
progressive lesions and fail to control the diseagale C57BL/6 mice only develop
small lesions that eventually resolve. Later, thiference was shown to be paired with
different T helper cell polarizations [211]. Todalge general view is accepted that the
difference in clinical outcome is associated withlla-12-driven, IFNy-dominated TH1
response in resistant mouse strains and an ILvgmrirH2 response in susceptible
strains [200]. It is believed that the healing ferof murine leishmaniasis are useful
models for CL in humans, while disease exacerbation. majorsusceptible mouse
strains mimics non-healing forms of the human diseauch as VL. Murine
leishmaniasis is also considered a model diseaseinfections with intracellular
pathogens.

The relationship between genetic, molecular, patfioland immunologic bases of the
mechanisms leading to either resistance or sudggtto L. majorinfection has so far

not been elucidated satisfactorily to provide aststent explanation about how the
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decision is being made and which keys must be ededs redirect it. So far,
immunologic models have provided the most comprgilienapproach. As has been
indicated,L. major parasites primarily infect and persist in macrg@sa The key event
in antileishmanial host defence is IRNwediated activation of parasite-killing
mechanisms in macrophages: upregulation of exmnessi inducible nitric oxide
synthethase is followed by production of reactivogen intermediates (RNI) that
have potent activity to destroy intracellular pajéos; apoptosis plays a role, too [99].
As sources of IFN; natural killer (NK) cells [207], CD8T cells [15] and, most
importantly, CD4 T helper cells [36, 53] — the principal actorgid1 responses — have
been identified. In contrast, TH2 responses areimmed by IL-4, IL-10 and IL-13 —
cytokines that inhibit RNI production by macrophage

Susceptibility toL. major can be explained best by the immune system’sré&ila
generate IFN~producing T helper cells. Recent immunologic resedas refined the
simplified view about the TH1/TH2 concept in leiglmm|sis immunology and indicates
that there are at least two distinct phases ofrtileune response, the early phase and
the late phase.

Interestingly, the early events, probably until abotwo weeks post infection [88], are
similar in resistant and susceptible mice: an Iprdducing, oligoclonal population of
CD4" T cells whose TCR recognizes theishmaniaantigen LACK (eishmania
homologue of receptors for activated C kinase) daieis the early immune response in
either case [230]. Indeed, even in resistant ntieé éventually develop an IL-12-driven
TH1 response, IL-12 production might be absentaliyt and some authors conjecture
that the early TH2 response could be explainedhbyirtability ofL. major parasites to
induce early IL-12 production in both types of mewsrains [200]. This property is
subspecies-specific, as otheeishmaniastrains, e. gL. donovani cause a rapid,
transient 1L-12 burst conferred by splenic DC in IB¥c mice immediately after
infection [69].

In contrast to the early phase, the late phasessneptible and resistant mouse strains
differ. In the current models, IL-4 plays the ceahtrole in promoting disease
development during the late phaselinmajorsusceptible mice. It is believed that, in
these mouse strains, the inabilitylafishmaniaantigens to activate DC to produce IL-
12 results in default differentiation of naive Tleénto IL-4-secreting TH2 cells.
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IL-4 is derived from activated DC and binds to ILrdceptors on naive T cells, thus
activating the STAT (signal transducer and activatbtranscription) 6 pathway with
subsequent binding of the transcription factor GA3Aand secretion of typical TH2
cytokines (IL-4, IL-5, IL-13 and others). IL-10, veh is also secreted in the late phase,
has similar functions. The crucial role of thesdokines in directing the immune
response was revealed by demonstrating that ewstast mice that were engineered
genetically to express IL-4 or IL-10 constitutivedyd not exhibit a reduced number of
IFN-y-producing TH1 cells. They were nevertheless unébleontrol the lesions [54,
76].

IL-4 production and -signaling, however, is not thdy, and under certain conditions
not even a necessary, influencing factor for TH2ettgoment inL. majorsusceptible
mice. Recently, a more flexible model that takeso imccount immunological
differences observed in infections with differéntmajor subspecies and that postulates
relative contributions of different cytokines angakine signaling pathways for disease
development has been favored [200].

Besides the instructional role of IL-4 and IL-1Ggveral other factors have been
proposed to be determinants of TH2 polarizatiosusceptible strains. (1) The cellular
composition of the tissue environment, e. g. a Ipgbportion of neutrophils in the
inflammatory infiltrate of infected BALB/c mice, imontrast to an only transient
presence of neutrophils in lesions of C57BL/6 micentributes to the sustained
induction of a TH2 response [237]. Moreover, (Zseémination of parasites is rapid in
susceptible mice, while resistant mice manage twato them at the infectious site and
the draining LN [132]. (3) The site of infection @nother important predictor; e. g.,
normally resistant mice develop progressive lesiassociated with a TH2 response
when infected intranasally [164]. (4) Increased daecreased expression of certain
chemokines [77, 219] and interaction between aotddtory molecules or their
receptors [42] can also have crucial roles in teeetbpment of a TH2 response and
point to the possibility that differential expremsiof these molecules might define
functionally different antigen-presenting cellsdifferent tissues that guide the outcome
of the disease. (5) Instable expression of the 2R-XIL-12 receptor)B2-chain on
activated CD4 T cells has also been suggested as a diseasegrfactor [93].

While TH2 dominance with IL-4 production persistsmice susceptible tb. major, the
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late phase in resistant mice is marked by the ookét-12 secretion that promotes
redirection towards a TH1 response [236]. It isatgent on initial 1L-12/IL-12R
signaling, although alternative factors, e. g. B-%ignaling, might cooperate. In
resistant mice, the failure to produce IL-12 durihg early phase is likely related to the
fact that macrophages, being the primary targeatd fanajor parasites, are unable to
produce IL-12 upon parasite ingestion: Their — o#lige pronounced — ability to
secrete IL-12 upon pulsing with strong proinflamamgtstimuli is selectively impaired
by the ingested parasite [190].

Production of IL-12 and the induction of a speciftmune response are finally
achieved by epidermal Langerhans cells that tak@arpsites, mature thereupon and
migrate to the draining LN [158]. TLR may be invetl in the signaling pathway
leading to IL-12 production, as it could be showattMyD88-deficient C57BL/6 mice,
which is required for signaling by all TLR, develaphigh susceptibility td.. major
infection that is associated with a polarized TE2ponse [161].

Importantly, IL-12 not only initiates a TH1 respensbut is also required for
maintaining immunity td_. major [174]. Another requirement for long term immunity
is parasite persistence in the host — a latenttiafie needs to be established, leading to
concomitant immunity [14]. It is, however, a doubldged sword: with an intact
immune system, the host is resistant to reinfectidout in conditions of
immunosuppression, disease exacerbation is boungct¢ar — as it is the case in
Leishmani#dHIV coinfection.

In IL-10-deficient mice, the parasite is clearedtirety and sterile immunity is
established, but the host is rendered susceptible-infection [14]. IL-10-producing
cells that are required for maintaining a laterfedtion were shown to belong to a
population of CD4 CD25' regulatory T cells [14].

Above and beyond detailed immunological reseaittol,ghenomenon of susceptibility
VS. resistance was also addressed in genetic stuliey revealed gene loci that are
associated with susceptibility ta major[156]. Certain susceptibility loci were shown
to be related to characteristic immunological rieast or pathological symptoms [142].
However, correlation between development of diseaseTH2-type immune responses
in recombinant congenic mice used in these expetsnavas absent or limited to

specific genotypes, which suggests that in additionthe postulated antagonistic
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TH1/TH2 effects, other genetically programmed medras have an impact on the
development of leishmaniasis. Thus, the host’s typeoaffects disease development in
a more complex way than had been thought [142].

1.4.3 Strategies for intervention

Endeavors for prevention of leishmaniasis are basetivo pillars: vector control on
one hand, vaccination against the parasite on ther ohand [163]. Despite all
drawbacks, the WHO is aiming to eliminate certaibferms of leishmaniasis that are
restricted to particular areas, such as VL [17%).€hsure an efficient disease control,
not only scientists will have to enforce the seafwhan effective vaccine — public
health programs are likewise needed to implemeatgntion strategies.

Physical protection from sandflies by bed netsdeada substantial reduction of sandfly
bites. Insecticides are used for indoor spraying iampregnation of beds. Recently, in
areas where leishmaniasis is primarily zoonoticgdang the animal reservoir was
shown to be an effective way to reduce incidencéuwhan disease: Dipping dogs in
insecticides, or providing them with impregnatedlazs provided protective effects.
Even vaccinating dogs was shown to be feasible,[189, 201].

Vaccination of humans againkeishmaniaparasites has proved difficult so far, as
classical requirements for an appropriate vaccinew-costs, easy applicability, high
level of protection and high safety — could notrbet. While considerable knowledge
about leishmaniasis immunology has been accumuiatedirine models, less is known
about its immunology in human disease.

For successful vaccine development, the knowledge tbe immunology of
leishmaniasis needs to be implemented. The preiplat appear be responsible for the
establishment of resistance have to be taken odoumt. This suggests that for a future
vaccine, three criteria will have to be fulfillefl) ablation of the TH2 cytokines after
infection, (2) establishment of an IL-12-driven THdsponse, possibly with a TH1-
promoting adjuvant, and (3) elicitation of both Cxhd CD8 T cell responses.
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2 Aims of the study

DC have not only been shown to be key actors irre¢gelation of immune responses,
but they were also demonstrated to be promisinginaccandidates against malignant
and infectious diseases. Trials in murine leish@siaiby our own group revealed their
efficacy as vaccines agairilstmajorinfection [17, 58, 186].

Several leishmanial antigens have been proposed teseful for a potential DC-based
vaccine. From our own experiments with Langerhae#isc LelF emerged as a
promising candidate. LelF is an abundant intraallleishmanial protein involved in
the parasitic translation machinery. It unites pineperties of a protein antigen and an
IL-12-inducing adjuvant and was shown to elicit tewtive, antileishmanial TH1 type
immune responses. By virtue to its capacity to skite DC and macrophages to secrete
IL-12 and IL-18 and to activate NK cells, LelF wsagggested to be an atypical PAMP
[24, 215, 216]. Its immunologically active part wabown to be tied to its 226
aminoterminal amino acids.

There are different ways to administer antigenB@ Besides classical pulsing by co-
incubation of DC with antigen, methods to manipall&C genetically to express the
antigen of interest have evolved. One of them isedaon delivery ofin vitro
transcribed RNA to DC by electroporation.

So far, RNA transfection of DC has mainly been @erled with tumor antigens that,
obviously, are of mammalian origin. LelF, howeusra microbial antigen and a potent
stimulator of the innate immune system. It is nedwn what effect transfection with
vitro generated RNA encoding for such a protein molewwdeld have on DC. This
study was conducted to determine the immunologibatacteristics of murine BMDC
transfected withn vitro transcribed RNA of the leishmanial antigen Lelfd &0 see if
and how these characteristics differ from LelF-pdI8MDC. As nothing was known
about how the properties of a recombinant protelate to its properties after RNA
transfection, two variants of LelF-RNA were constad: LelF(fl)-RNA, encoding the
complete LelF sequence, and LelF(226)-RNA, encodimlyg the aminoterminal half of
the LelF sequence (226 amino acids), the immunogsari of LelF.

However, a reporter assay was needed first thaldvorovide information on how
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efficiently DC could be transfected at all; for shpurpose, EGFP which is easily
detectable by flow cytometry was chosen as a reparttigen.

The present study adressed these central questions:

1. What is the kinetics of transfection efficiency aadtigen expression after
transfection of DC with EGFP-RNA, and is it influied by DC maturation?
Can LelF be detected intracellularly after transfecof DC with LelF-RNA?

3. Do LelF-transfected and LelF-pulsed BMDC stimuldtecells in an antigen-
specific fashion?

4. Does transfection with LelF-RNA induce the matwatof DC?
Does the duration of BMDC generation have an imftigeon the strength of the
immune response?

6. Is intracellular LelF immunologically equivalent éxtracellular LelF, and is the
capacity of LelF to stimulate cells of the innatemune system such as DC also
conferred by transfection with LelF-RNA?
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3 Material

3.1 Technical equipment

Product Brand
agarose electrophoresis gel chambers Peglab m
cell culture centrifuge Heraeus [Langenselbold,ntzary]
cell culture incubator WTC Binder [Tuttlingen, Geany]
cuvettes Peglab
electrophoresis power supply BioRad [Minchen, Geyha
electroporator BioRad
ELISA reader Dynatech Laboratories [Stuttgart, Gy}
FACScalibur Becton-Dickinson [Heidelberg, Germany]
fluorescence microscope Zeiss [Oberkochen, Germany]
heater Axon lab AG [Baden-Dattwil, Switzerland]
light microscope Zeiss
magnetic stirrer Heidolph [Kehlheim, Germany]
photometer Eppendorf [Hamburg, Germany]
pH-meter Inolab/WTW [Weilheim, Germany]
protein electrophoresis chamber BioRad
(Miniprotean Il unit)
scale Sartorius [Gottingen, Germany]
shaker Eppendorf
sterile bench Nuaire [Plymouth, MN, USA]
table centrifuge Eppendorf
Thermocycler Eppendorf
UV wave transilluminator Hartenstein [Wirzburg, Geny]
vortexer Heidolph
Western Blot transfer chamber BioRad

Table 1: Alphabetic listing of technical equipmentused in this study.

3.2 Culture Media

Complete medium for DC cultures was prepared witPMR medium [Biochrom,
Berlin, Germany], adding 10% heat-inactivated fetwdlf serum [FCS; PAA
Laboratories, Linz, Austria], 2 mM L-glutamine [Riorom], 10 mM HEPES buffer
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[Biochrom], 0.05 mM 2-mercaptoethanol [Sigma, Tanetken, Germany], 20 pg/ml
gentamicin [Sigma] and 60 pg/ml penicillin [Sigma].

Cell counting was performed with 1:10 dilutions 0% Trypan Blue [Invitrogen,
Karlsruhe, Germany]. Plastic tubes (15 and 50 ndyewfrom Sarstedt [Nurnberg,
Germany]. Petri dishes were purchased from Grdkseamsmaunster, Austria]. 6-, 12-,
24- and 96-well culture plates were from Nunc [Videden, Germany]. Cell scrapers
were obtained from BD Biosciences PharMingen [Heéelg, Germany]. Plastic caps
(0.5 and 1.5 ml) and pipette tips were purchasewh fEppendorf.

For bacterial culture, lysogeny broth (LB) mediurasaprepared from 25 g LB powder
[Roth, Karlsruhe, Germany] in 1000 ml agua dest.

3.3 Solutions

For preparation of phosphate-buffered satoataining magnesium and calcium [PBS
(Mg?*, C&™)], 100 ml C&"-/Mg**-free PBS [Invitrogen] was mixed with 50 pl of &0.
M magnesium chloride solution (end concentratio250mM) and 50 pl of a 0.7 M

calcium chloride solution (end concentration: On39).

For a final volume of 100 ml 4% paraformaldehy @A), 4 g PFA was mixed with
about 85 ml aqua dest. to which 10 ml 10x PBS{MG&") was added. While stirring
constantly, 1 M sodium hydroxid was added drop-wisgil the solution was clear.

Using diluted hydrochloric acid, the pH was lowetedabout 7.2, the solution was
filled up with aqua dest. to a total volume of IDand passed through a 0.2 um filter.
The solution was stored at 4°C.

Blocking solutioncontained 5% fat free milk powder in PBS and 0.0B&&en20.

3.4 Buffers

For 1x TE Buffer 10 mM Tris-buffer (pH 8) and 0.1 mM ethylene diaentetraacetic
acid (EDTA; pH 8) were filled up to a volume of B with sterile water [Ampuva;
Fresenius, Bad Homburg, Germany]. For preparatioiA& buffer, 242 g Tris, 57.1 ml
acetic acid and 100 ml EDTA were added to 1000qubadest. and adjusted to pH 8.0.
6x sample buffer for DNA agarose getsnsisted of 1 mM EDTA (pH 8), 50% glycerol,

0.25% bromophenol blue, and 0.25% xylene cyanol.P8buffercontained 0.2 M
MOPS (pH 7.0), 50 mM sodium acetate and 5 mM EDpKA 8.0). The sample buffer
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for RNA agarose gelscontained 10.0 ml deionized formamide, 3.5 ml 37%

formaldehyde, 2.0 ml MOPS buffer. It was dispensed single use aliquots in 500 ul
tubes and stored at -20°C.
Loading buffer for RNA agarose getontained 50% glycerol, 1 mM EDTA, 0.4%

bromophenol blue. For the RNA loading buffer, higtade glycerol was used. The
buffer was dispensed into single use aliquots &me@ at -20°C.
Radioimmunoprecipitation assay (RIPA) buffer eukaryotic cell lysates consisted of
the following liquids:25 ml 10% Triton X-100 (1%), 12.5 ml 1 M HEPES pH!I 750
mM), 7.5 ml 5 M sodium chloride (150 mM), 25 ml 26Qylycerol (10%), 2.5 ml 100
mM EGTA (1 mM), 375 pl 1 M magnesium chloride (T®4), 10 ml 250 mM sodium
pyrophosphate (10 mM), 50 ml 0.5 M sodium fluord®0 mM) and 1.25 ml 20%
sodium dodecyl sulfate (SDS; 0.1%) that were sloadged. This solution was filled up

to 240 ml with bidest water. 2.5 g dry deoxychdicid (1%) was slowly added and
dissolved while stirring slightly until the solutiovas clear. Subsequently, 2.5 ml 100
mM sodium orthovanadate (1 mM) was added dropwise. solution was filtered and
filled up to a total volume of 250 ml. Subsequen$0 ul of 5 mg/ml leupeptin (5
pa/ml), 250 pl 10 mg/ml aprotonin (10 pg/ml), 25010 mg/ml Pefabloc (10 pg/ml),
250 pl 5 mg/ml pepstatin (in methanol; 5 pg/ml),02% 10 mM benzamidin (in
ethanol; 10 uM) were added. The solution was statetfC.

The labeling buffer for MACS cell isolatiofMACS kit by Miltenyi Biotec, Bergisch
Gladbach, Germany] contained PBS (pH 7.2), 0.5% &@&52 mM EDTA. The buffer
was degassed by applying a vacuum pump overnighkept cold at 4°C.

FACS bufferwas made of 980 ml PBS, 20 ml FCS and 200 ul feot0% sodium
azide dilution (0.02%).

Intracellular staining buffer (“saponin bufferlyas composed of 0.1 g saponin, 5 ml

inactivated serum (e. g. goat serum, dependingherantibodies used) and 45 ml PBS
(Mg?*, C&". If stainings were performed with rabbit antibesli anti-CD16/CD32
antibody in a 1:50 PBS (M§ C&™*) dilution was used instead.

Extracellular staining buffefor fluorescence microscopy consisted of 45 ml PBS
(Mg®*, C&") and 5 ml serum (or anti-CD16/CD32 antibody in0LPBS (Mg*, C&")
dilution).

For 6x sample buffer for SDS gels ml 0.5 M Tris (pH 6,8), 0.8 ml glycerol, 1.6 ml
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10% SDS, 0.4 mB-mercaptoethanol and 0.4 ml bromophenol blue wdde@to 4 ml
water. _10x running buffer for SDS gatentained 0.25 M Tris, 2 M Glycin and 1%
SDS. _1x transfer buffer for Western Blodntained 25 mM Tris/HCI, 192 mM Glycin
and 20% methanol that were filled up with watet to

3.5 Plasmids

Plasmids used for experiments in this study aredisn Table 2. The pEGFP-C1
plasmid which was purchased from Clontech [Heidglpb&ermany] was used as a
template from which the EGFP sequence could be iedpl(see section 4.5). The
pSP64 plasmid, purchased from Promega [Mannheimm&s®y], is a vector allowing

in vitro transcription of RNA under control of the SP6 patan.

name of plasmid origin description
pEGFP-C1 Clontech contains the EGFP sequenge
pSP64 Promega in vitro transcription vector
PET3-LelF(fl) Y. Skeiky, Corixa Corporation, encodes the entire 403 aming
Seattle, WA, USA acids sequence bkishmania

homologue of eukaryotic
initiation factor 4A (LelF)
pPET3-LelF(226) Y. Skeiky, Corixa Corp. encodes titvacated, N-

terminal 226 amino acids

sequence of LelF

pGEM-3'UT-5'UT-A64 K. Thielemans, Vrije Universitei in vitro transcription vector

Brussel, Belgium

pGEM-3'UT-EGFP-5'UT-| K. Thielemans, Vrije Universiteit in vitro transcription vector
A64 Brussel containing the EGFP sequenge
pTRI-Xef-1 Ambion [Austin, TX, USA] control plasmifbr in vitro

transcription

Table 2: Plasmids.

The pET3-LelF(fl) plasmid contains the full nuclielet sequence of the LelF molecule
(1209 bp), while the pET3-LelF(226) plasmids comsaonly the first 678 nucleic acids
of the LelF molecule, thus encoding for LelF(226h N-terminally truncated LelF
molecule which was shown to be the immunologicadliive part of the LelF molecule
[216]. The empty pGEM-3'UT-5'UT-A64 plasmid, an vitro transcription vector that
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features aBglll/Ecarl polycloning site, was obtained from Dr. Thielemeagroup in
Brussels. The pGEM-3'UT-EGFP-5'UT-A64 plasmid washtaned from Dr.
Thielemans as well. The pTRI-Xef-1 plasmid (encgdior Xenopuselongation factor
1A) was provided by Ambion as a control plasmid.

Table 3 shows the plasmids that were constructedthis work according to the
molecular cloning techniques described in the naglsection (sections 4.5 to 4.7). The
EGFP sequence was amplified and cloned into the6pSkctor; the LelF(fl) and
LelF(226) sequences were amplified and cloned im® pGEM-3'UT-5'UT-A64
vector.

name of plasmid description

pSP64-EGFP in vitro transcription vector containing the

EGFP sequence

pGEM-3'UT-LelF(fl)-5’UT-A64 in vitro transcription vector containing the

LelF(fl) sequence

pGEM-3'UT-LelF(226)-5'UT-A64 in vitro transcription vector containing the

LelF(226) sequence

Table 3: Constructed plasmids.
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4 Methods

4.1 Competent cells

From anEscherichia coliXL-1 Blue strain glycerol stock stored at -80°@ne
colonies were picked with a tooth pick, transferiatb 10 to 20 ml LB medium
prepared in a sterile 250 ml Erlenmeyer flask armivg overnight in a 37°C shaker.
From this overnight culture, 1 ml was transferratbia sterile 1 | Erlenmeyer flask
containing 50 ml LB medium and grown at 37°C anowh300 shaking cycles per
minute. The optical density at 600 nm (£ was determined after approximately 3
hours; once the bacterial culture had reached agd@D0.4, which reflects a stage in
the bacterial cell cycle when they are most apttake up foreign DNA, it was
transferred into 50 ml Sarstedt tubes and store@®rior 10 minutes. The tube was
centrifuged for 10 minutes at 4°C at 4,000 rpm, ghpernatant was decanted, and the
pellet was suspended in 10 ml ice-cold 0.1 M catcehloride. After resuspension, the
cells were stored on ice for another 10 minutesirdaeged for 10 minutes at 4°C and
4,000 rpm and suspended in 2 ml ice-cold calciudorae. This suspension was
dispensed in aliquots of 100 ul into 1.5 ml Eppehdaps and frozen at -80°C.

4.2 Transformation of competent cells

E. coli XL-1 Blue strain cultures (see section 4vEre thawed from -80°C storage for 5
minutes, 0.5 pg plasmid DNA were added, and thewagpplaced on ice for 10 to 20

minutes. Subsequently, the cap was placed in @&habt#2°C for 90 seconds and then
cooled on ice for about 5 minutes. The bacteriaewiden suspended in 1 ml LB

medium and allowed to grow for 1 hour at 37°C. Baspension was centrifuged at
13.000 rpm for 2 minutes, the supernatant was gooug sparing about 100 ul, and the
pellet was resuspended in the minimal amount ofd®lium remaining in the cap. The
bacteria suspension was then spread on an LB ag&s pontaining the correct

antibiotic and allowed to grow in an incubator aught at 37°C.
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4.3 Overnight Cultures

Sterile glass tubes for bacterial cultures weralstg filled with 3 ml LB medium. For
selection of bacterial strains that contained ecifipeplasmid which also conferred
resistance against a specific antibiotic, the rethpe antibiotic was added to the culture
medium. The final antibiotic concentration was 100nl. Using sterile toothpicks, one
colony from an LB agar plate was picked and transteinto the medium. The tube was
incubated overnight at 37°C.

4.4 Plasmid DNA Preparation

For plasmid purification from transformdgl. coli XL-1 Blue strains, columns from
Qiagen [Hilden, Germany] were used, following thasmid mini preparation protocol
for small amounts, the midi preparation protocal llrger amounts of DNA. In brief,
1.5 ml of overnight culture volume was centrifugedl3.000 rpm for 2 min. The pellet
was resuspended in different buffers, finally apglto the Qiagen column, washed and
eluted. DNA obtained from this procedure was prigatipd with isopropanol, washed
with 70% ethanol and taken up in 25 pl (Mini preggem) or 250 ul (Midi preparation)
of autoclaved TE buffer. After linearization withhet restriction enzymeEcaRl,
purification and subsequent quality control by gédctrophoresis (1% agarose), the
concentration was determined by ultraviolet (UVpdspectrometry.

4.5 Polymerase Chain Reaction for cloning

For cloning the antigen sequences into the pGEMF3UWJT-A64 vector, they were
amplified by polymerase chain reaction (PCR) usipgcific primers.

The sequence “GCC A/GCRUG G” flanking the AUG start codon has been shown to
maximize the efficiency of translation of eukargotmRNA (Kozak consensus
sequence) [123]. To enable efficient translatidns tKkozak sequence was used for
primer design.

For selection of the appropriate restriction sikegtor and inserts were analyzed with a
computer program [Clone Manager 3.0, Scientfi€ducational Software Inc., State
Line, PA, USA] in order to verify if they containeghy of the restriction sequences
available for cloning. The pGEM-3'UT-5’'UT-A64 plasincontains a small polylinker
site between the 5’ and 3’ untranslated regionsR))providing aBglll site at the 5’
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end and arEcdRl site at the 3’ end. As both the LelF(fl) and EE&26) sequences
contain aBglll site within the encoding sequendgglil could not be used for cloning.
However,Bglll and BanHI both leave sticky GATC ends at their cleavagesswhich
are able to recombine, and the LelF(fl) and LelBj2®quences do not contain intrinsic
BanHI sites. Therefore, BanH]I site was cloned at the 5’ end of all LelF inse/fter

ligation, the site is not a restriction site anyren@lost in cloning”).

LelF(fl)

& CCUTAGsc0s:d G CGG TAC CGC
& Gavoonos GATCC GCC ATG GCG

A

BamHI: GA"GATCC EcoRIl: GMAATTC

LelF(fl)
ampicillin res

PET3-LelF(fl)

Fig. 5: Amplification of LelF(fl) sequence. The pET3-LelF(fl) plasmid was used as a template f
amplification of the LelF(fl) sequence. For printgrsign, @8anHl restriction site is added on the 5’ end,
an EcoRl site is added on the 3’ end (in italid$)e start and stop codons are bold, the Kozak osuose
sequence is underlined. The dotted lines inditaeadstriction cleavage sites.

The primers were thus designed by insertiri§gaH| restriction site at the 5’ end and
an EcadRl restriction site at the 3’ end for correct otmion; a part of the Kozak

sequence (CC as part of tBanHI restriction site, GCC and G after the ATG start
codon) was inserted around the start codon ATG [Bge 5). For exact sequence
reference, data were cleared with Dr. Skeiky’s [@brixa Corp.] according to his

publications [215, 216]. The primer length was @svith the help of a computer
program [Vector NTI Advance 10, Invitrogen, Cardp&A, USA] in a way for all

primers to have a similar annealing temperatureotider computer analysis [Clone
Manager 3.0] was carried out to ensure that thesemagestriction sites were indeed
unique within the amplified DNA inserts. The priméesign and PCR conditions are

outlined in Table 4.
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target sense . annealing | number
) size (bp)
sequence antisense temp. of cycles
5'— GGGGGA TCCGCCATG GCG CAG 36
AAT GAT AAG ATC GCC
LelF(fl) 65°C 30
3'—~ GGGGAA TTCTTA CTC GCC AAG GTA 30
GGC AGC
5'— GGGGGA TCCGCCATG GCG CAG 36
AAT GAT AAG ATC GCC
LelF(226) 62°C 30
3'— GGGGAA TTCTTA GTC GCG CAT GAA 36
CTT CTT CGT CAG

Table 4: Primer design.Start/stop codons in bold, restriction sites ifiagta Kozak sequence underlined.

For amplification of protein or antigen sequencaesnf purified plasmids, PCR reactions
were performed using a high fidelity DNA polymerg8&=NT polymerase) according
to the protocol outlined in Table 5.

reagent brand volume

DNA, different molarities - 3ul
desoxynucleotides, 2.5 mM New England Biolabs, Kiat, Germany 4 ul
primer 1, 25 pmol/ul (sense) Operon, Kéln, Germany 1ul
primer 2, 25 pmol/ul (antisense) Operon 1ul
10x buffer New England Biolabs 5ul
magnesium sulfate, 2 mM New England Biolabs poul
VENT polymerase New England Biolabs 025wl
sterile water, filled up to a volume of New EnglaBidlabs 50 p

Table 5: PCR amplification of inserts.

The reaction samples were set up in a 50 pl readtibe [Eppendorf]; the PCR
reactions were run in a thermocycler [Eppendorifigishe following cycle profile:

1. 2 minutes, 94°C

1 minute, 94°C (denaturation)

1 minute, see temperatures above (annealing)

1 minute, 72°C (polymerization)

a b 0N

10 minutes, 72°C (extension)
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Steps 2 to 4 were repeated 30 times. The PCR wasrdin at different temperatures
between 60 and 75°C to determine a temperatureviaid allow both primers to bind
adequately to the template and to receive a cleaction product, if necessary, by using
the gradient function of the PCR machine. A goalltewas achieved at 65 and 62°C
respectively, and the assays were repeated afjex lacale of 8 samples per reaction to
receive a sufficient amount of DNA for restrictidigestion, purification and ligation.
The reaction product was purified using the Qiagkxsmid purification kit and taken

up in 100 pl nuclease-free water.

4.6 Restriction digestion for cloning

Plasmid digestions were performed according topttmtocols in Table 6. The digest
was run at 37°C for 2 hours. For removal of 5’ giiege residues, samples were treated
with 2 pl of calf intestinal phosphatase (CIP) dgrithe last 30 minutes to prevent

unspecific self-ligation [204].

reaction reagent brand volume

1. pGEM:BgllI Plasmidal DNA (1 pg/ml) - 16.5 §l
10x buffer D Promega 6.0 ul
Bovine serum albumine (BSA) Promega 0.¢ pl
Balll Promega 15U
Nuclease-free water Promega 35.4 ul
Total volume 60.0 JI

2. pGEM:Bglll / EcaRIl | Plasmidal DNA (1 pg/ml) - 33.0 ul
10x buffer D Promega 12.0pul
BSA Promega 1.2 ;|I
Bglll Promega 304
EcarlI Promega 3.0yl
Nuclease-free water Promega 67.$ ul
Total volume 120.0 Yl

Table 6: Restriction digestion reactions of vectorfor subsequent cloning.

Subsequently, a 0.7% TAE agarose gel was run ayerrat 30 V to allow exact
separation of reaction products. The bands reptiegethe digested plasmids of the
expected size were excised from the gel slice wathscalpel under a UV
transilluminator. The Qiagen gel extraction kit wesed to extract the DNA from the
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gel slice. The DNA was then taken up in 30 and &0ofunuclease-free water,
respectively, and the concentration was determibgdUV spectrometry. Another
agarose gel was run to check DNA size and purity.

The PCR products from eight 50 pul PCR reactionsevwerrified using the QIAquick
PCR purification kit protocol [Qiagen] which puaB DNA fragments from primers,
nucleotides, polymerases and salts, and were tagen 100 pl nuclease-free water.
The DNA (LelF(fl) and LelF(226)) obtained from PG@Rplification was digested at its
added cloning sites witBanH| andEcadRl in a restriction digestion reaction in order to
obtain inserts with “sticky ends”, thus suitable e subsequent ligation reaction into a

predigested vector. The protocol is shown in Table

reagent brand volume

Insert DNA from PCR (0.13 pg/ul) - 20 pl
10x buffer E Promega 4.0 pl
BSA Promega 0.4 |.|I
BanHl Promega 1.0 |.|I
EccRI Promega 1.0l
Nuclease-free water Promega 13.¢ ul
Total volume 40.0 pII

Table 7: Restriction digestion reactions of insertfor subsequent cloning.

Incubation was allowed at 37°C for 1 hour. The tieacwas purified using the Qiagen
PCR purification kit, and the DNA was taken up |8 of nuclease-free water.
Restriction digestions for qualitative control wesemilarly assembled in 20 ul

reactions.

4.7 Vector-insert ligation reaction

For ligation reactions involving cleaved plasmidsl@NA inserts, different vector-

insert-ratios are recommendable. A dependency @frilmmber of colonies from the

amount of insert DNA used for the reaction, comgavath a control experiment

checking for religation of the empty vector, alloves early assessment of the
effectiveness and the specificity of the ligatidiable 8 shows the protocol for vector-

insert ligation reactions.
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reagent brand volume
Insert DNA (LelF(226) or LelF(fl), 0.13 pg/pl) —tuBanHl, - 1.0 pl
EcadRl) or negative control (nuclease-free water)
Vector DNA (pGEM) — cutBglll, EcoRl (0.06 pg/ul and dilutions | — 3.0 pl
1:5, 1:10, 1:20)
10x buffer E Promega 1.1 |.|I
T4 DNA ligase Promega 1.0 |.|I
Nuclease-free water Promega 6.0
Total volume 12.1 pl

Table 8: vector-insert ligation reaction.

The reaction was allowed to incubate at 4°C forhbdirs. The reaction product was

used for transformation of competent cells (se¢i@ee.2). Samples were spread on

agar plates that contained ampicillin (8 samplesagar plate).

4.8 PCR detection of positive bacteria clones
To check if the fragment DNA had indeed been iregedorrectly into the plasmid — as

far as its orientation, number and length are corek— a PCR, following the protocol

in Table 9, was run.

reagent brand volume

Water - 34.0 pulj
Magnesium sulfate, 2 mM New England Biolabs 2.p ul
10x buffer New England Biolabs 5.0l
Desoxynucleotides, 2.5 mM New England Biolabs 4p
Primer 1, 25 pmol/ul (sense) Operon 1.9 ul
Primer 2, 25 pmol/ul (antisense) Operon 1.pul
Bacterial suspension / template - 3.0ul
VENT polymerase New England Biolabs 0.2 ul
Total volume 50.25 pl

Table 9: PCR for detection of positive bacterial dnes.

First, a sterile yellow pipette tip was used togfar some bacterial colonies of each

sample from the agar plate into 10 pl of water mnEppendorf cap. This bacterial

suspension was heated to 100°C for 5 minutes teopm breakdown of the bacterial
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cell wall and to release plasmid DNA. The anneat@qperatures were as indicated

before (see Table 4). Elongation was allowed fos&nds.

4.9 Invitro transcription of mMRNA

1. Spe was used for linearization, according to the pias map. The reaction was
assembled according to the protocol in Table 1@ faction was incubated at 37°C
overnight. A 1% agarose gel was run to check if pfeesmid digestion had been
completed, i. e. if the gel showed a single shanudbIf this was not the case, another 5
pl of enzyme was added and incubated for severaishdf the digestion was complete,
10 ul proteinase K [Qiagen] was added and incubait&@°C for 30 minutes.

reagent brand volume/amount
plasmid DNA - 50 ugl
Spé Promega 5.0 |.|I
reaction buffer Promega 25.04ul
BSA Promega 2.5 |.|I
Nuclease-free water Promega variaIbIe
Total volume 250 pII

Table 10: Linearization of plasmids forin vitro transcription.

Subsequently, the DNA was extracted from the reacby adding an equivalent
volume of TE-saturated (pH 4.5) phenol:.chlorofosmamyl alcohol (25:24:1),

vortexed for 60 seconds and centrifuged for 2 neguwat 13,000 rpm and 4°C. The
upper, aqueous phase was transferred into a new amapequivalent volume of

chloroform:isoamyl alcohol (24:1) was added, the e@as vortexed again for 60
seconds and centrifuged for 2 minutes at 13,000apd4°C. To precipitate the DNA,

0,1 vol. 3 M sodium acetate (pH 5.2) and 1 volprepanol were added, mixed and
incubated on ice for 2 — 5 minutes, then centrifuge 13,000 rpm and 4°C. The
supernatant was removed carefully, and the peléet washed with 1 ml 70% ethanol
and centrifuged at 13,000 rpm and 4°C for 5 minuldse pellet was then dried and
suspended in 50 ul nuclease-free water. The comtem was determined by UV

photospectrometry using a 1:100 dilution. A 1% agargel was run to document the
plasmid size. Aliquots of 5 ug DNA were distributedEppendorf caps and frozen at
-20°C.
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2. For RNA synthesis, the Ambian vitro transcription mMessage mMachine T7 Ultra
Kit and protocol [Ambion] were used. It generateRN\ from a bacterial plasmid
under control of the T7 promotor. Additionally, RNAanscripts are capped with an
anti-reverse cap analogon (ARCA) which is showfio 6; ARCA capping in reverse
orientation renders RNA a lot more stable than pped RNA and has a strong

stimulatory effect on subsequent translation [229].

Fig. 6: Schematic of the ARCA molecule [Ambion]Using the 3'-O-methyl-m7(5")Gppp5'G molecule
(ARCA) for RNA capping prevents reverse incorpanatof the cap that hampers correct recognition by
elF4E [229]. Translation of RNA capped with ARCAn®re efficient than translation of conventionally
capped RNA [157].

Importantly, all materials used were RNAse-free togated with RNA-removing
reagents. Briefly, the reaction was assembledlirbanl Eppendorf cap according to the
protocol in Table 11.

T7 NTP/ARCA 50 pl

10 x reaction buffer 10 ul
Linear template DNA 5ug

T7 enzyme mix 10 ul
Nuclease-free water up to a volume of 100 pl

Table 11:1n vitro transcription.

The reaction was incubated at 37°C. After 3 to drbp5 ul DNAse | was added, and
the reaction was incubated for another 15 minute®7&C. The reaction was stopped
and the DNA was precipitated by adding 50 pul lithighloride precipitation solution.

The cap was frozen at -20°C. For pelletation ofRMA, the cap was then centrifuged
at 13,000 rpm and 4°C for 15 minutes. The supenbhat@as removed; the pellet was
washed with 1 ml 70% ethanol and recentrifuged Sominutes. The ethanol was

carefully removed pouring the cap; the remaindezsevallowed to evaporate for 20 —
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30 minutes. The pellet was suspended in nucleasesrater and frozen at -80°C.
Analysis on a 1% agarose gel was performed to clieelsize of the transcript; RNA
concentration was determined using UV photospe&tgm

4.10 Agarose gels

For detection of DNA, 0.8 - 1.5% agarose gels weast. For a 1% agarose gel, 1 g
agarose was weighed out and sprinkled into a flaigh 100 ml 1x TAE buffer. The
flask was heated in a microwave and swirled in letwto facilitate dissolution of the
agarose. When bubbling was seen, the flask was @keand allowed to cool until the
gel temperature was about 60°C. Afterwards thengel poured into a gel chamber up
to a height of 0.5 cm, and the well-forming combsweserted into the mounting. When
the gel had cooled down completely, 500 ml 1x TAMffdr was poured into the
electrophoresis cell, covering the gel completelghwbuffer. DNA samples were
diluted with 6x sample buffer, vortexed, spun dowith a centrifuge and transferred
into the wells. Gels were run at a current of 109 and a voltage of 70 - 100 V. When
the blue dye had reached about the middle of thelwegel slice was taken out, bathed
in an ethidium bromide solution (0.5 pg/ml) for Bnutes and viewed under a UV
wave transilluminator.

For detection of RNA fronmn vitro transcription reactions, the electrophoresis @etl
other accessories were cleaned with ethanol ands&Mevay [Invitrogen]; RNase-free
pipette tips were used. A 1.5% agarose gel comgifi5 pg/ml ethidium bromide in
TAE buffer (prepared with diethylpyrocarbonate (OERreated water) was cast. 1 to 2
pl of RNA from the reaction were mixed with 18 jangple buffer and 2 ul loading
buffer and subsequently heated at 65°C for 5 tnitflites. The gel was run at 100 mA
and 80 V until the blue dye had reached the midaflethe gel and afterwards
immediately viewed under a UV wave transilluminatdrere a photo was taken.

4.11 Invitro translation of RNA transcripts (Rabbit reticulocyte lysate system)

To check the translatability of RNA molecules gated byin vitro transcription, RNA
transcripts were translated in a rabbit reticuledysate system [Promega] that contains
all necessary components to initiate protein sygighieom RNA,; it is a sensitive system
to check ifin vitro transcribed RNA is indeed recognizable by a manangbrotein
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biosynthesis apparatus before it is used for temntien into mammalian cells.

All reagents were stored at -80°C and were slowbwneed to thaw on ice. A standard
reaction was assembled in a 0.5 ml polypropyleraauentrifuge tube according to the
protocol in Table 12.

The reaction tube was spun down in a centrifugestorn the sample to the bottom of
the tube; it was thereafter incubated immediatél3@2C for 90 minutes. For further
analysis, a protein gel and subsequent Western Béot performed to detect the
translated protein.

reagent brand volume
Rabbit reticulocyte lysate Promega 35.0 ul
Amino acid mixture, complete Promega 1.Q ul
RNasin Ribonuclease Inhibitor (40 units/ul) Promega 1pl
RNA substrate in water (1 pg/ul) Promega an
Nuclease-free water to a final volume of 5Q pl

Table 12:1n vitro translation (Rabbit reticulocyte lysate system).

4.12 Mice
Female BALB/c mice were purchased from Charles RiBeeeding Laboratories
[Sulzfeld, Germany]. The animals were kept in avamional animal facility. They

were 6 to 8 weeks old at the onset of experiments.

4.13 Generation of DC from bone marrow

The generation of bone marrow-derived DC (BMDC) wasformed according to the
protocol by Lutzet al. [144]. Briefly, both femurs and tibias were digsec from
BALB/c mice; all muscle tissue was removed by ruagbit off manually with an
unsterile Kleenex tissue. The intact bones wetefdef2 — 3 minutes in 70% ethanol for
disinfection and afterwards washed with sterile PB&h ends of each bone were cut
with sterile scissors. The marrow was rinsed wirile complete medium using a
syringe (0.5 mm needle diameter) until the bone egampletely white. Marrow clumps
were disintegrated by pipetting up and down with ml serological pipette. The cell
suspension was then centrifuged for 10 minute®@trtemperature and 1,600 rpm.

The cell pellet was washed with complete mediumlisGeere counted using a 1:10
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dilution with bromothymol blue. 2xf@ells were suspended in 10 ml complete medium
in a 10 cm bacterial Petri dish to which 200 U/mtambinant mouse GM-CSF
[rmMGM-CSF; Peprotech, London, Great Britain] wedded. On day 3 and 6 after
preparation, 5 ml fresh culture medium containi6g@ &/ml rmGM-CSF was added.

4.14 Generation of LelF-primed lymph node single cell sspensions

A method to expand antigen-specific T cells for empental purposes has been
described before [216]. Briefly, 70 pg of recomiih&aelF (rLelF) was dissolved in
PBS in a final volume of 200 ul. Depending on tkpeximent, 5 to 10 BALB/c mice
[Charles River] were shaved at their flanks andstmetized in an Erlenmeyer flask
containing 100 pl halothane [Hoechst, Frankfurt;r@any]. They received 70 ug rLelF
injected subcutaneously in PBS distributed oveedlsites of their shaved flanks. After
7 days, an immunological boost was performed imgcB5 pg rLelF. On day 10, the
mice were sacrificed; well visible bilateral ingain brachial and axillary LN that
drained the injection sites were removed with &dps, passed through a sterile 70 um
strainer [BD Falcon, Heidelberg, Germany] with airgye stamp which was rinsed with
PBS several times. For generation of naive LN @#lyving as a negative control, LN
from the popliteal, brachial, inguinal, axillarycaparaaortic regions of non-treated mice
were removed and processed in the same mannercellhsuspensions were washed

with PBS twice and either immediately used for expents or for further purification.

4.15 Purification of T cells

T cells were purified from LN suspensions using lW&CS Pan T cell isolation kit
[Miltenyi Biotec], following the company’s protocol'he MACS technology is based
on a negative selection assay in which non-T cg@lle. B cells, NK cells, DC,
macrophages, granulocytes and erythroid cells) dagleted by indirect magnetic
labeling, using a cocktail of biotin-conjugated ibatlies and magnetic anti-biotin
MicroBeads. Labeled cells are retained in a coluhat is suspended in a magnetic
field, and T cells are eluted from the column.

Briefly, cells were counted when still in the PB&gension. After centrifugation at 4°C
and 1,600 rpm, 40 pl of labeling buffer per 16tal cells was used for resuspension. 10
il of biotin antibody cocktail per 1@otal cells was added to label cells. The suspensi
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was mixed well and incubated in a refrigerator &€.4After 10 minutes, 30 pl of
labeling buffer and 20 pl of anti-biotin MicroBeadsre added per 1@otal cells. After
an incubation time of 15 minutes at 4°C, the cellse washed with buffer adding 10 —
20x labeling volume. After centrifugation, the geliwas resuspended in 500 pl of
buffer per 18 total cells, but no less than 500 pl. For up totb€al cells, one medium
size (MS) MACS column was used and placed into rttagnetic field of a MACS
separator. The column was prepared by rinsing thirees with 500 ul of buffer,
without having the column run dry. The effluent wdscarded. Thereafter, the
suspension containing the labeled cells was appdigetle column, and the column was
rinsed three times with 500 pl of buffer. The edfit, containing the enriched T cell
fraction, was collected, and the column was dise@drd his procedure was carried out
several times until the entire volume was purifi€te cells were kept on ice until they

were centrifuged and taken up in fresh completeiuned

4.16 Lymphocyte cultures for cytokine analysis

Lymphocyte cultures were set up to study the eff#ctelF RNA-transfected and
rLelF-pulsed BMDC on naive and LelF-primed T célscytokine analysis. ADCto T
cell ratio of 1:2 was chosen.

First, BMDC were collected from cell culture 24 hewafter RNA transfection. The 6-
well plates were placed on ice for 5 minutes, tn@esnatant was removed using a 5 ml
serological pipette, and the wells were rinsed WBSS. Previous studies showed that
cells collected from the supernatant have the samperties as cells adhering to the
surface of the culture plate [V. Fuss, personal momcation; 144]. The cells were
washed in a suitable volume of complete mediumntsn) centrifuged and taken up in
fresh complete medium at a concentration of 2xs/ml.

BMDC were either cultivated with LN cells or withupfied T cells. Cells from a LN
single cell suspension were taken up in fresh cetapinedium at a concentration of
8x1¢P/ml; purified T cells were adjusted to a concefvrainf 4x1G/ml. Cell cultures
were assembled in 96-well plates in triplicatesings multipette, 50 pl from BMDC
suspensions and 50 pl from T cell or LN cell suspars were transferred into every
well, so that a final concentration of 1Xigells/ml for BMDC, 2x16 cells/ml for T

cells and 4x1®cells/ml for LN cells was reached. If a sampleyorbntained one cell
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type, the remaining volume was filled up with fresimplete medium. The cell cultures
were incubated at 37°C for 72 hours. Culture platese then centrifuged and the
supernatant collected for ELISA analyses.

4.17 FSDC cell line

A fetal skin-derived DC (FSDC) line culture [63] svaplit after reaching a confluence
of about 80% under the inverted microscope. The @élure medium was removed

from the flask using a pipette, and 4 ml cold, cate and magnesium-free PBS was
added to the cell culture with the intention to @mte cell detachment. After 5 minutes,
the cells were removed from the surface using lascedper, and 6 ml PBS was added.
The cells were resuspended carefully 5 to 10 tirdegpending on the number of cells
needed for the experiment, 0.5 to 2.0 ml of thé sdpension was transferred into a
culture flask containing 35 to 45 ml RPMI mediundamltured at 37°C.

4.18 RNA transfection/protein electroporation of DC

BMDC were used for electroporation on day 7 to el culture, FSDC were used
after reaching a confluence of 70 to 90% undeirihierted microscope.

FSDC were removed from culture flasks using 5 mloold PBS to facilitate
detachment. BMDC were used on day 7 of culturey there resuspended 5 to 10 times
with a 10 ml serological pipette, and the Petrhdigas rinsed thoroughly. Cells were
pooled in 50 ml Sarstedt tubes and centrifugedlfdminutes at 4°C and 1,600 rpm.
The supernatant was removed.

All cells were washed twice in 10 ml PBS (to ensRf¢Ase-free conditions that are
otherwise mainly impaired by the use of FCS) andnted in a Neubauer counting
chamber. They were taken up in an appropriate velofiwarm Opti-MEM medium
[Gibco BRL, Eggenstein, Germany] (37°C), countedd aadjusted to a final
concentration of 20xf0cells/ml. Of this suspension, 200 pl was transférinto a
sterile 4 mm electroporation cuvette [Peglab] armilhg RNAse-free pipette tips, mixed
with 10 to 40 ug RNA or 10 to 40 pg of recombinamtigen that was carefully
resuspended. The cuvette was placed into the efexttor, and a pulse of 150 uF, 300
mV and 6 ms was carried out. The cells were traredeimmediately into 3.8 ml fresh
complete medium to reach a final concentrationxdfd cells/ml. Depending on what
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experiment was to be performed, the cell suspensamthen transferred into 6-well or

12-well culture plates and stored in an incubat@7aC and 5% C®

4.19 Antigen pulsing of BMDC

Day 7 to 9 BMDC were collected, washed in PBS aaken up in fresh complete
medium at a concentration of 1X16ells/ml and transferred to 6- or 12-well plates
[Nunc]. Recombinant antigen was added as indicqtddl to 40 pg) and mixed
thoroughly by resuspension; plates were storece#lfi@r in an incubator at 37°C and
5% CQ for 24 hours.

4.20 Preparation for analysis by FACS and extracellularstaining

Flow cytometry or FACS is a technique that allowsucgitative analyses of cell surface
markers and intracellular proteins. During therstej procedure, cells are exposed to
specific monoclonal antibodies that bind to thanget structures. Antibodies are either
labeled with a fluorescent dye, or are detected labeled secondary antibody. Within
the flow cytometer, the cell suspension is fordeugh a small capillary. Here, laser
beams of appropriate wavelengths are directed tmosuspension. The fluorescent
dyes are excited and emit light at a lower freqyenbich is picked up by detectors.
Usually, 10,000 cells were measured; the results loa visualized as dot plots,
coordinate systems that visualize distinct cellyagons.

To check EGFP transfection of DC by measuring #scence in a FACS machine
[FACScalibur, Becton-Dickinson], 300 — 500 ul oétbell culture was removed after 3
to 96 hours, transferred into FACS staining tubesshed twice with PBS and
eventually taken up in 500 pl 1% PFA in PBS. Thasas were vortexed afterwards to
prevent cell clumping.

For extracellular staining against the surface e iMHCII, CD4, CD8, CD11c, CD40
and CD86, 0.5 to 1xfocells of every sample were transferred into a FAGHSe,
washed with 2 ml PBS and centrifuged for 10 minwegt°C and 1,500 rpm. The
supernatant was removed; the pellet was washed2amh FACS buffer, recentrifuged
and the supernatant again removed. 100 pl of a dik@ion of anti-Fc receptor
antibody [purified rat anti-mouse CD16/CD32, BD &iteences PharMingen] in PBS
were added to the pellet. After short vortexing andncubation time of 10 minutes at
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4°C, 1 pul of a specific monoclonal antibody labeledth a fluorescent dye
(phycoerythrin (PE) or fluorescein isothiocyandt€r'C)) was added. For each analysis,
a staining with an isotype-matched control antibeds performed. After incubation
for another 20 minutes at 4°C, cells were washed &vml of FACS buffer.

If a directly labeled antibody was not availablepflof an unlabeled or biotinylated
primary antibody directed against the structurequestion was used instead. After
washing, 2 ul of a PE- or FITC-labeled secondatyianmunoglobulin antibody with
specificity against the unlabeled primary one wadea and allowed to incubate for 30
minutes at 4°C. Equally, if the primary antibodysa@otinylated, 2 pl of PE- or FITC-
labeled streptavidine was added. The pellet wasespuently washed with FACS buffer
as described. To maintain the cell structures pprapriate analysis, 0.5 ml of 1% PFA
in PBS was added; the sample was vortexed thereafte

4.21 Intracellular staining for analysis by FACS

Intracellular staining against LelF was performexd antil extracellular staining was
completed. The last step of the extracellular stgiprocedure was omitted, and 2 ml of
intracellular staining buffer (“saponin buffer”) wadded and incubated for 30 minutes
at room temperature in the dark. The suspensionceasifuged, and the supernatant
was decanted. 100 pl of a 1:50 dilution of the-@Ri16/CD32 antibody was added and
incubated for 30 minutes in the dark, at room tenepee. The suspension was washed
with 1 ml saponin buffer and centrifuged with supsent removal of the supernatant.
The primary anti-LelF antibody was added in a 1:#iQtion in saponin buffer and
incubated for 30 minutes as described above. Timplsawas washed as indicated, and
the secondary anti-rabbit antibody was added irl@QLdilution with saponin buffer in

a total volume of 100 pl and incubated for 30 masuas described. Again, the sample
was washed with 1 ml saponin buffer, and the aceéise resuspended in 0.5 ml FACS
buffer or fixated with 1% PFA in PBS.
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4.22 Preparation of adherent cells for fluorescence miascopy

The day before the experiment, at least 3 hoursréestaining, the cells to be analyzed
by fluorescence microscopy were transferred in e of 400 pl of a 1xT0cell
suspension into 8-well chamber slides [Nunc] towalitheir adherence to the glass
surface. Every well was washed 3 times with 400fpwvarm PBS, then once with 400
ul PBS (Md*, C&") — see section 2.3.

The supernatant was removed by a vacuum pump. dlleeveere fixed by adding 200
ul 4% PBS (M§*, C&"), allowing an incubation time of 30 minutes. Twashing steps
with PBS (Md*, C&") followed. For blocking unbound surface area, 200
extracellular staining buffer (“staining buffer'ee section 3.4) was added and incubated
for 5 minutes at room temperature, then washeds&utently, the first antibody was
added using the appropriate dilution with stainingfer in a total volume of 100 pl.
Incubation was performed for 45 minutes at room pemrature in a dark, humid
environment on a shaker: the chamber slides wevered with aluminum foil and
placed on a humidified tissue. The wells were wddtéce with PBS (M§", C&"). 200

pl extracellular staining buffer was added and lbated for 5 minutes. The second
antibody was added using an appropriate dilutiaih wtaining buffer in a total volume
of 100 pul. Incubation was performed as describeghi®y the wells were washed twice
with PBS (Mdg*, C&™).

The well mounting was removed with a forceps aswke glue remainders. Remaining
PBS was allowed to drop off. 15 to 20 pl mountimjuson [DAKO Diagnostika,
Hamburg, Germany] was added to the slide surfa@nlgyand the coverslip was
dropped gently while avoiding gas bubbles. Excesswlution was removed with a
tissue. Nail polish was used to seal the slidethaccoverslip to avoid running dry. The
slides were stored at 4°C until used for fluoreseemicroscopy.

4.23 Preparation of DC lysates for protein analysis

The entire procedure was performed at 4°C. Thersafent was removed from the cell

cultures using a Pasteur pipette, and the celle washed with 1x PBS. Subsequently
0.6 to 1 ml RIPA buffer (see section 3.4) was adibethe cell culture. The cells were

removed from the dish surface using a cell scrapansferred into an Eppendorf cap
and resuspended 5 to 10 times in order to shedd#e 100 pl microbeads [Miltenyi
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Biotec] was added, and the suspension was inculfatesl minutes in a rotor. After
centrifuging the samples for 20 minutes at 13,488, rthe supernatant containing cell
proteins was removed and immediately frozen atG80°

4.24 Protein Gel

The glass plates were cleaned with ethanol andrddsd in a clamping fixture. A 10%
separation gel was prepared from 2 ml aqua de&6,rhl 1.5 M Tris/HCI (pH 8.8) and
100 pl 10% SDS. Under a fume hood, 1.65 ml acryidam50 pl 10% ammonium
persulfate (APS) and 10 ul tetramethylethylene dian{Temed) were added. The
separation gel was poured into the gel chambepupd first marker line and covered
carefully with water. After 10 to 20 minutes, allog the gel to polymerize, the water
was removed as completely as possible with a @pé€iiter paper was used to dry the
area above the gel.

The 4% stacking gel was prepared from 1.5 ml agsh 00.625 ml 0.5 M Tris (pH 6.8)
and 100 pl 10% SDS. Under the fume hood, 0.325cnyl amide, 50 pl 10% APS and
10 ul Temed were added. The stacking gel was paunamthe polymerized separation
gel up to the upper edge of the chamber, and afamrling comb was placed in
position, avoiding air bubbles getting trapped lestw the teeth. The stacking gel was
then allowed to polymerize for 15 to 60 minutesteAfdisassembling the clamping
fixture and removing the comb, the wells were rthséth water several times, and
excessive gel in the upper part of the chamberreia®ved, using a small syringe. The
glass plates were inserted into the electrophooedigMiniprotean Il unit, BioRad]; the
reservoirs were filled with running buffer. Sampigere mixed with 6x sample buffer
for protein gels, heated to 95°C for 5 minutestmfiged and then loaded into the wells
in the stacking gel. The first well was loaded w#&hl10 kD marker [Benchmark,
Invitrogen]. Electrophoresis was started at a lmitage of 80 V for the stacking gel
and was continued at a voltage of 100 to 150 Vréafte sample had entered the
separation gel. It was continued until the blue dnael reached the bottom of the
separation gel. After running the electrophoretstis, glass plates were taken out and
carefully separated with a dispenser to enablduam@moval of the gel.
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4.25 Western Blot

Blotting the protein gel onto a nitrocellulose meeie allowed detection and
visualization of transfected proteins.

A piece of nitrocellulose membrane [0.45 pm, BioRaad 4 Whatman filters were cut
to fit to the size of the protein gel and soakedransfer buffer. While assembling the
different components of the transfer unit in therect order, attention was paid to avoid
gas bubbles. The mounting was then compressedhaaded into the transfer chamber
[Mini Trans Blot cell, BioRad]. An ice block was egjly fixed and the chamber filled
to the rim with transfer buffer. Transfer was penied at 250 mA for 90 minutes.

To verify the effectiveness of the Western Blog thansferred proteins were visualized
with a Ponceau staining (2 minutes incubation, thesing with water until the
background was clear). Overnight, the membranesiagd in a flat Petri dish covered
with blocking solution at 4°C.

The following day, the membrane, still in a Petishj was washed three times with
sufficiently PBS + 0.05% TweenZ20, each time for lButes on a shaker. Thereatfter, it
was incubated with the primary antibody (monoclomati-EGFP [Clontech] or rabbit
anti-LelF [kindly provided by Dr. Skeiky, Corixa @m]) in a 1:2000 dilution in
blocking solution for 2 hours while shaking. Aftdrwashing steps in PBS + 0.05%
Tween20 (as described), each for 5 minutes, the bream was incubated with the
alkaline phosphatase-conjugated secondary antibo@dy 1:5000 dilution in blocking
solution. After 3 more washing steps in PBS + 0.0b#een20, 10 ml of WesternBlue
[Promega] was added to visualize the transferretiepr. The reaction was halted and
the membrane washed with PBS + 0.05% Tween20 wieeaxpected bands were well
recognizable and the background was still cleae farker was transferred from the
protein gel immediately and could be seen withatthkr staining.

4.26 Cytokine detection by ELISA

For detection of cytokines in the supernatants yohphocyte cultures, sandwich

ELISAs were performed. On day 1, the 96-well ELIPkates were coated with the
primary antibody. The purified capture anti-cytakirantibodies were diluted in

carbonate coating buffer, 50 pl of this solutionsvaispensed into every well, and the
plates were incubated in a refrigerator at 4°C wigért. Monoclonal capture antibodies
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were used in the following concentrations: rat -ambuse IFNy, 1 pg/ml; rat anti-
mouse IL-2, 2.5 pg/ml; rat anti-mouse IL-4, 1 pg/mat anti-mouse IL-6, 4 pg/ml; rat
anti-mouse 1L-10, 5 pg/ml; rat anti-mouse IL-12p705 pg/ml [BD Biosciences
PharMingen]; rat anti-mouse ILB14 pg/ml [R & D Systems, Wiesbaden, Germany].
On day 2, the plates were rinsed three times weB/Pween20. To block unspecific
binding, 200 ul of a 10% BSA in PBS/Tween20 blogksolution was transferred into
every well and incubated at 4°C for 4 hours. ABexashing steps with PBS/Tween20,
a 100 ul standard sample of the cytokine in questiaving a defined concentration,
was added to the plate, and a serial 1:2 diluto®% BSA/PBS/Tween20 was set up
for a standard curve. The samples to be measurezlageled to the plate at a volume of
50 ul per well; incubation was at 4°C overnight.

On day 3, the plates were again washed three twiigs PBS/Tween20. To detect
antibody-cytokine complexes, a biotinylated detattantibody directed against the
cytokine was diluted 1:500 in 1% BSA/PBS/Tween2@d &0 pl of this solution was
transferred into each well. The antibody was intedbdor 1 hour at room temperature
and washed with PBS/Tween20. End concentratiommetection antibodies used were:
biotin-conjugated rat anti-mouse IFN- pg/ml; biotin-conjugated rat anti-mouse IL-2,
1 pg/ml; biotin-conjugated rat anti-mouse IL-4, #/ml; biotin-conjugated rat anti-
mouse IL-6, 2 pg/ml; biotin-conjugated rat anti-reeulL-10, 1 pg/ml; biotin-
conjugated rat anti-mouse IL-12p70, 2.5 pg/ml; [Bl@sciences PharMingen]; biotin-
conjugated rat anti-mouse 113,10.1 pg/ml [R & D Systems].

A streptavidine-alkaline phosphatase complex [DARf{agnostika] was then prepared
as a 1:1000 dilution in PBS and transferred at mme of 50 pl per well. For
visualization, 100 ul of p-nitrophenyl phosphate fig/ml, Sigma] dissolved in
diethanolamine buffer was pipetted into every vaeldl incubated at room temperature
under an aluminum foil cover. After 1 hour, thesfidetermination of the OD at 490 and
405 nm was performed using an ELISA reader [MRX,n&tgch Laboratories,
Chantilly, USA]. The measurement was repeated lggreral times, and the one
revealing the most accurate standard values wakfasdurther analysis. The cytokine
concentrations were calculated by comparing therélasice values of the samples to
the standard curve obtained by linear regression.

Detection thresholds were 0.012 ng/ml for If-D.488 ng/ml for IL-2; 6.1 pg/ml for

62



4 — Methods

IL-4, IL-6 and IL-10; 0.157 ng/ml for IL-12p70; (®8 ng/ml for IFNy.

For statistical analysis, unpaired Student’sests were performed. If statistical
significance was observed, bars in the graphs akked as follows: One asterisk
denotes p < 0.05, two asterisks denote p < 0.0de thsterisks denote p < 0.001.
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5 Results

5.1 Generation of translatable RNA

Initial experiments of this study were conductedhwhe intention to clone the EGFP
sequence into the commercially availallevitro expression vector pSP64 [Promega].
This vector provides a polycloning site within aywshort distance of only a few base
pairs of the SP6 promotor and a poly(A) region. BG¥as cloned successfully into this
vector. The RiboMAX Large Scale RNA production gyst[Promega] was used for
vitro transcription, utilizing the Ribo & Cap Analog for enhanced stability [270].
EGFP-RNA generated by this method was well traablat in a cell-free system
(Rabbit Reticulocyte Lysate System [Promegal]),adccbe shown by its detection in a
Western Blot using an EGFP-specific monoclonalbaty [data not shown]. However,
when used for transfection, DC receiving up to 20RNA would show a maximum
transfection efficiency of 5% [data not shown] whidor the elicitation of an immune
response, seemed by far too low.

5.1.1 Successful ligation of inserts into the pGEM-5'UT-3JT-A64 vector

The molar vector-to-insert ratio was varied from 10 1:20 to minimize the risk of
inadequate ligations. After the ligation reactibgated plasmids were transformed into
competent cells and spread on agar plates.

vector dilution
insert pGEM 1:1 pGEM 1:5 pGEM 1:20
no insert 0 2 8
LelF(226) 2 4 13
no insert 4 1 0
LelF(fl) 95 10 5

Table 13: Numbers of clones after transformation ofcompetent cells.Predigested LelF(226) and
LelF(fl) inserts were ligated into pGEM vectorsdifferent molar ratios, or pGEM vectors were reféegh

in the absence of inserts. Upon ligation, compeEertoli XL-1 Blue were transformed with the reaction
products. The numbers represent the number of €lpee agar plate. The number of clones in samples
containing inserts is higher than in samples comtgino inserts. There is also a dependency between
vector molarity and the number of clones.
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Table 13 shows the dependency of the number oEbaktolonies on the molar ratio.
The higher number of clones in insert-containing@i@s suggested that the ligation

was successful.

A B

5'UT. T7 promotor LelF(226) ‘5 UT T7 promotor

LelF(fl)

Bglll

3UT
—— _ pGEM-5'UT-LelF(226)-3'UT-A64
PolyA -

PGEM-5'UT-LelF(fl)-3'UT-A64

EcoRlI Notl
~

3T
PolyA

amp resistance amp resistance

Fig. 7: Schematics of pGEM-LelF(fl) [A] and pGEM-LelF(226) [B]. The sequences of LelF(fl) and
LelF(226) were cloned into thia vitro transcription vector pGEM-5'UT-3'UT-A64 kindly prvided by
Dr. Kris Thielemans, Brussels. To control succdssfaning, plasmids obtained from cloning were
digested with single cutters of whom one would within the vector, the other one within the insert
(Bglll andEcaRl for pGEM-LelF(fl); Bglll and Notl for pGEM-LelF(226)). The predicted fragment sizes
are 321 bp (pGEM-LelF(fl)) and 632 bp (pGEM-LelFR

A B
DNA ladder
DNA ladder PGEM-LelF(fi),
linearized 4 kb Fragment 1
4,006 bp 3kb 3,154 bp
4 kb Fragment 1
3kb 3,374 bp
Fragment 2 400 bp Fragment 2
632 bp 300 bp 321 bp
M 12 3 M1 2 3 14

Fig. 8: Differential digestions of pGEM-LelF(fl) [A] and pGEM-LelF(226) [B]. After digestion, the
reaction products were visualized on an agarosdAjethows one representative clone that was déges
with Bglll and EccRl: the undigested pGEM-LelF(fl) plasmid in lanetiie linearized plasmid in lane 2
and the double digest in lane 3. The fragments wEtlee expected sizes. [B] shows two clones obtiin
from pGEM-LelF(226) cloning that were digested wiglll and Notl: the digested plasmids in lanes 1
and 3, the undigested plasmids in lanes 2 andfdaginent of the expected size is visible in lanéhg;
clone in lanes 1/2 is negative, the clone in ls8ldgepresents the expected plasmid.
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In order to check for the correct orientation of tihsert, 12 (pGEM-LelF(fl)) and 17
(PGEM-LelF(226)) colonies were picked and spreadagar plates. The DNA was
prepared by mini preparation from overnight cultues described in section 4.4 and
digested with single cutting restriction enzymestab different restriction sites:
pGEM-LelF(fl) was cut witiBglll and EcoRI, pGEM-LelF(226) was cut witBglll and
Notl. In both cases, as can be seen in FiBdill is supposed to cut within the insert,
and Notl and EcaRl, respectively, are supposed to cut within thetee part of the
construct. The two expected bands in the agardsagishown in Fig. 8 A (lane 3) and
8 B (lane 3), would therefore appear only if botrtp were present. One clone was

chosen for further experiments.

5.1.2 In vitro transcription and subsequentn vitro translation

Following the Ambion protocol foin vitro transcription, capped RNA was generated.
The transcripts were run in an agarose gel andhedppropriate sizes, which is shown
for LelF(fl)- and LelF(226)-RNA in Fig. 9.

RNA ladder

1908 bp Expected sizes:
1383 bp LelF(fl) — 1,503 bp
955 bp LelF(226) — 968 bp

Fig. 9: RNA transcripts. In vitro transcripts were visualized on an agarose gel.|&hdane shows a
standard RNA marker [Promega]. LelF(fl)- and LeFg2RNA are shown to have the expected sizes.

To ensure that the transcripts were indeed reasibognizable by the ribosomal

apparatus, they were translated in a cell-free RaRbticulocyte Lysate System

[Promega] according to the protocol. A protein gwak run afterwards, and a Western
Blot was performed that showed single protein baridbe expected size.
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64.2 kD —

37.1 kD — Expected size
~— EGFP

25.9 kD — ca. 27 kD

BMw .t 2 3 4 5 6

BM: Benchmark protein ladder

1: IVT: EGFP-RNA from pSP-EGFP, RiboMAX
2: IVT: EGFP-RNA from pSP-EGFP, Ambion
3:IVT: EGFP-RNA from pGEM-EGFP, Ambion
4: IVT: Luciferase-RNA

5: IVT: Xef-1 RNA (control)

6: IVT: no RNA

Fig. 10: In vitro translation of RNA from different plasmids using dfferent in vitro transcription
kits. RNA was transcribeah vitro in a cell-free system from different linearize@gghids containing the
EGFP sequence and from two control plasmids. Thetion product was detected with a monoclonal
anti-EGFP [Promega] antibody in a Western Blot.

Fig. 10 gives a semiquantitative impression of skamon efficiencies obtained with
different RNA encoding for the same protein, butihg different primary structures
and using differenin vitro transcription kits. EGFP-RNA transcribed from {§&P64-
EGFP vector (lanes 1 and 2) is translatable inci#lefree system, and the protein is
recognized by the monoclonal anti-EGFP antibody band, however, appears weaker
than the one resulting from pGEM-EGFP RNA trang@ip in the Ambion system
(lane 3). Reaction products from control RNA (ladeand 5) and from a transcription
sample containing no RNA (lane 6) were not detedigdhe anti-EGFP antibody.
Hence, RNA obtained fronm vitro transcription was translatable into the correct

protein.
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5.2 Proof of transfection: antigens are expressed intigellularly by DC

5.2.1 Kinetics of transfection efficiency and EGFP expresion in FSDC

Before analyzing the effects of RNA transfection BMDC, it was necessary to
develop a reporter assay that would provide detailed reliable information on how
efficiently the antigen is actually translated b¥IBC, i. e. what percentage of cells
express the antigen and how stably it is beingesgad.

To that end, the leishmanial antigen LelF that wade studied would have been
difficult or at least impractical to detect. Howeyvaucleic acid constructs containing
EGFP are a common tool for transfecting variousesypf cells. The fluorescence of
EGFP allows simplified tracking of transfected selby confocal laser scanning
microscopy (CLSM), standard fluorescence microscapyACS.

A B
200 100
——non-electroporated —&—non-electroporated
=C~mock =~mock
—— 20 g EGFP * —&—20 g EGFP
150 + 8- 40 g EGFP B . 75 A 40 g EGFP B
=X=20 pg Xef-1 © =X=20 pg Xef-1
—8—40 g Xef-1 _g —8—40 pg Xef-1
L i @ |
s 100 g 50
o
LL
Q
50 W o5 ]
>
0 == N — 0 -en—s—S———an- ‘
0 50 100 150 200 0 50 100 150 200
hours post transfection hours post transfection

Fig 11: Kinetics of antigen expression and transféion efficiency in FSDC. FSDC were harvested
from cell cultures and transfected with the indicaamount of RNA, electroporated without RNA in
solution [mock] or not treated. Cells were resusieehin medium, cultured and analyzed for fluoreseen
by FACS at the indicated time points. The meanréiaoence intensity (MFI) served as a marker for
antigen expression [A]; the percentage of EGFPtpestells indicates the transfection efficiency.[B

For the establishment of a protocol, the FSDC limst described by Girolomorat al
[63], was used instead of primary cells for easm@nageability, to ensure that the
electrical parameters reported by van Meirvereteal for BMDC transfection
(capacitance of 150 puF and voltage of 300 V; [29&Juld indeed yield the best results.
In the presented data, the term “transfection iefficy” refers to the percentage of cells
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with fluorescence higher than the gate selectel reiterence to a mock-transfected cell
population (electroporated BMDC without RNA).

Initial experiments utilizing RNA transcribed frothe pSP64-EGFP vector showed
only very low yields with low antigen expressiondama maximum transfection
efficiency of 5% [data not shown]. Using EGFP-RNranscribed from the pGEM-
EGFP vector, however, resulted in a maximum efficieof 86.9% (20 pug) and 89%
(40 pg) 3 hours after transfection. Fig. 11 B shohet the transfection efficiencies in
FSDC transfected with different amounts of RNA sirailar. After the early maximum,
the percentage of EGFP-positive cells decreasasi¢natly and reincreases to a second,
slightly lower maximum of 84.5% (20 pg) and 84% (4@) at 48 hours post
transfection. From this second peak, the valuesiraaously decrease to zero after 7
days.

As a marker for the level of EGFP expression, tleamfluorescence intensity (MFI),
measured by FACS as the geometrical mean of treeiyrfluorescence of the entire
cell population, was determined. In contrast toKimetics of transfection efficiency, its
kinetics shows only one peak after 9 hours at am &R.53.7 (20 pg) and 177.9 (40
1g), respectively. The MFI was constantly highecetis receiving 40 ug EGFP-RNA,
compared to cells receiving only 20 pg (Fig. 11 Ape MFI values decreased more
rapidly than the percentage of EGFP-expressing.cell

5.2.2 Kinetics of transfection efficiency and EGFP expresion in BMDC

It was important to know if similar results could bbtained in BMDC, cells that might
be usedn vivo. One critical parameter was the day of cultureciis were to be used
for transfection. A study similar to this one ha&eb done by van Meirvenet al. [258]
who showed that the highest transfection efficiensyattainable if BMDC are
transfected on day 7 of culture, when they aréistdn immature stage.

Another study with human monocyte-derived DC hadeaded that transfection of
immature DC results in superior antigen presentatapacity when compared to
transfection of DC that were matured prior to thkpegiment [259]. This was the reason
why transfection was performed on day 7 of culturesmost of the experiments
described here.

Fig. 12 A shows how the amount of RNA used for gfaction influences the
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fluorescence, i. e. the EGFP expression, of thepoglulation. The more RNA is used,
the more the cell population shifts to the righig.FL2 B illustrates that there is a

proportional dependency of the MFI on the amourRNA.

EGFP R 200
=3 7 H.003 S 7 H.004 S 7 H.005 &
o E g E 150
2 8 8 g
s | . . .
2 8 g T 100
g s
«©
H
3 50 N
" ey

BMDC BMDC BMDC

+10 g EGFP-RNA +20 pg EGFP-RNA +40 pg EGFP-RNA 0 40 30 20 10 0

pg EGFP RNA

Fig. 12: Antigen expression is directly proportion&to the amount of RNA used for transfection.
BMDC were harvested at day 7 of cell culture amddfected with the indicated amount of EGFP-RNA.
[A] Dot plots show FACS analyses 7 hours after ¢faction. [B] Dependency of MFI on the amount of
RNA 24 hours after transfection.

Fig. 13 shows the kinetics of transfection efficignand EGFP expression. Both
transfection efficiency and maximum EGFP expressioBMDC were shown to be
lower than in FSDC. Maximal transfection efficien@4.2%) was reached with 20 ug
EGFP-RNA after 48 hours (Fig. 13 C). On the othendy Fig. 13 B visualizes the
antigen expression, measured as MFI. Even whenlidgube amount of RNA from 20
Kg to 40 pg, the antigen expression is furthereiased, up to a maximum of 154.2 after
24 hours. There is a clear dose-dependent effethemantigen expression that is still
obvious after 4 days. Even if the graphs give thgression that after 4 days the level of
antigen expression is fairly low, Fig. 13 A showstt a considerable part of the
population is still beyond the gate, i. e. expresS&FP. For future experiments with
leishmanial antigens, based on these data, it e@det to use 20 ug of RNA.
Furthermore, it was important to know if the amoohRNA was the only determinant
for transfection efficiency and antigen expressiois known that e. g. LPS from gram-
negative bacterial cell walls induces BMDC matunatvia binding to TLR4 [113, 258]
and enhances antigen presentation and T cell &otivHL 44]. To test if it would also
have an impact on expression of proteins encodetrdnsfected RNA, transfected
BMDC were pulsed with LPS (1 pg/ml) for 24 hours.
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Fig. 13: Kinetics of transfection efficiency and EGP expression in BMDC is determined by the
amount of RNA used.BMDC were transfected at day 7 of culture with théicated amount of RNA,
mock-electroporated or not treated. [A] Dot plofBMDC transfected with 20 pg of EGFP-RNA,; the
level of EGFP expression in transfected BMDC [Bfahe percentage of EGFP-positive cells [C] are
dependent on the amount of RNA used.

As shown in Fig. 14 A, the effect on protein exgies (MFI) is not unanimous: LPS
treatment of BMDC receiving 10 pg RNA does not eaadigher expression of EGFP.
The MFI of cells receiving 20 pg RNA, however, dam further increased with LPS
treatment within the first 24 hours. Afterwardse tbecline of EGFP expression is
similar to if not faster than in BMDC receiving h&S treatment. Also, LPS treatment
does not accelerate the time point of maximum pmaepression marked by the MFI.
Also, a higher percentage of cells express EGFet &RS treatment, as shown in Fig.
14 B. The transfection efficiency of LPS-treated FBGransfected BMDC is highest
within the first 24 hours (7 hours for 10 pg, 24atofor 20 pg RNA) and decreases

71



5 — Results

subsequently, whereas in non-treated BMDC, it readts maximum 48 hours post
transfection.

While doubling the amount of RNA from 20 to 40 paed not effectuate an increase of
the percentage of EGFP-expressing cells (Fig. 13 B} treatment does: it causes an
earlier and higher peak. In other words, a higlecgntage of BMDC receiving 20 g
RNA and LPS stimulation is EGFP-positive than afteatment with 40 pg RNA only.

However, LPS-stimulated cells also show a more dragecline of transfection

efficiency.
A B
150 —+-non-electroporated
80 +LPS
‘/\ g =X-mock + LPS
AN S
60 +—= 10 ug EGFP
100 g / Y Hg
L ‘@ 10 ug EGFP + LPS
= 2 40
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50 —— %
w 20 —&— 20 ug EGFP + LPS
X
=)
=X=20 pg Xef-1 + LPS
0 +— 7 — 0 T T
0 20 40 60 0 20 40 60
hours post transfection hours post transfection

Fig. 14: Upregulation of EGFP expression after LP$reatment of transfected BMDC. BMDC were
harvested on day 7 of culture, transfected as atelicand stimulated with LPS (1 pg/ml) for 24 hours
The figures compare the early values of EGFP ezmegMFI) [A] and transfection efficiency [B] of
LPS-treated and non-treated, EGFP-transfected BMDC.

It was important to know if the cells generatedrirbone marrow cultures following the
protocol described by Lutzt al. [144] and expressing EGFP after RNA transfection d
indeed exhibit DC properties. Fig. 15 A shows FA@&lyses of EGFP-transfected
BMDC that were matured with LPS and stained for MH&pression 24 hours later.
Fig. 15 A demonstrates that there is a cell pomra¢xpressing EGFP without having
MHCII markers, and another MHCII-positive populatithat does not express EGFP.
When using 20 pg RNA for transfection, almost 50Pthe cells are double-positive for
MHCII and EGFP. Hence, the figure shows that a mpfrt of the cells exhibit the
desired phenotype. Fig. 15 B illustrates a coneeati fluorescence microscope image
of EGFP-transfected and MHCII-stained cells. Agawven though there are some cells
not expressing EGFP and some MHCII-negative cilks,majority of cells are double

positive.

72



5 — Results

EGFP

< 24 h, MHCIL008 & . J ; | Bright field

BMDC

+ 10 ug EGFP-RNA
+LPS

24 h post transfection

EGFP

24 h, MHCII.009

46,56 %

MHCII

BMDC

+ 20 ug EGFP-RNA
+LPS

24 h post transfection

MHCII

Fig. 15: Transfected cells have characteristics ddC. BMDC were transfected with the indicated
amount of RNA on day 7 of culture and stimulatethwiPS. After 24 hours, they were collected for
staining against MHCII and analyzed by FACS [A],directly stained in an 8-well chamber slide (see
section 4.22) and viewed under a conventional @scence microscope [B; two image details].

5.2.3 Viability of BMDC after electroporation

Cells should be alive if they are expected to tedastransfected RNA; it would be of
great disadvantage if a large number of cells veceRNA, but were unable to translate
it because the electroporation itself had adveffeets on the viability of BMDC. Fig.
16 shows that BMDC are slightly more resistanth ¢lectric pulse than FSDC. There
is no difference in viability between cells recewyionly the electric pulse and cells
receiving EGFP or irrelevant control RNA,; i. e. tietra- or extracellular) presence of
RNA has no additional toxic effect on the cells.

It has been reported in the literature that inaertell lines, treatment of cells with
sodium butyrate at the time of transfection impsoveansfection rates significantly
[241]. This method has been described for certalihlinoes and cancer cells, but not for
DC. It was reasoned initially that it might also/baa positive effect on the transfection
efficiency of BMDC,; experiments conducted at a sauibutyrate molarity of 1 mM,
however, showed a large majority of over 99% deelts after 24 hours [data not
shown]. Owing to this extreme toxicity, further expnents involving sodium butyrate

were not performed.
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Fig. 16: Viability 24 hours after electroporation. FSDC and BMDC were harvested from cell cultures
as described and transfected. After 24 hours, itit@lity was determined using Trypan Blue stainamgl
counting stained and unstained cells under a caioveh microscope.

5.2.4 LelF(fl), but not LelF(226) molecules can be deteed intracellularly after
RNA transfection

In this study, EGFP transfection served mainly aseporter assay to determine
technical parameters for successful transfecticefol® conducting experiments with
LelF-RNA for analysis of immunological propertigswas necessary to know that the
in vitro generated LelF-RNA was recognized by the mammadiaih and readily
translated into the encoded protein.

As has been shown before, the easily detectablePE&R very sensitive marker to
determine protein expression and transfection ieffy accurately, whereas proof of
transfection with non-fluorescent proteins constsua somewhat greater challenge,
most likely due to the limited sensitivity of tharicular assays [258].

Two different methods were used in this study fetedting LelF in BMDC. First,
whole cell lysates from BMDC cultures were prepaddhours after transfection as
described.

As Fig. 17 shows, no LelF band is detected in mwoaksfected or Xef-1-transfected
cells. Furthermore, as expected, transfection wiehF(fl)-RNA was followed by
production of the complete LelF protein: the palyel antibody detected LelF.
Surprisingly, in BMDC that were transfected withlE€26)-RNA, the truncated LelF

protein could not be detected.
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Fig. 17: LelF(fl), but not LelF(226) is
detectable in DC lysates by Western
Blot. BMDC were transfected with 20
pg of the indicated RNA on day 7 of
culture; whole cell lysates were prepared
as described in section 4.23. The
samples were separated in a protein gel,
blotted on a nitrocellulose membrane
N4 WD " E) and incubated with a polyclonal rabbit
anti-LelF antiserum. M: marker, 1:
BMDC/mock, 2: BMDC/LelF(fl)-RNA,

3: BMDC/LelF(226)-RNA, 4: BMDC/
Xef-1-RNA.

64.2kD —— —— 1 LelF(fl
488 kD ——

The incubation time of the alkaline phosphatasetsate was not the responsible factor,
as even after incubation of 30 minutes, there wasand detectable. Furthermore,
serial lysates at 2, 6 and 12 hours post transfectiere prepared, but the truncated
protein was never detected, whereas the LelF(8jgim always was [data not shown].
This finding is in distinct contrast with the dathtained fromn vitro translation in a

rabbit reticulocyte lysate system (Fig. 18).

Fig. 18: Western Blot; both LelF(fl)
and LelF(226)-RNA can be translated
64.2 KD ] in vitro. RNA transcribedin vitro was
488kD — 1 LelF(fl) used forin vitro translation in a rabbit
371kD —1 reticulocyte lysate system. The reaction
3 ——LelF(226) products were run in a protein gel,

blotted on nitrocellulose membrane and
detected with a polyclonal anti-LelF
AR i 25 38 314 antibody. M: marker; 1: no RNA; 2:
LelF(fl)-RNA; 3: LelF(226)-RNA; 4:
Xef-1-RNA.

259kD ——

As the Western Blot shows, LelF(226)-RNA is wedlrislatable in a cell free system,
and the gene product is well recognized by the gqohal anti-LelF antibody. These
data rule out a potential lack of binding aviditfytbe antibody towards the C-terminal
protein sequence that is missing in the truncat&([226) molecule. They also rule out
a frame shift or an inadequate RNA structure thatuld/ prevent binding to the
ribosome.

As the protein may have been lost during the gslslprocedure, another approach to
detect the LelF proteins intracellularly was atteedp BMDC, 24 hours after
transfection, were permeabilized and stained iethalarly with the anti-LelF
polyclonal antibody; a double stain was performgdirst MHCII molecules.
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While Western Blots of whole cell lysates only alla qualitative approach, using flow
cytometry has the advantage of quantifying resitg. 19 A shows that with single
intracellular anti-LelF staining, 11.9% of BMDC msfected with LelF(fl)-RNA
express LelF, whereas LelF expression in LelF(REA transfected cells is not
detectable. Fig. 19 B shows a LelF/MHCII doublarstavealing that 6.3% of LelF(fl)-
transfected cells are double positive for MHCII drelF. Fig. 19 B also shows that
most cells expressing LelF are indeed MHEI
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Fig. 19: LelF(fl), but not LelF(226) can be detectd intracellularly by flow cytometry. BMDC were
transfected with 20 pg of the indicated RNA on dagf culture. 24 hours later, they were harvested,
stained intracellularly with the polyclonal anti{Eeantibody. [A] shows a single stain; [B] shows a
double stain with anti-MHCII antibody; numbers icatie the percentage of positive [A] or double-
positive cells [B].

Both Western Blots of BMDC lysates and flow cytorgedata illustrate: while
LelF(fl)-transfection of BMDC gives rise to express of the encoded protein,
LelF(226) is not detectable after transfection witblF(226)-RNA. It should be
mentioned again that these data contrast withititenfy that LelF(226)-RNA is well

translatable in a cell-free system.
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5.3 Effects of RNA transfection on the phenotype of DC

5.3.1 Effect on the expression of surface markers of BMDC

There are compelling data that LelF is able to @ate the innate immune system:
Borgeset al. showed that recombinant LelF has a strong potewotismduce IFNy, IL-

12 and IL-18 production by spleen cells and po#&tes the cytotoxic activity of NK
cells of SCID (severe combined immunodeficiency)canithat completely lack
functional B and T lymphocytes. Its ligand has get been determined, but TLR4
could be excluded [24].

It was important to know if transfection of BMDC twiLelF, involving introduction of
foreign RNA into the cytosol with subsequent inglhdar protein expression, would
alter the phenotype of the cells.

It has been shown before that electroporationhe dbsence or presence of EGFP-
RNA, does not inhibit the maturation capacity of B, furthermore, electroporation
itself does not induce BMDC maturation [258]. EGER strongly fluorescent protein,
so FITC-labeled antibodies could not be used famstg of surface molecules; its
strong fluorescence even influences measuremed@n & other wavelengths. The flow
cytometer software does provide compensation optibot then again, these settings
cannot be used for other samples. Therefore, Wethiritention to avoid this technical
problem, Xef-1 RNA that encodes a non-fluoresceotgin (as shown above) was used
as a control for this experiment.

CD11c expression is not changed after RNA transiectegardless of the RNA used
[data not shown]. Fig. 20 shows that the leastratiten in surface expression marker
levels with respect to the mock-electroporated mdnivas caused by Xef-1-
transfection. The effect on the peak shift of Cl20 CD86 expression by LelF(fl) and
LelF(226)-RNA is comparable. In both cases, it isrenpronounced than the effect
caused by Xef-1 RNA. Transfection with LelF(226)-RNias the greatest effect on
MHCII expression, while the effect of LelF(fl)-RNAn the MHCII expression level
was less obvious, but still more pronounced whempared to the effect of control
RNA. The magnitude of the effect of LelF(226) ipdadent on the preexisting MHCII

expression level at the time of transfection [daishown].
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Fig. 20: Effect of RNA electroporation on BMDC phaotype. BMDC were transfected with 20 pg of
the indicated RNA on day 7 of culture. 24 hoursrathe surface expression levels of MHCII anddtre
stimulatory molecule CD86 were analyzed by flowooyetry (dotted lines). Isotype control graphs are
filled with dark grey. All values are compared toetsurface marker expression levels on mock-
electroporated BMDC (thick, light grey lines).

5.3.2 Effect on the cytokine profile of BMDC

DC function is characterized not only by the expi@s level of surface molecules, but
also by their capacity to secrete cytokines. Togrethith co-stimulatory molecules, the
secretion and type of cytokines influence the gjtleand the polarization of the T cell
response.

It has been shown that recombinant LelF is ablgitoulate spleen cells from severely
immunodeficient SCID mice that lack functional Biah cells, but have an intact innate
immune system, to secrete I1L-12 and IL-18 [24]. Mepecifically, it was also shown to
be a potent IL-12 inducer in BMDC [17]. It has na@t been elucidated, however, if
stimulation of BMDC with rLelF also leads to seaat of other inflammatory
cytokines. Moreover, it was important to know iethlectroporation itself would alter
the level of cytokine secretion.

The results depicted in Fig. 21 confirm that motdceoporated BMDC do not secrete
any of the cytokines studied in relevant amounig. E1 A shows that pulsing of
BMDC with different amounts of rLelF elicits sedwet of IL-1p3. There was no clear
dose-dependency, and there was no difference bettireepulsed and electroporated
cell populations when only 10 pg of rLelF were usathen higher amounts were used,
the production of IL-f was generally lower in cells that received antelepulse. As
seen in Fig. 21 B, levels of IL-6 after rLelF stil@tion were comparable in all samples;

they were neither dose-dependent nor affecteddxgreporation.
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Fig. 21: Cytokine production by BMDC pulsed with rLelF, with and without electroporation.
BMDC were harvested on day 7 of culture; 4&6lls were either pulsed with the indicated amafnt
recombinant LelF in a culture volume of 4 ml for Bdurs (dashed bars), or received the indicated
amounts of rLelF by electroporation with 300 V d pF, followed by 24 hours incubation time (solid
bars). Cell culture supernatants were collectedytokine detection by ELISA. If the concentratiwas
below the detection threshold, bars are labeled."nfor “not detectable”.

Surprisingly, as shown in Fig. 21 C, IL-10 was séed more efficiently by BMDC

receiving the electric pulse, at least when 10 Orp@ of rLelF were used. This
difference disappeared when 40 pg of rLelF werelieghpNotably, no IL-10 was

secreted by BMDC that were merely allowed to takd @ pg of rLelF from the culture
medium, whereas BMDC that received 10 pg rLelFagtlularly by electroporation

did secrete IL-10.

[l-12 secretion by BMDC that could take up rLellrfr the extracellular medium was
dose-dependent. When the fourfold amount of antigas used, the IL-12 level
doubled. However, 1L-12 could only be detected MIBC cultures that received no
electric pulse. Electroporation of rLelF did nocillL-12 production, regardless of the

amount of antigen used.
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Fig. 22: Cytokine production by LelF-transfected ard rLelF-pulsed BMDC. BMDC were harvested
on day 7 of culture; 4xfocells were transfected with 20 ug of the indica®MA or pulsed with the
indicated amount of rLelF in a culture volume ofd. 24 hours later, the culture supernatants were
collected and analyzed for cytokine levels by ELISA

Knowing that recombinant LelF stimulates day 7 BMDG secrete different
proinflammatory cytokines, the effect of LelF treexdion on BMDC was assessed as
well.

Fig. 22 shows that neither EGFP- nor LelF(226)- LeiF(fl)-transfected BMDC
released any of the cytokines analyzed (f,-IL-6, IL-10 and IL-12), in contrast to
BMDC treated with rLelF. In other words, even thbugelF was detectable as an intact
protein intracellularly, at least after LelF(fllatisfection as shown above by Western
Blot and FACS (Fig. 17 and 19), a stimulatory efffen BMDC in terms of cytokine
production could not be seen. This is importantit asight be argued that even if an
antigen encoded by transfected RNA does not hawveexpected effect on transfected
cells, these cells would eventually undergo apaptastart to leak and release the
antigen. Other intact DC would thus be in a positio encounter the released antigen,
engulf and present it. At least, if this mechanierists, its postulated effect is not
strong enough to induce cytokine production.
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5.4 Immunogenicity of transfected BMDC

5.4.1 Antigen presentation by LelF-transfected and LelF-plsed BMDC and
elicitation of a specific T cell response

It was expected that if RNA is delivered to theosyl, it should be translated by the
protein biosynthesis apparatus of the DC; the fatiogal product, being a cytosolic
protein and not bearing any specific signal domagm®uld then be degraded by the
proteasome, transferred into the endoplasmic deticuand associated with MHCI
molecules. This in turn was expected to resultresentation of the antigen on the cell
surface [27].

Antigen presentation can be proven directly only dstection of peptide-MHC
complexes. Reagents that are necessary for thiseguoe, e. g. antibodies that are
specific for such peptide-MHC complexes, are onigilable for antigens that are more
commonly used in antigen presentation studies @ikg. ovalbumin), and thede novo
fabrication for an unconventional antigen like LesFather laborious.

preparation
of lymph nodes;
immunization: boost: proliferation collection of
70 pg rLelF s. c. 35 pgrLelF s. c. assay supernatants
day -1
day -10 day -3 day 0 day 3
transfection or
pulsing
of BMDC

Fig. 23: Enrichment of LelF-specific T cells and stulation with transfected or pulsed BMDC.
BALB/c mice were injected 70 ug rLelF in PBS atethirsites over the shaved flank; 7 days later, they
were boosted with 35 pg rLelF in PBS. One day leetbe preparation of LN, day 7 BMDC were
transfected with 20 ug RNA or pulsed with 20 pglFLéOn day 0, 2x10T cells or 4x1OLN cells were
mixed with 1x18 BMDC in 96-well plates and allowed to proliferater 72 hours. On day 3,
supernatants were collected for cytokine analysis.
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However, antigen presentation can be detectedeicttirby measuring the response of
specific T cells to antigen-presenting cells. IrdleBMDC from BALB/c mice have
been shown to act as professional antigen-preggogiis in a mixed leukocyte reaction
[144]. The onlyL. majorantigen for which a specific, immortalized BALBTccell line,
being a tool that greatly facilitates experimemsolving antigen presentation and
recognition, has been established so far, is tmeunodominant antigen LACK [181].
A T cell line for LelF is not available; its immudominant epitope has not been
described either.

Therefore, a classical immunization assay was pebwbtain a T cell pool with an
increased number of LelF-specific T cells (see BR). As described by Skeilat al,

70 pug rLelF were diluted in 200 pg PBS and injecigbicutaneously over three sites on
the shaved flank [216]. In the present study, tiheemeceived an additional boost with
35 ug rLelF after 7 days. On day 0, the drainirginal, axillary and brachial LN were
removed bilaterally for preparation of a singlel sispension as described in section
4.14. LN preparations from naive mice were usedaasrols. Production of IFN-by
LN cells or by purified T cells from these micesst as a read-out for T cell activation.
With the appropriate controls, this assay allowsligtinguish between unspecific and

specific T cell activation upon presentation offeel
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Fig. 24: IFN-y production by LN cells in response to LelF-transfeted BMDC. BALB/c mice were
immunized with rLelF as described above. Singlé sespensions were generated from LN of naive
(dashed bars) or LelF-primed mice (solid bars)days after the first injection, and stimulated wdthy 7
BMDC that had been mock-electroporated, transfegté LelF(226)-, LelF(fl)- or Xef-1-RNA or
pulsed with 20 pg rLelF. After 72 hours, supernttamere collected for cytokine analysis by ELISA.
Three asterisks denote a statistical significantte pv< 0.001.
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As expression of LelF(226) was detectable neitlyeYestern Blot nor by intracellular
FACS, but LelF(fl) was, it was interesting to knony likewise, only LelF(fl)-
transfected BMDC would stimulate LelF-specific Tle¢o proliferate.

The results of this first experiment are shown ig. 4. Mock-electroporated BMDC
and BMDC transfected with irrelevant Xef-1-RNA dndt elicit production of IFNg,
neither from naive nor from LelF-primed LN cells. dan be seen, however, that
LelF(fl)- and, surprisingly, LelF(226)-transfectd8MDC tend to stimulate LelF-
primed, but not naive LN cells, to secrete Il=NRemarkably, LelF(226)-transfected
BMDC even caused a higher IENfelease than LelF(fl)-transfected BMDC. This
difference was, however, not significant, with plues > 0.05. At the same time,
BMDC pulsed with recombinant LelF were also ablestonulate specifically LelF-
primed LN cells to produce IFN-and here the difference to IFNsroduction by naive
LN cells was indeed statistically significant (©001).

It was reasoned that the relatively high IfFNevels in samples with LN cells from
naive mice might reflect the heterogeneity of LN sespensions, involving non-T cells
like DC or B lymphocytes that might, even in theveacontrols, potentially act as
antigen-presenting cells and stimulate l{=ldroduction by T cells. A more specific
response system, i. e. a cell population consisonty of reactive T cells, not
contaminated by other antigen-presenting cells, thvarefore desirable.

To achieve this, another experiment was set upNingg CD4/CD8" T cells as
responders, purified with a Pan T cell purificatiih [MACS; Miltenyi Biotec]. The
purity of this cell population was verified by FAG8ata not shown]. Stimulation of
CD4'/CD8" T cells with LelF-transfected BMDC in a lymphocyelture (Fig. 25 A)
confirmed what had been seen with LN cells as madpocells (Fig. 24). Importantly,
BMDC transfected with LelF- or control RNA were mource of IFNy [data not
shown]. Again, mock-electroporated BMDC did not aststimulators for neither naive
nor LelF-primed T cells.

It could be shown that both LelF(fl)- and, interegly, LelF(226)-transfected BMDC
are able to stimulate specifically LelF-primed Tiséo secrete IFNs but not naive T
cells. This difference in IFN-levels is statistically significant (p < 0.05). tdbly,
stimulation by LelF(226)-transfected BMDC leadsatdiigher IFNy production of T

cells than stimulation by LelF(fl)-transfected BMDChis result corroborates the
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tendency that had been observed in experiments atf-primed LN cells as
responders.

Moreover, although expression of LelF(226) is netedtable intracellularly (see Fig.
17), LelF(226)-transfected BMDC are able to stinteldelF-primed T cells; the
secretion level of IFN- is even higher than in samples using LelF(fl)-¢fanted

BMDC as stimulators, although intracellular expr@ssof LelF(fl) was detectable. In
other words, maintained expression of transfectddA Rand sustained cytosolic

presence of the antigen is no prerequisite for ititiction of an efficient T cell

response.
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Fig. 25: Cytokine production by T cells in responséo LelF-transfected BMDC. Day 7 BMDC were
transfected with 20 pg of the indicated RNA, pulséth 20 g rLelF or mock-electroporated. 24 hours
later, they were mixed with purified COYEDS8" T cells from LelF-primed (solid bars) or naive mic
(dashed bars). Supernatants were collected aftdrods for cytokine analysis by ELISA. [A] IFN-
production; [B] IL-4 production. One asterisk degst statistical significance with p < 0.05.
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BMDC pulsed with rLelF served as a positive conti®IN-y production by LelF-
primed T cells stimulated with rLelF-pulsed BMDC svhigher than by naive T cells
(Fig. 25 A). This difference was significant (p <08). Still, naive T cells stimulated
with rLelF-pulsed BMDC produced about 10 times mdfF&l-y than naive T cells
stimulated with LelF-transfected BMDC. This mayleet the adjuvant effect of rLelF:
while LelF-transfected BMDC are unable to stimulagééve T cells to secrete IFpthe
stimulation of naive T cells by rLelF-pulsed BMDGaynbe related to the capacity of
rLelF to initiate a primary antigen-specific resperafter eliciting the production of IL-
12 and IL-18 [216].

Moreover, LelF being an inducer of a TH1 cytokimefpe, it was important to know if
the stimulated T cells would indeed not secrete Te¢yPokines. Therefore, the
production of IL-4 was assessed. Fig. 25 B shows tésults: Neither mock-
electroporated nor RNA-transfected BMDC were aldestimulate naive or LelF-
primed T cells to secrete IL-4. This goes in hanthweports stating 90% of T cell
clones isolated from LelF-primed mice were TH1,darcing only IFNy [216].

In order to confirm the principal ability of T celused in these experiments to secrete
IL-4, an unspecific stimulus, containing 20 U/ml-2Land 1 pg/ml Concanavalin A
(ConA), a mitogen, was used. Naive T cells, thimudated unspecifically, did secrete
IL-4. In contrast, T cells from LelF-primed micecseted a significantly lower amount
of IL-4. This seems surprising, but LelF has bekaws not only to induce a TH1
cytokine profile, but also to down-regulate thedarction of IL-4 by lymphocytes df.
major-infected mice [216] and, when administered as r@geshans cell-based vaccine,
to shift the cytokine profile irL. majorinfected BALB/c mice towards a TH1 type
profile in terms of a down-regulation of IL-4 and ap-regulation of IFN¢[17]. Here,

it could be shown that IL-4 production is also desegulated in T cells from LelF-
primed mice that are stimulated unspecifically witk?2 and ConA. In other words, this
effect is not confined to restimulation with rLeif vitro, but rLelF is able to down-
regulate the IL-4 response also when used as autsui@ous vacciné vivo. This
down-regulatory effect is only visible under thegatious, unspecific stimulation
conditions with IL-2 and ConA; stimulation with Leftransfected BMDC is not

sufficient to cause any IL-4 secretion.
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5.4.2 Duration of BMDC generation influences antigen presntation

The experiments on antigen presentation, looking déytokine production in
lymphocyte cultures, were conducted using BMDC awg @ of culture, because these
cells had proven to be transfectable with a maxineffimiency [258]. Even though day
7 BMDC were shown to be immature DC that are mpeeglized on taking up antigen
rather than presenting it [144], day 7 BMDC areeigd able to act as efficient antigen-
presenting cellsn vitro [258]. Furthermore, in human DC, transfected imm&atDC
proved to be more effective T cell stimulators th@msfected mature DC [259]. While
the present study was conducted, other experinanlyzing the optimal relationship
between the time point of RNA transfection and D@tumation status more closely
were still under way [206].

It was important to know if the duration of BMDCrgwation, i. e. the maturation stage,
would have any influence on the stimulatory capadfor this reason, transfection of
BMDC on day 7, 8 or 9 of culture was studied.
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Fig. 26: Influence of BMDC culture duration on stimulatory capacity. BMDC were harvested on day
7, 8 or 9 of culture and transfected with 20 pthefindicated RNA; 24 hours later, they were miwéith
LelF-primed or naive purified CDACD8" T cells as described before. Cell culture supamtatwere
collected for cytokine analysis by ELISA after 7@ins of incubation. [A] Protocol, [B] IFNHevels.
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As T cell stimulation in lymphocyte cultures wasrregad out over 72 hours, the
stimulation periods largely overlap as it is shawifrig. 26 A. Considering the fact that
BMDC continue to mature in culture, T cells shoulé stimulated by antigen-
presenting, more mature DC at the end of the 72shperiod even when using day 7
BMDC. It was therefore expected that the date afigfection might only be of minor
influence.

Day 7, 8 or 9 BMDC were, as before, transfecteth #@ p g RNA. Results are shown in
Fig. 26 B. Again, mock-electroporated BMDC stimathtneither LelF-primed T cells
nor naive T cells. LelF-transfected day 8 BMDC silmed LelF-primed T cells to
produce higher levels of IFNthan day 7 BMDC, and stimulation with day 9 BMDC
was again slightly stronger. This was true for bdtblIF(226)- and LelF(fl)
transfections. The differences were, however, tatistically significant.

As seen before, LelF-transfected and rLelF-pulsssd dBMDC stimulate LelF-primed
T cells to secrete IFN-n a similar range (Fig. 25 A). It was importaatknow if this
correlation would be maintained when more matureDBMwere used for antigen
presentation. Therefore, an experiment using BMD&Seqad with rLelF after 7, 8 and 9
days of culture for stimulation was conductedrdtsults are depicted in Fig. 27 A.
BMDC pulsed with rLelF on day 7 of culture stim@dtLelF-primed T cells to produce
IFN-y in amounts comparable to stimulation by LelF-tfacked BMDC, as seen before
(Fig. 25 A). The IFNy level increased with day 8 BMDC as stimulatorg tlifference
to IFN-y production by naive T cells was statistically digant (p < 0.01). With day 9
BMDC as stimulators, compared to stimulation witdlfE-transfected BMDC (Fig. 25
A), the IFN«y values were about 20-fold higher. The differenzendive T cells was
again statistically significant (p < 0.001).

Moreover, day 9 antigen-pulsed BMDC stimulated ealcells to secrete an amount of
IFN-y that was substantially higher than the amountsesed by LelF-primed T cells
after stimulation by day 7 or 8 BMDC (both LelF4tsdected and LelF-pulsed BMDC).
This might reflect their capacity to induce primamymune responses.

So far, it was difficult to determine if IFM-production by T cells stimulated with
antigen-pulsed or transfected BMDC reflected peodifion of T cells, as thymidine
incorporation, a classical method to measure @malifon, had not yielded useful
information. IL-2 is a T cell-derived cytokine thatresponsible for clonal expansion of
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activated T cells [209]. Therefore, IL-2 levelsarll culture supernatants are another
useful parameter for T cell proliferation.

LelF-transfected BMDC did not stimulate LelF-prim&ctells to produce IL-2, and the
control samples were negative for IL-2 as well fdadt shown]. However, as shown in
Fig. 27 B, day 7 BMDC pulsed with rLelF were abtestimulate LelF-primed T cells
to secrete IL-2. In contrast, no IL-2 secretion wiasectable from naive T cells upon
stimulation with LelF-pulsed BMDC (p < 0.001). The-2 level was maximal when
day 8 pulsed BMDC were used as stimulators, beogiathree times as high as in day
7 BMDC samples. Again, day 8 BMDC specifically stiated LelF-primed T cells, not
naive T cells (p < 0.001).
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Fig. 27: Influence of BMDC culture duration on stimulatory capacity. BMDC were harvested on day

7, 8 or 9 of culture and pulsed 20 ug rLelF; 24rkdater, they were mixed with LelF-primed or naive
purified CD4/CD8" T cells as described before. Cell culture supamatwere collected for cytokine
analysis by ELISA after 72 hours of incubation. [WKN-y production, [B] IL-2 production. Statistical
significance is marked as follows: one asteriskoten p < 0.05, two asterisks denote p < 0.01, three
asterisks denote p < 0.001.

Conversely, IL-2 production by LelF-primed T cedliscreased again slightly with day 9
pulsed BMDC. Remarkably, day 9 LelF-pulsed BMDC svelso able to stimulate
naive T cells to secrete IL-2. This result coregatvith the finding that naive T cells
stimulated by day 9 BMDC secrete more IffNhan LelF-primed T cells stimulated
with day 8 BMDC. In other words, while naive T sedlre refractory to stimulation by
BMDC pulsed with rLelF on day 7 or 8 of generatitmey do respond with production
of IL-2 and IFN« to stimulation with BMDC pulsed on day 9. Thus,ilh.elF-primed

T cells respond to immature rLelF-pulsed BMDC, geiti-specific activation of naive T
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cells requires BMDC of a more mature state atithe bf pulsing (day 9).

This experiment revealed that the BMDC culture tareand the concomitant increase
in the number of mature DC have a substantial efat the immunostimulatory
capacity of BMDC only for rLelF pulsing, not for LEetransfection [Fig. 27 and data
not shown]. Thus, two main conclusions can be draWme duration of BMDC
generation, i. e. the maturation stage of the Diliceiat which the cells first encounter
LelF, is critical for their stimulatory capacity astigen-presenting cells. Moreover, the
way LelF is administered is decisive: Expressiohaf by DC after RNA transfection
leads to antigen presentation and recognition bBi#dpeimed T cells, but apparently the
deciding stimulus is only conferred when DC areowdld to take up LelF by
endocytosis from the extracellular medium.

Thus, the combination of maturation stage and typetimulus (i. e. the route of
antigen delivery) is an important parameter for itigiction of the immune response.
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6 Discussion

The battle against the outbreak of infectious diseds fought on many grounds. Both
therapeutical and preventive strategies play ingmbntoles.

Vaccination belongs to the preventive strategiesjr@ to confer sustained protective
immunity to the host. By exploitation of recent krledge in molecular biology and
immunology, considerable success in vaccinationinggasome bacterial and viral
infections has been attained. The development feCtfe vaccines against parasitic
diseases, in contrast, has been more difficult, greup being the leishmaniases,
infections caused by intracellular parasites ofgleud_eishmania

Cutaneous leishmaniasis caused_bynajoris well described in mice; its immunology
has been investigated thoroughly. Many results ssigtpat a potent vaccine will have
to redirect the TH2 response in susceptible BALBIce to a sustained, protective TH1
response — the decisive step to antileishmanialunity It has also become apparent
that the efficacy of vaccines is dependent on tlesgnce of adjuvants, which thereby
represent a critical factor for the developmenprotective immunity.

Our group has focused on studying the functioeo¥ivederived DC as adjuvants in
vaccination against leishmaniasis. In a recentystudngerhans cells were pulsed with
recombinant_eishmaniasubunit antigens and used, thereafter, as i. acinas against
parasite challenge. Most importantly, LelF was tdierd as a single antigen that was
able to confer protection when used for pulsing X that were subsequently
administered i. v. [17]. It appeared to be a prothat is both able to induce an antigen-
specific T cell response and mediate an additiadalvant effect on antigen-presenting
cells, as had been suggested before [24, 216].

Pulsing DC with recombinant antigens does not fsasil requirements that have been
postulated for antileishmanial vaccines, e. g. WdCI pathway with subsequent
elicitation of CD8 T cells is not targeted thereby. Also, proteinifjzation is very
costly and time-consuming. An approach involvingigen delivery by nucleic acids,
e. g. transfection of DC with DNA or RNA&X vivo [259] or targeting genetically
encoded antigens specifically to DC for expresqib®8], seems to be much more
appealing in terms of costs and technical feagbili
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Transfection of DC with RNA has emerged from clatiand basic science research as a
safe and reliable technique with few side effeDifferent methods of transfection have
been investigated, and van Tendelebal. showed that gene delivery into human
hematopoietic cells by electroporation of mRNAas $uperior to any other means of
transfection [259]. Van Meirvennet al. described RNA transfection of murine DC at
the time when our first experiments had been actishgul [258].

The present study was set up to investigate tleetedf delivering RNA encoding the
major antigen LelF to murine DC by electroporation inmparison to classical protein
pulsing. It was particularly interesting to seeif antigen that is a known maturation
inducer retains its innate immunostimulatory préipsrwhen administered as an RNA-

based vaccine.

Inititally, with RNA transfection not yet being @asdard method, a reporter protocol
needed to be established; here, EGFP that allogss @eatection was used. First, the
EGFP sequence was directly cloned into the muligia@ing site of the commercially
available pSP64 vector, but results of transfecafficiency and expression levels in
BMDC transfected with RNA obtained from this pladmiere disappointing.
Systematic studies revealed that the mere trabdifaof in vitro transcribed RNA in a
cell-free system is not a sufficient prerequisite $uccessful and efficient transfection
of DC. In other words, the primary structure, a oagap analogon and a polyA tail are
by all means necessary, but not yet sufficient comepts for satisfactory translation of
RNA by a mammalian cell. The presence and lengthef’ and especially 5’ UTR of
RNA as well as the position and the context ofAkkG initiator codon were shown to
be other critical parameters for translation. Féiygological mRNA, they create,
depending on their length and sequence, higher ndacp structures (with
consequences for stability and their property astgmm binding sites) that influence
translational regulation and may have impact oh gelwth, proliferation and even
apoptosis [177].

In the study by van Meirvenret al, RNA containing both a 5’ and a 3' UTR flanking
the antigen-encoding sequence, thus allowing apjatepfolding of the RNA molecule
to fit into the ribosomal apparatus, was used fandfection of BMDC. The results
showed a much higher transfection efficiency than iaitial experiments (over 70%)
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and satisfying levels of EGFP expression [258]. Bheand 3° UTRs thus being
indispensable for efficient RNA recognition by theammalian cell translation
machinery, we used a pGEM-4Z plasmid vector comtgithe 5 and 3' UTRs of

Xenopus laevig-globin that was kindly provided by Dr. Thielemarirussels, for

further cloning procedures. The schematized straafiRNA molecules resulting after
in vitro transcription from the constructed pGEM-4Z vecterdepicted in Fig. 28.
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Fig. 28: Principles of RNA electroporation.RNA structure and electropermeabilization.

As shown by Western Blot, RNA obtained from the pGEGFP vector was well
translatable in a cell-free rabbit reticulocyte as system. To demonstrate that
translation was also possible in DC, FSDC were usedexploratory transfection
experiments. The principle is shown in Fig. 28. THe@DC cell line possesses a
macrophage/immature DC-like surface phenotype amdiqy capacity unless treated
with a maturation inducer [63]. For transfectiotectric field parameters proposed by
van Meirvenneet al. (300 V, 150 uF) were used [258].

The percentage of EGFP-positive FSDC decreasedtlgligafter 3 hours, and
reincreased after 48 hours post transfection. fitsstransient decrease in transfection
efficiency should be linked to the fact that ev&®¢ receives a different amount of
RNA: some of them have received only low numberBRNA molecules, and then may
have run out of intact RNA early due to its degteata The few resulting EGFP
molecules may have also been degraded quicklyateelan expression level below the
detection threshold with the consequence that abeurof cells was not counted as
“EGFP-positive” any more. The origin of the secqmebk in transfection efficiency
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after 48 hours is unclear. It might be relatedhi® ¢ell cycle and could reflect the fact
that transfected FSDC divide at a higher rate thamtransfected FSDC. This way, a
relatively higher number of cells appear to expte&$P at a level above the detection
threshold after 2 days, although the absolute le¥&xpression decreases. This could
cause a transient increase in the percentage oPHE®Bitive FSDC.

EGFP-transfection of FSDC revealed that the le¥@ntigen expression (with the MFI
as the corresponding marker) is dependent on tee dbRNA used for transfection.
With the high amounts of RNA used in this study (enthan 20 pg), a difference in
transfection efficiency was not detected. In angltgexperiments in BMDC [258] and
human PBMC [206, 254], it can be assumed that lamounts of RNA would cause
lower transfection efficiency rates also in FSDC.

Eventually, both transfection efficiency and antiggxpression level decreased to zero.
The decrease in EGFP detection is influenced by RtgAility, the relatively long half
life of 26 hours of the EGFP protein [41], and olicse cell death plays a role. It was
found that the kinetics of the transfection effig and of the EGFP expression level
was different. Already after 3 hours, about 90%h&f cells electroporated with 40 ug
RNA were EGFP-positive, this being the maximum. i@em expression, in contrast,
took 9 hours to become maximal. In other wordsabout 90% of DC, the transfected
protein is being expressed at some point, thuslablai for subsequent peptide
generation. The onset of RNA translation occurs édiately after electroporation;
within a time frame of only 3 hours, a maximal perage of FSDC is EGFP-positive.
In contrast, it takes longer — 9 hours — until aximal EGFP expression level is
reached. This suggests that within the first 9 Bptmanslation products accumulate
until a maximum is reached; afterwards, the metaldmlance between accumulation
and degradation shifts towards degradation. The b&fiig a paramater for the level of
antigen expression, the amount of antigen exprebgethe cells over time can be
related to the area under the MFI curve.

Remarkably, antigen expression decreases morelyulwn transfection efficiency —
while a relatively high percentage of FSDC are &GFP-positive after 4 days, the
expression level has decreased to about a tentks afaximal value. In other words,
small amounts of antigen are still present intlat@ly in a comparably large
proportion of cells after several days.
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The satisfactory results in the FSDC cell line ared the ground for more detailed
analysis in primary cells. As the highest trans@ectefficiency in BMDC generated
according to the protocol developed by Letzal. [144] was found in immature DC
after 7 days of culture [258], transfection wasriear out in day 7 BMDC in these
experiments. Considering the subsequent prolifema¢ixperiments, it was also taken
into account that day 8 BMDC were demonstrated ¢otlie best stimulators of
allogeneic T cell$n vitro [144], which is why transfection of BMDC on dayallowing
one day for translation, seemed the ideal timer&rsfection.

Similar transfection efficiencies were found in Bi@2lectroporated with 20 and 40 g
RNA. With 10 pg EGFP RNA, transfection efficiencyasviower, yet the curve had a
similar shape. The observation from FSDC experism#mdt transfection with more than
20 pg RNA does not lead to a further increase efpércentage of EGFP-positive cells
was thus confirmed in BMDC. A peak in transfectfficiency was reached after 48
hours, compared to 3 hours in FSDC. There was n@lipeak immediately after
transfection. The first peak in the BMDC transfentefficiency curve after 48 hours
corresponded to the second peak observed in FSidi€ating that an increased cell
division rate of the transfected cell fraction ist ran entity influencing transfection
efficiency in BMDC. The lower transfection efficieyin primary cells (75% vs. 90%)
could be linked to the fact that FSDC, which arbjetted to uncontrolled cell division
after retroviral transduction with anv*“?-myd"™*? fusion gene [63], have a higher cell
division rate than primary DC and are therefore ergrsceptible to intrusion of foreign
molecules.

The level of antigen expression in transfected BM®@irectly proportional to the dose
of RNA used for electroporation. This confirms damifindings by Schafet al. and
Tuyaertset al. [206, 254]. Antigen expression peaks after 24 &oum contrast to
peaking after 9 hours in FSDC. Again, this differermay be related to the slower
metabolism of primary DC in comparison to the imtatzed cell line: It can be
assumed that translation of electroporated RNAibgsomes occurs more slowly in
primary cells than in immortalized cells, and RN#oald also be degraded less quickly
in BMDC than in FSDC. Therefore, RNA turnover byetprimary cell is less rapid,

leading to delayed accumulation and a deferred maixi of antigen expression.
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The translation kinetics of electroporated RNA BMIBC is, as was also shown in this
study, sensitive to treatment with maturation irelg¢ here, the TLR4 ligand LPS was
used for stimulation.

The peak level of EGFP expression (measured as ME$ not influenced by LPS
treatment in BMDC receiving only 10 pg RNA, butwts almost doubled in BMDC
receiving 20 pug. LPS treatment also had no infleemt the time point of the inflection
of the MFI curve (the maximum of antigen expreskidiut the decrease of the curve
was faster.

This LPS-induced increase of MFI, i. e. an incrdasecumulation of the RNA-encoded
antigen, might be caused either by a more efficiearislation of electroporated RNA
(as also suggested by Michiads al [155]) — that would result in faster intracellula
production of EGFP protein — or reflect decreasedgin degradation. Furthermore, the
more rapid decline of the MFI caused by LPS-induceduration could be the result of
the onset of an increased activity of protein- antiNA-degrading enzymes at a later
time point. In fact, some authors favor the viewattregulation of intracellular protein
levels by degradation rivals, and often surpassesginificance, the regulation through
transcription and translation [261].

LPS treatment also increased the transfectioniefity, depending on the amount of
RNA used, by 15 to 30% at 7 hours post transfecfidre observed increase of the
absolute percentage of cells expressing EGFP RRié transfection and LPS treatment
is likely to be related to limitations of the senaiy of FACS analyses: stimulation of
RNA translation by LPS treatment in cells receivongy low amounts of RNA might
increase EGFP expression from levels that are wiberstill below the “detection”
threshold (i. e. the gate chosen for analysis)henm tdetectable levels (i. e. to values
above the gate). At least, as transfection effyens influenced by electrical
parameters, and membrane transition of macromascatarts with complex-pore
formation at the onset of the pulse and is comgletelatest within the minute range
[196], it is unlikely that the complex maturatioropess induced after the pulse should
have an impact in real terms on the percentageltsfloaded with RNA molecules.
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Protein degradation in the cytosol is mainly calroeit by the proteasome: over 80% of
cellular proteins are ultimately recycled through proteasome [92]. The regulation of
its activity is therefore critical for the fate aftosolic proteins. EGFP is devoid of
inherent targeting sequences which permitted icsessful use as a molecular tag for
proteins in a large variety of subcellular compamits [253]. After RNA transfection,
EGFP can therefore be expected to be mainly lamlin the cytosol and thus be
subjected to proteasomal degradation. The protemssmubjected to two important
types of regulations: subunit modification and \ation by binding of the activating
complex PAZ28. Inflammatory stimuli alter the prdiem properties via both
mechanisms [118, 172, 231], but only PA28 stromgtyeases the maximal velocity of
the hydrolytic reaction and decreases the condenmtraof substrate required for
cleavage by the 20S proteasome, albeit this apptegominantly for smaller molecules
[146]. In that course, the faster decrease of Mfeinsin LPS-treated EGFP-transfected
BMDC could be related to LPS-induced PA28-dependetivation of the proteasome.

Another possibility to explain the different exp®s kinetics of LPS-stimulated
BMDC is the subcellular reorganisation of DC aféetivation: upon stimulation with
maturation inducers, DC accumulate newly synthésidgiquitinated proteins in large
cytosolic structures, termed “DC aggresome-likeugetl structures” (DALIS) [138].
Ribosomes are enriched in rings surrounding theremgges, and sometimes, the
ribosomal apparatus is almost completely redisteidun the vicinity of DALIS. These
structures begin to form 4 hours and peak arouhdBs after LPS stimulation, while
after 24 to 36 h, most of them have disappeared. féionation and maintenance,
continuous protein synthesis is required, as théscase after RNA transfection. The
proteasome activity is not affected by the matarafprocess, but polyubiquitinated
proteins and DRIiPs within DALIS have neverthelesoasiderably extended half-life
and seem to be protected from proteasome degradatien after leaving the DALIS
[137, 138]. This increased stability could well &ip why the experiments showed an
increased EGFP expression level within the first@®486 hours after LPS stimulation.
Resolution of DALIS thereafter could explain thecmse of expression levels to

normal or even subnormal values.
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It was important to know which cell type was predaently targeted by RNA
transfection of BMDC cultures. BMDC used in thisudy had been generated,
according to the protocol by Lutet al. [144], by 7 daysin vitro culture before
transfection. Typically, on day 8 of culture, whialas the time for analysis, a large
majority of these cells still exhibit a predominignimmature phenotype [144].
Stimulation of DC with LPS, leading to subsequemptegulation of MHCII molecules,
permitted to conclude if the transfected cells wiatkeed DC or if a different cell type
would be the primary target of transfection. It icblbe shown that with an amount of 20
Hg RNA — yielding a maximal transfection efficieneyabout 50% of cells were double-
positive for MHCII and EGFP. This could be confiminby fluorescence microscopy.
Contaminating cells such as lymphocytes are notsfegted under the conditions used
for DC transfection, possibly because of differpraperties in the electrical field (size,
membrane conductance) [242]. Thus, the RNA-encaatiden is indeed expressed by
DC after RNA transfection of BMDC cultures. Anothanclusion that can be drawn
from this experiment is that BMDC do not lose theiaturation capacity after EGFP

transfection.

In this study, the viability of FSDC and BMDC pasinsfection was determined to rule
out possible cytotoxic effects of the electropalda®NA on BMDC, and to ensure that
the percentage of dead cells was within the rahgé has been reported previously.
RNA electroporation, when compared to mock eledrafpon, did not result in
decreased viability. However, the viability of EGERpressing cells or the percentage
of viable cells expressing EGFP cannot be deduced these experiments. To obtain
such results, BMDC need to be stained with ethidiwomide and analyzed by FACS,
as reported by van Tendelebal.in human Mo-DC [259]. In this study, less than 20%
dead cells were found, and it was shown that de#sl do not express EGFP after RNA
transfection. When gating only on the viable popofa the transfection efficiency
increased from about 60% (entire cell populatiendter 85% (only viable cells) [259].
Based on these experiments, the percentage of E@pRssing cells should be
expected to be even higher than 70% when consglenty viable BMDC.
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Detection of intracellular expression of themajor antigen LelF after transfection of
BMDC with LelF-RNA was not as easy as detectiortha highly fluorescent EGFP
molecule. Also, nothing was known about the intHata stability of LelF. Skeikyet

al. had shown that the amino-terminal half of LelF wagre immunogenic by itself
than the untruncated LelF molecule [216]. As it wagnown if this difference would
be of functional importance also in RNA transfecti@xperiments were carried out
with both LelF(226)- and LelF(fl)-RNA constructs.o@parably to EGFP, LelF is
devoid of any specific signaling or transmembraonendins [24] and was therefore
expected, after RNA transfection, to exhibit prajesrof a cytosolic protein.

In the present study, it was demonstrated thaslatian of LelF(226)- and LelF(fl)-
RNAs in a cell-free system resulted in reproducéstpression of proteins, as shown by
Western Blot. When LelF-RNA was electroporated iB¥MDC, only the non-truncated
molecule LelF(fl) was detectable in Western Blofswdole cell lysates between 2
hours and 48 hours post transfection; LelF(226) nager detectable. Similar results
were obtained by intracellular FACS staining 24 dsquost transfection. This difference
in protein stability was unexpected, especiallyhwitiew to the sustained EGFP
expression.

It has to be kept in mind that even under the erflte of intracellular proteases, EGFP
is a very stable protein, exhibiting a half life approximately 26 hours [41]. Other
proteins are less stable: a report by Schafl. on transfection of human monocyte-
derived DC with RNA encoding tumor-associated amgy(TAA) revealed that in spite
of transfection with equivalent amounts of RNA, tihetectable expression levels of
different antigens may differ by the factor 10. Tégression of some antigens starts
with low values within the first 3 hours and desesaito background levels after 6 to, at
latest, 24 hours post transfection [206]. It issthwell possible that the truncation of the
LelF molecule confers a reduced intracellular sitgbi

One important factor determining the half life gfasolic proteins is degradation by the
proteasome, leading to generation of antigenic igeptfor presentation by MHCI
molecules. The degradation rate of cytosolic pnstewith subsequent MHCI
presentation is influenced by ubiquitination [7Epwever, ubiquitination occurs at the
N-terminus of a given protein and depends on therNinal amino acid residue (the
“N-end rule”) [273]. As LelF(226) is identical witthe 226 N-terminal amino acids of
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LelF(fl), it should be unlikely to assume that eased ubiquitination of the N-terminus
is the reason for its instability. However, it hésen suggested that ubiquitin-
conjugating enzymes may be responsible for degmaddiy recognizing structural
features downstream and distinct from the N-termif@8, 151]. Possibly, differences
in secondary or tertiary structure due to the tation (nb. the C-terminus of LelF(226)
exhibits a different terminal amino acid than Lélff(are responsible for the different
handling by the intracellular degradation machinefhese hypotheses remain,
however, speculative and require further ultrastmad and biochemical analyses for
validation. In any case, intracellular presencéhefintact protein is not required for its
degradation to antigenic peptides. Incompletelpdiated proteins, DRIPs, are in fact
even the most important sources of antigenic peptmlesented by MHCI in DC and
other cells [182, 210].

Also, with respect to a possible future use in vea®n, it has to be taken into
consideration that most migrating DC probably dteraarrival in lymphoid tissue [12].
This emphasizes that a prolonged intracellulargantiexpression would not even be
particularly useful; the critical role of DC is har effective presentation of
immunogenic peptide-MHC complexes in the adequai¢ext and thus the initiation of

T cell-mediated immunity.

To determine T cell stimulation, lymphocyte cultsireere initially set up using LN
cells from naive and from LelF-primed mice. As désed previously by Skeikgt al,
LelF-primed murine LN cells were generated by stdmoeous injection of the
recombinant protein and used as as a read-outnfayea presentation by transfected
BMDC [216]. In that course, this study showed tladthough LelF(226) was not
detectable in BMDC after transfection, probably doets rapid degradation, the cells
did not fail to present it.

LelF-primed LN cells produced more IFNin response to LelF-transfected and rLelF-
pulsed day 7 BMDC than naive LN cells, but the ed#hces were not statistically
significant. A possible explanation is the lackpafrity of these LN suspensions that
also contain antigen-presenting cells that migimtidoute to the activation of naive T
cells.

Therefore, LN suspensions were purified with a Paell isolation kit to obtain a more
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homogeneous responder population. Indeed, therelifte was more obvious when
naive and LelF-primed T cells were used as respen@ay 7 BMDC transfected with
LelF(fl)- or LelF(226)-RNA both elicited a signiBmtly higher secretion of IFN-by
primed T cells compared to naive T cells. Notatilg, levels were in the range that was
elicited by rLelF-pulsed BMDC. This suggests thatigenic epitopes were not only
generated from LelF(fl), but also from LelF(226)iethwas not detectable by Western
Blot in BMDC lysates. As co-incubation with T ceditarted 24 hours post transfection,
the results indicate that peptide-MHC complexestrhase been stable enough to allow
for antigen presentation to T cells. Similar cos@uas for the stability of peptide-MHC
complexes were obtained in two studies with the TMAGE-3: although in MAGE-3-
transfected PBMC, the antigen expression had deedetn background levels after 24
hours [206], the cells retained their immunostinmiga capacity for up to 3 days [155].
Peptide presentation via MHCII was, however, clearbre stable than presentation via
MHCI [155].

The source of IFN-was not determined in this study. Taking into artdhe classical
mechanism of antigen processing of cytosolic pnstetranslated LelF should have
been ubiquitinylated, then degraded by the proteasand eventually presented on
MHCI molecules, which should have resulted in ation of CD8 T cells. However, it
was demonstrated that ~90% of the T cell clondatisd from LN of LelF-primed mice
were TH1 cells, the remainder THO cells [216]. Thigygests that CD4TH1 cells
might in fact at least have contributed to Ifgroduction.

Cross-talk between presentation pathways in DQidimited to cross-presentation, a
pathway by which access to the MHCI pathway is g@nio exogenous antigens. A
mechanism explaining the access of endogenouseastitp the MHCII pathway is
autophagy: peptides derived from endogenous argjgeng. cytosolic self-antigens or
viral antigens, can be bound by MHCII molecules antisequently be presented to
CD4" helper T cells. Autophagy with subsequent lysodotegradation and peptide
loading on MHCII complexes appears to be selectorelong-lived proteins, while
short-lived proteins are preferentially degradedhsyproteasome and are found to give
rise to MHCI, not MHCII ligands [160]. More spedélly, it was found that
overexpression of a non-self protein after trangiacis followed by its MHCII
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presentation, mediated by autophagy [170]. It d¢emmetfore be expected that the long-
lived LelF(fl) may be associated with predominanH®Il presentation, while the
shorter-lived LelF(226) might give rise to an adehigher involvement of presentation
via MHCI. Further experiments should address thiestion. A hypothetical model of

the antigen processing mechanisms after RNA transfeis depicted in Fig. 29.

Proteasome Translocation to

the ER and loading
on MHCI molecules
.) /\L - 9 ER
. MHCI

/ antigenic
peptides
(cytosol)
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translated protein
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Fig. 29: Hypothetical pathways of antigen processgafter RNA transfection. Transfected RNA is
translated into the encoded protein by ribosomesrateased to the cytosol. Here, it may be congdyat
to ubiquitin for proteasomal degradation and subsegtranslocation to the ER and MHCI presentation,
or be engulfed by autophagosomes and follow the Mi@thway. It is also possible that peptides
generated by the proteasome gain access to the Mid@iway.

It was also shown in this study that IL-4 was praetlineither by naive T cells nor by
LelF-primed T cells when stimulated with LelF-tréexcged BMDC. This is consistent
with the fact that in a study by Skeiky al, no TH2 cell clones could be isolated from
rLelF-primed mice, and an only low proportion of4@vere THO cells, producing both
IFN-y and IL-4 [216]. The authors also showed in thigdgtthat rLelF was able to
downregulate the production of IL-4 by lymphocytdd.. majorinfected mice during
in vitro restimulation [216]. Furthermore, in a study usi@IF-pulsed Langerhans
cells as vaccine againkt major infection, the IL-4 production by. major lysate-
restimulated LN cells after 11 weeks of infectiorasvreduced significantly in
comparison to controls [17].

As shown here, the unspecific stimulation of Lelied T cells with the mitogen
ConA and IL-2 also resulted in a significantly lawevel of IL-4 production compared
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to stimulation of naive T cells. This could be a&ule of the substantial (~90%)
preponderance of TH1 cells in LelF-immunized midéhve reduction of the absolute
number of IL-4-secreting (TH2) cells. Thus, LelFnst only able to down-regulate
Leishmaniaantigen-specific IL-4 production by LN cells franfected BALB/c mican
vitro [216]; the overall IL-4 producing capacity of LNelts from BALB/c mice in

response to unspecific stimulators is also downHeggd by immunization with LelF.

The maturation state of DC is critical for the demn if the cells assume
immunostimulatory properties. Van Meirvenne and leagues showed that
electroporation of BMDC itself, in the presenceaimsence of EGFP-RNA, does not
induce maturation [258]. It was, however, not preghle how BMDC would react to
RNA transfection with a protozoan antigen: LelRiprotein that stimulates cells of the
innate immune system [24] and BMDC to secrete ILFIZ]. This effect was proven
not to be associated with endotoxin contamination linked to its protein nature [183].
It was important to know if LelF transfection wouwdtso result in IL-12 secretion, as the
mechanism of how LelF exerts its potent innate @&tion is not known.

First, the experiments revealed that BMDC receivinglF were able to secrete 1L-12
in levels depending on the dose of antigen usedor&k however, no IL-12 secretion
could be detected when the antigen delivery wasrapanied by electroporation. It is
known that exogenous antigens can be delivereldetantigen presentation pathways of
antigen-presenting cells by electroporation [148)f so far, no influence on their
capacity to secrete cytokines has been describededwer, no IL-12 production was
elicited by BMDC that were transfected with LelF§22or LelF(fl)-RNA.

The unability of LelF-transfected and rLelF-elepmoated BMDC to secrete IL-12 is
unlikely to be caused by the same mechanism —sitthide viewed together with the
rest of the cytokine profile. While LelF-transfedteells seem to be more or less
unresponsive in general, according to their ovdadllire to secrete cytokines, I1L-12 is
the only cytokine whose production by BMDC upon IfLéreatment is abrogated by
electroporation. The production of other cytokimess not abrogated completely. E. g.,
electroporation did not influence IL-6 productionaay point, while IL-B production
was only affected at higher concentrations in tleeteoporated samples. IL-10 levels
were even higher in BMDC samples receiving low amswf rLelF (10 and 20 pg) via
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electroporation, while there was no difference wtiexy received 40 pg of rLelF. This
could be related to the fact that in samples réngivi0 pg rLelF, the effect of
remaining extracellular rLelF outweighs the effetelectroporated, intracellular rLelF.
A decreased BMDC viability is unlikely to be resgdile for the complete failure to
secrete IL-12, as e. g. IL-6 production was una#fiéecPossibly, the IL-12 pathway is
interrupted at some point by the electric pulseel&mans and colleagues reported that
the ability of human PBMC to secrete IL-12p70 upObB40 ligation was indeed
impaired even after mock electroporation, and evene clearly after electroporation
with EGFP-RNA. However, the detected amounts wetdl distinctly above
background levels, and IL-12p40 production was afityhtly impaired [254].

The complete abrogatory effect of an electroporatexein on IL-12 production by
antigen-presenting cells that was seen here haghbteen described in the literature. If
it resulted from impaired LelF recognition earlystngam in the signaling cascade,
hypothesizing that the LelF receptor was locatedusively in the cell membrane and
taking into account that the process of electropmmacan affect the activity of proteins
due to an electroconformational change of the pratself [38], this should have an
effect on the secretion of all cytokines. Howevet all other cytokines were affected
in the same way.

The disturbance could also be located further dowas and primarily affect 1L-12
production. The difference might then be linkedhe fact that IL-10 is a homodimer,
and IL-18 and IL-6 are monomers, but IL-12 is a heterodioemposed of the p35 and
the p40 subunit that underlie separate, independ@ahanisms of regulation [19] —
accounting for the fact that the IL-12p70 hetercelinmight actually be a soluble
receptor-ligand complex [30]. Indeed, there aréeddnt regulating mechanisms that act
on both subunits: while the p35 chain level is esieely modified posttranslationally,
the p40 chain is mainly regulated transcriptionallyd otherwise subjected to only
minor modifications during biosynthesis [30]. Thatracellular presence of the
electroporated LelF molecule could interfere witle imodification of the p35 subunit
that is necessary for assembly of the p70 hetemrgliso that IL-12 is not detectable in
the supernatant. If so, the impaired mechanism Idhbave a role late in IL-12p70

formation.
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Still, inhibition of IL-12 secretion by electropdi@an of the TH1 adjuvant rLelF is
surprising, especially with respect to the factt tHaelF was not washed from the
samples after electroporation and thus still haal ¢apacity to stimulate BMDC. It
cannot be assumed that all protein was electrogarabme rLelF must have remained
in solution and should have elicited IL-12 prodanti The fact that it failed to do so
could speak for the induction of a refractory D@tstby intracellular rLelF. At least,
Tuyaertset al. showed that the electroporation process itsely sfightly reduces the
ability of DC to produce IL-12 [254]. Thus, the et seen here has to be related to the
nature of the electroporated protein, not justaleetric pulse.

As for intracellular presence beishmanigparasites in DC, it is well accepted that their
uptake results in IL-12 production [264, 265]. lonle marrow-derived macrophages it
was shown thakeishmaniapromastigotes evaded IL-12p40 expression in respon
other IL-12-inducing stimuli, while the activatigrathways for other cytokines like IL-
10 remained relatively intact [31], but so far #hés not evidence for a similar effect in
DC. Possibly, day 7 BMDC represent such an immastate of DC that their response
resembles that of macrophages when confronted Jwaibhmanial compounds
intracellularly. Also, the secretion of other pritammatory cytokines is less impaired
than IL-12 production in BMDC receiving rLelF videetroporation, an effect that is
comparable to the reaction of macrophages aftekepdf promastigotes [31]. It should
be mentioned in this context that under certaind¢@mns, immature DC can revert to
macrophages [134, 197]. Thus, the IL-12 downreguiatipon rLelF electroporation
possibly represents a macrophage-like propertwoltld be interesting to investigate
further if the inhibitory effect of electroporatetelF on IL-12 production persists at
more mature states, and to see if there is algffact on the mRNA levels of IL-12p35
and p40.

IL-12 downregulation could also have another catreh on the cellular level: Many
parasites aim to evade the host’s immune respoygargeting intracellular signaling
pathways and other mechanisms [reviewed in 44]14Lproduction is dependent on
intracellular signaling, and intracellular rLelF ght have interfered with these
pathways. It has been shown that stimulation ofidth TLR ligands is followed by
differential modulation of distinct components b&tMAP kinase signaling pathway [3,
81, 271]. There are three major groups of MAP lasaghe p38 MAP kinases, the
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extracellular signal-regulated kinases (ERK) 1/2] dhe c-Jun N-terminal kinases
(INK) 1/2.

It was shown that the stabilized form of the imnageliearly gene product c-Fos acts as
a negative regulator of IL-12p70. The treatmentD& with TH2-promoting stimuli
such as SEA (schistosome egg antigens) resulisstaised duration and magnitude of
ERK 1/2 phosphorylation. Sustained ERK signalingntigives rise to enhanced levels
of c-Fos expression in DC [162] and thus leadsugpeession of I1L-12 production [3].
It is accompanied by enhanced IL-10 production .[48]

On the other hand, IL-12p70 production is posigivedgulated by phosphorylation of
p38 and JNK 1/2, promoted by compounds that biBld hresponse such &s coliLPS
and bacterial flagellin [3]. Interestingly, IL-6 gquuction by DC elicited after
stimulation with SEA was independent of c-Fos atstignd seemed not to be regulated
by ERK kinases [3]. This was confirmed in hepatellate cells, where IL-6 production
appears to be regulated by p38, but is indeperadfeMK and ERK signaling [245].

The cytokine levels produced by BMDC after electn@pion with rLelF, as seen in this
study, had a pattern similar to TH2-skewing stimtdaComparably to stimulation with
SEA, IL-12 production was completely suppressed,ilevtlL-6 production was
unaffected. With low and medium amounts of rLeli€ tL-10 levels were increased.
These results suggest that electroporated rLelFhtmitave interfered with an
intracellular MAP kinase pathway, possibly with ERIR. This would be a property
shared by other PAMPs: Another conserved leishrhamidecule, lipophosphoglycan,
a TLR2 ligand, was shown to stimulate the ERK lathway in macrophages, resulting
in down-regulation of IL-12 [57]. A hypothetical mel of how rLelF might interact
with intracellular MAP kinases is depicted in Faf).

Agrawalet al. attributed the different effects after stimulatioih different PAMPSs to
the type of TLR that was involved [3]. The pointevé rLelF interferes with the MAP
kinase pathways could thus be an intracellularpteeehat is different from its receptor
involved in extracellular signaling, but it may @alsnmediately interact with other non-
receptor components of the MAP signaling cascadehdu downstream. Other
protozoans that can induce a state of “LPS tolerare transient, non-responsive cell
state that is marked by inability to produce IL-#2g.Toxoplasma gondiwere shown
to interact with several intracellular targets, e&nproximal and distal parts of the TLR
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signaling pathway and transcription factors sucls@AT 3 [reviewed in 61]. Further
research will be required to define the exact pofnhteraction.

Perhaps leishmanial LelF that is believed to batiredly abundant within the parasite
[24], and although being an intracellular protésnable to facilitate parasitic survival by
inducing IL-12-depressive effects, and thus cootab to parasitic host evasion. It
could be indicative of an evasion mechanism thaagic molecules can have on the
host cell even after death of the parasite andaseleof its compounds into the
cytoplasm. The increased IL-10 levels produced MDE after rLelF electroporation
equally support this hypothesis: IL-10, biasingisedse-promoting TH2 state, leads to
higher parasite persistence and thus survival imatly resistant mouse strains [262]. It
was even shown that lack of IL-10 during infectiith L. major results in total
elimination of the parasite [13]; IL-10 is theredoa critical factor for long-term
persistence of the parasite within the host.

extracellular 4
LelF

LelF receptor bC

)

@ intracellular
[ LelF

@

IL-12 IL-10

TH1 THO TH2

Fig. 30: Hypothetical model of rLelF interaction with intracellular DC signaling pathways.
Experimental evidence suggested a bipartite natfreLelF: (1) Extracellular LelF could cause
phosphorylation of JNK or p38 MAP kinases whichcigtical for the induction of IL-12. IL-10
production is induced to a little extent by activatof JINK and p38. (2) Intracellular LelF coulderfere
with different points of the ERK pathway, leadirgdtabilization of c-Fos with subsequent suppressio
of IL-12 production and secretion of IL-10. Depemglion how strong the activation of the MAP
pathways is, the cytokines IL-12 and IL-10 bias Theell response towards the opposite ends of the
TH1/TH2 spectrum.
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The altered cytokine profile suggests that Lelfa isrotein with a bipartite nature. Its
effect on DC might in fact depend on where thesceticounter it: while extracellular
pulsing promotes TH1 polarization, intracellulaegence favors a TH2 response (Fig.
30).

The fact that no proinflammatory cytokines are ewmd upon LelF transfection
suggests that BMDC do not recognize the LelF mddedhey have synthesized
themselves as a PAMP. This could be explicablé was degraded immediately after
synthesis, which appears to have happened to Hmslated LelF(226) molecule;
however, intact LelF(fl) was detected in whole dg#lates, so DC should have been
able to respond to it. According to the absencenajor hydrophobic residue clusters
and targeting sequences, LelF is believed to hgasalic protein [24], and should thus
not be expected to be directed into segregatedl@eltompartments where it would
avoid contact to TLR. The unresponsiveness of DG/ ma related to a lack of
recognition, possibly due to a different tertiayusture of LelF molecules after
translation by the DC protein synthesis machineryjt may indeed be related to an
immunological silencing function mediated by tracsion with LelF-RNA and
subsequent overexpression of the encoded protein.

Expression levels of the co-stimulatory molecule86Dvere only slightly elevated in
BMDC receiving either LelF(fl)- or LelF(226)-RNA aielectroporation, compared to
BMDC transfected with control RNA. The CD86 expiiesslevel of BMDC that were
pulsed with rLelF was not reached. This contradth whe fact that CD86 expression
was found not to be influenced by LelF in human owme-derived DC [183]. It is,
however, important to know that LelF transfectiauses a slight, rLelF-pulsing an
even more pronounced up-regulation of CD86, bec&¥&6 was shown to have a role
in TH1-priming by DC that have a crucial role irtimshmanial immunity [159].

MHCII expression was slightly enhanced in LelF{fsnsfected BMDC, and more
pronounced in BMDC receiving LelF(226)-RNA. Extrligkar pulsing only caused a
slight upregulation of MHCII expression which casts with the clear upregulation of
CD86 expression.

What does this imply for the effect of LelF on thmaturation status of DC? The
secretion of several proinflammatory cytokines,hsas IL-B, IL-6, IL-10 and IL-12,
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as well as the upregulation of CD86 suggests tbelfrpulsing induces maturation of
day 7 BMDC, albeit not strongly. Notably, the exgsien levels of surface markers are
not upregulated unanimously by rLelF as they aretbynger maturation stimuli such
as LPS that causes prominent upregulation of D@asermolecules, e. g. MHCII,

CD40, CD80 and CD86 [144]. Conversely, the lackswlbsequent cytokine secretion
and the failure to up-regulate co-stimulatory males more than just slightly suggests
that transfection of BMDC with LelF(226)- or LelB(RNA does not induce

maturation.

However, the maturation state of DC also needstuttged with view to their ability
to stimulate T cells to proliferate. In the expegimts presented here, the capacity of
BMDC - that were either transfected with LelF-RNApulsed with rLelF on different
days of culture — to elicit production of IFNby naive or LelF-primed T cells was
assessed. Strikingly, the IFN4evels increased substantially when T cells were
stimulated with BMDC that were pulsed with rLelRexfone or two more days of
culture duration, i. e. on day 8 or 9 of culture;dcontrast, they remained within the
magnitude elicited by day 7 BMDC when LelF-trangéec cells were used for
stimulation.

The interpretation of this result is difficult, @sere has not been any report so far
describing the effect of electroporated murine Dpamary T cells in standaid vitro
proliferation assays. Most reports, even on humén &e based on standard model or
tumor antigens for which MHCI- or MHCII-restrictefl cell lines are available [50,
155, 257, 258]. It has to be kept in mind that nexjuents for T cell lines to proliferate
are lenient: T cell hybridomas do not require dmstation to become activated. This is
due to the fact that they are generated from tatyidlifferentiated armed effector T
cells that do not require CD28 signaling for adiwa [107]. In that course, day 7 non-
matured OVA-transfected murine BMDC were shownttm@late an OVA-specific T
cell line at a DC:T ratio of merely 1:40 [258]. Hewver, one report demonstrated
specific lysis ofex vivepulsed, adoptively transferred primary CTL by nnatl)
electroporated DOn vivo [257]. Thus, if mature electroporated DC are used a
stimulators, an activation of primary T cells isslwally demonstrable. In this regard,
mostin vitro studies also involved mature DC as stimulator$ Hzal been matured
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either by cytokine cocktails or by other maturatioducers such as LPS.

It has been shown that the longer BMDC are beirigiad according to the protocol by
Lutz et al, the higher percentages of cells exhibit a maphenotype in terms of
surface marker expression [144]. However, with eespto the presented results,
maturity acquired after longer duration of cultg@es not seem to be the culprit, as it
does not account for the extreme differences imkige production in lymphocyte
cultures between day 7, 8 and 9 rLelF-pulsed BMBGtanulators on the one hand and
LelF-transfected BMDC on the other hand.

The more than sevenfold increase of Ifroduction from day 8 BMDC to day 9
BMDC is particularly surprising. As stimulation wearried out for 72 hours, T cells in
both assays were exposed to DC that were in cuitnréay 10 and 11 under the same
conditions. It seems unlikely that it is merelyeanporal difference of stimulation for 24
more hours on day 12 that could explain this enasnocrease, especially as IFN-
production is even higher from naive T cells stmedl with day 9 BMDC compared to
LelF-primed T cells stimulated with day 8 BMDC (adugh this possibility could be
excluded in a 96 hours lymphocyte culture). In iddj after 12 days of culture BMDC
do not mature further unless stimulated with eLRS [144], so there is no reason why
during another day the stimulatory capacity shosdgldenly rise. Here, the high
production of IFNy in day 9 BMDC samples rather seems to be a reduthe
“maturation age” of BMDC at the time of pulsing -hah is obviously linked to the
susceptibility, or “proneness to respond” to a matian stimulus — and the maturation
stimulus itself, rLelF.

This view is supported by the fact that in samplgk naive T cells as responders, day
9 BMDC, but not day 7 and day 8 BMDC elicited proglon of IL-2. IL-2 production
by LelF-primed T cells upon stimulation with rLefftdsed BMDC in the adequate
context is not as surprising because these T lealls been “educated” to recognize this
antigen before, i. e. they have been activatediestao express the high affinity IL-2R
[7] and therefore probably do not require suchgh evel of co-stimulation as naive T
cells. They do not need BMDC-derived IL-2 to becoawtivated and produce IL-2
themselves. Conversely, IL-2 production by naivecélls is a marker not just for
expansion, but for their activation upon the inida of an immune response by rLelF-
pulsed BMDC. The ability of DC to secrete IL-2 upomate receptor recognition
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marks the state in which they are able to initeggrimary immune response and thus
bridge innate and adaptive immunity [73]. This prdp, in the present study, was
acquired only by BMDC that had reached day 9 migtand that received LelF as
recombinant protein. In contrast, transfection wi#F-RNA with subsequent LelF
expression did not confer this signal: IFNvroduction remained within the range of day
7 BMDC-stimulated T cells, and the IL-2 level wadly above background. It can be
concluded that primed T cells only proliferate whstimulated with rLelF-pulsed
BMDC; they do not proliferate when stimulated wlitésl F-transfected BMDC, although
they recognize LelF-derived antigenic peptidesndgated by IFNy production.

How can these differences be explained? It haetbdsn in mind that several factors
influence the magnitude of the T cell responsessitally, presentation of the antigen
via MHC molecules has to be paired with recognition the appropriate TCR;
moreover, co-stimulation with CD80 and CD86 is ¢desed as the second signal that
is required for T cell activation. Certain cytokinkave been suggested to be critical for
the polarization of the immune response, such akR?llfor TH1 and IL-4 and IL-10 for
TH2. In addition, recent reports emphasize that d@@ved IL-2 is the first crucial
signal for the activation of naive T cells and ntigus represent a key switch from
tolerance to immunity as one of the central playerdhe bridge between innate and
adaptive immunity [73].

Another factor that must not be underestimatedhés nature of the peptide that is
presented via MHC molecules. Different inflammatorymetabolic conditions can lead
to the generation of an altered pool of peptidé® proteasome, upon assumption of a
different subunit constitution (“immunoproteasomet) after activation by PA28, can
exhibit different cleavage site preferences [118hile the diversity of the peptide
repertoire generated by the lysosomal proteolytegrddation machinery can be
influenced, upon maturation, by increased proteasgity after lysosomal acidification
[249]. In addition, under certain conditions, pdptimodifications such as post-
proteasomal processing [118], peptide splicing [283posttranslational modifications
[reviewed in 249] may possibly have an influence the immunogenicity of the
peptide. In that course, both the proteasome amdiyfosome are thought to contribute
to the nature and the immunogenicity of the presgpeptides — and thus to the quality
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of the T cell response. It is therefore well polsihat adequate recognition of rLelF
and subsequent activation of BMDC leads to the geio® and presentation of a more
immunogenic peptide.

Also, the stability of MHC-peptide complexes is ayk parameter for the
immunogenicity of an antigen [133], and maturats@am, under certain circumstances,
increase the stability of both MHCI- [35, 126] amdHClI-peptide complexes [34]. It is
thus imaginable that an enhanced stability of MHptwle complexes after activation
by rLelF may have contributed to the higher immusmagity of day 9 rLelF-pulsed
BMDC.

A clue supporting the view that the selection angstthe immunogenicity of presented
peptides are influenced by the activation statéhef DC is provided by experiments
showing that both proteasome inhibition and RB-blockade result in decreased T cell
responses [26].

In conclusion, for the induction of an immune resg® it is not only necessary that DC
present an antigen via MHC molecules, but additidaators are also important.
Proliferation experiments with transfected DC présd here showed that immature DC
were indeed able to present the antigen to primeell§, but did not elicit prominent
proliferation. The culprit could not be the doseaotigen administered: rLelF-pulsed
day 7 BMDC were equally poor stimulators as werdFtteansfected BMDC, but
received the same amount of rLelF as did day 9 BMith elicited a much stronger
T cell response.

However, even if rLelF induced upregulation of ¢masilatory molecules and secretion
of proinflammatory cytokines, these factors alorexrevnot sufficient to induce a strong
T cell response. The maturation age of DC was itapbrs well, which shows that the
induction of maturation (here, with rLelF) does radwvays have the same consistent
outcome, but that the time of induction is crititad: Only day 9 rLelF-pulsed BMDC
were able to stimulate naive T cells, albeit aaer level, and should thus have
immunogenic properties, possibly alsovivo. If this property related to the maturation
age reflects e. g. the differential expression e teceptor for LelF or an internal
functional property of DC that is acquired with &mwill have to be studied in the
future. Fig. 31 depicts a hypothetical model fag tble of components of T cell - DC

interaction.
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Fig. 31: T cell activation. Before signals 1) to 3) can exert their activatingction upon T cells, the
BMDC needs to exhibit another property, marked hesea fourth prerequisite — possibly the LelF
recognition receptor or a specific internal funetiohich is not present before day 9 of culture.

Yet, how can the effects of BMDC transfection beiipreted? The unresponsiveness of
primed T cells seems, regardless of all remarksenaddut co-stimulation, surprising —
considering that, as mentioned, antigen-restrigteell lines proliferated vigorously to
transfected BMDC or PBMC in similar experimentscdll lines are usually expanded
from activated T cells, so the persistent unrespensss of primed T cells to day 9
BMDC is puzzling.

The phenomenon seen here requires differentiatetwden anergy and tolerance — a
field that is still subject to vibrant discussiofinergy of T cells, on the one hand,
denotes a state of antigen-specific unresponsigetieg prevents further activation.
Tolerance, on the other hand, is characterizechliyré to respond to an antigen, but it
is thought that it is due to the tolerizing cappoif regulatory CDAT cells. It has been
shown that the molecular bases for these two imhogimeal properties are indeed
different: anergic T cells appear to have folloveedaborted activation pathway that can
be reversed, while regulatory T cells follow a iist developmental pathway that
extinguishes effector functions [119]. Notably, aye T cells do not secrete cytokines
at all, whereas regulatory T cells produce effect@okines such as IFN-or IL-4. It is
thus well possible that T cells producing low levedf IFN+ in the presented
experiments are tolerance-mediating regulatorylis.ce

In addition, the phenotype of BMDC used here rededhthe phenotype of DC that
were termed “semi-mature” by Lutz [145]. These semature DC typically induce
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regulatory T cells [145]. In conclusion, it is welbssible that DC presenting LelF
epitopes after transfection, and also after pulsitg rLelF in an immature state, act as
a tolerogenic, possibly semi-mature, cell populatibhe production of IL-12, as seen
here in experiments using day 7 rLelF-pulsed BMBG@mulators, is not a sufficient
prerequisite for priming of naive T lymphocytess@\l its secretion by BMDC is not
necessarily followed by proliferation of primed €&lls; therefore, IL-12 does not serve
as an appropriate predictor for strong T cell resgs. A naive T cell response, |i. e.
priming of naive T lymphocytes, only occurs if fullaturation of DC is achieved.
Possibly, DC-derived IL-2 production is indeed thnigical step [73].

To substantiate this hypothesis, a further charaet&on of the responding T cell
population — if they are primarily CD8r CD4 T cells, if they produce IL-10 as
regulatory T cells typically do [4, 111] — and theictivation requirements — if the
activation is e. g. TNk-dependent [153] — will be necessary.

As with LelF transfection, the necessary signal D& activation is not conferred, it
would be also interesting to see if the adminigirabf another extra- or intracellular
maturation stimulus is able to increase the T oedbonse. In that course, e. g. co-
transfection of human PBMC with tumor antigen mRIMAd double-stranded viral
RNA — poly(I:C), a TLR3 ligand [5] — was observesl dause stronger CTL responses
than DC stimulated with a cytokine cocktail [L5Af in leishmaniasis, the TLR9 ligand
CpG [89] was shown to contribute to a protectivemimme response in otherwise
susceptible mice [186, 212], CpG might also be mteresting candidate to study
activation of LelF-transfected BMDC.

The results of the present study also suggesBii@C kept in culture for 9 days at the
time of their treatment might serve as more effecstimulators than BMDC cultured
for only 7 or 8 days. For further investigationladlF transfection of BMDC, emerging
results from transfection studies in human PBMCu&hdoe considered: The initial
pioneer view that electroporation prior to matwatresults in a higher level of antigen
presentation [259] has been countered recently syshematic studies on the ideal time
points of electroporation and onset of maturatiofhey revealed that RNA
electroporation of mature DC — rather than eledragon of immature DC that are
subsequently matured — is not only equivalent imseof transfection efficiency, but
even superior in terms of immunogenicity [22, 1366].
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With respect to the fact that RNA-transfected BMDdiight be tested as vaccines
againstL. majorinfection in mice, several advantages should beted out that widen
the applicability of the technique. RNA transfeatis a method of antigen delivery that
is not only independent of the recipient’'s MHC lwapbe, but it also leaves room for
application of a variety of different antigens: vias shown that the simultaneous
transfection of three different RNAs does not redulbe expression levels of each
antigen seperately [206]. It can therefore be imedjithat RNA of a multi-subunit
polyprotein, e. g. the tandem-linked protein Leldliif — which also contains the
LelF(226) sequence — that proved to be protectivBALB/c mice when administered
as s. c. vaccine, could be tested in RNA trangfac{B9, 214]. Furthermore, the
applicability is not limited by the functional stabf DC — the change in endocytic
activity during maturation has no impact on thesfaction efficiency: it is comparable
in DC prior to and after maturation [206].

One limitation pointed out in this study is the pibte interference of intracellular
parasitic proteins with host cell signaling cassaddthough the phenomenon was not
demonstrated in RNA-transfected BMDC, it could Wewn that the intracellular
presence of a parasitic protein alters the cytokiradile of DC. It has to be born in
mind that intracellular parasites suchLasnajor have developed strategies to persist in
cells of the phagocytic system. There are meansirmumvent this problem: the
encoded antigen can be linked to targeting seqsahe¢ direct the translated protein to
subcellular organelles, thus reducing the exposorbost signaling pathways. Also,
processing and presentation via the preferred MEtbvpay can be achieved with the
help of targeting sequences. Ubiquitin can be addegroteasomal degradation and
subsequent presentation via MHCI [246, 258]. Fogdang to the MHCII pathway, the
antigens can be linked to endosomal sequencesasutie invariant chain [258] or to
the lysosomal membrane proteins LAMP-1 and DC-LAKd#endritic cell lysosome-

associated membrane protein) [22].

What is the expected role of RNA-transfected BMDEL vaccines againdt. major

infection? As mentioned, the nature of the encqatetkein and the expression level can
bias the predominance of the processing mecharash, DC also allow extensive
cross-talk between the two classical MHC pathwayerefore, it cannot be predicted
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with certainty which T cell compartment will be aetted to what extent. Still, without
the introduction of signal sequences, assumingxpected cytosolic expression of the
encoded antigen and hypothesizing that presentaiian MHCI will occur
predominantly, CD8T cells should be primarily activated.

Although CD8 T cells were shown not to be able to compensatetie lack of
functional CD4 T cells in MHCII-deficient C57BL/6 mice with theonsequence of
disease exacerbation in primary disease [53], #ieynevertheless thought to play an
immunoregulatory role on IFM-producing CD4 T cells after vaccination, enabling
TH1 differentiation of CD4 T cells [80]. There is evidence that this effext FN-y-
mediated and is dependent on IL-12R expressionlad@ productionin vivo. At least
for the DNA vaccination model used in this study®yrunatharet al, the hypothesis
was established that a sustained TH1 responseresqaibidirectional interaction in
which CD4 T cell activation is required for production ofNFy by CD8 T cells,
which in turn helps to maintain the frequency of4CIFN-y-producing T cells [80].

In the present study, transfection of DC with atproan antigen was studied for the
first time. BMDC expressed tHe majorantigen LelF and presented it specifically to T
cells. In comparison to pulsing with recombinantA,grofound differences were found
with respect to DC function, phenotype and immumagy: LelF did not deliver the
same activating signals to DC after transfectiomféex protein pulsing. This contrasts
with the immunostimulatory capacities of DC afteNAR transfection in many tumor
models.

Nevertheless, the study revealed important difleesrbetween antigen delivery to DC
via RNA transfection and protein pulsing that vadl helpful for further development of
vaccination techniques, especially against diseceesed by protozoans. Particularly, it
showed that the outcome of RNA transfection of BMBQiot simply transferrable to
just any antigen. Still, if the choice of antigearsd the activation requirements of DC
are carefully taken into consideration, the us®&NA-transfected BMDC as vaccines —
a technique that does not underlie the restrictiohsrent to classical plasmid DNA
vaccination [27] — might eventually be part of ttemwl box on the search for an

antileishmanial vaccine.
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7  Summary

Cutaneous leishmaniasis is an infectious diseaseigrendemic especially in tropical
and desert regions with an incidence of 1.5 mileases per year and a prevalence of
12 million people infected worldwide. The infectican be caused by the intracellular
parasiteLeishmania majar The disease has been studied extensively in tinenen
model. It has become apparent that the inductiom @lass of interferon (IFN)-
producing CD4 T helper cells (TH1 cells) that activate macrogsagdo kil the
parasites they harbor is desicive for the estatigsit of immunity. The redirection of
the host’s immune response towards a protective git¢hotype will also be the key to
an effective vaccine.

Dendritic cells (DC) loaded with leishmanial antigex vivowere lately described as
vaccines againdt. majorinfections. One single recombindrgishmaniaantigen, LelF
(Leishmania homologue of eukaryotic ribosomal initiation factda), which was
identified as a protein that stimulates DC to secmaterleukin (IL)-12 and discussed as
a pattern-associated molecular pattern (PAMP),faiasd to mediate a protective TH1-
dependent effect when used for pulsing of DC. Tp@ieation of recombinant proteins
is tied to many disadvantages, which is why othethads of antigen administration
have been developed. RNA electroporation of DC reaently emerged from tumor
research as a safe and versatile method of antiglerery, by which a large number of
RNA molecules encoding a specific antigen gainessdo the cytosol of DC by an
electrical impulse.

The present study describes, for the first timengfection of DC with RNA encoding a
molecularly defined parasite antigen.

Initially, a standardized protocol for RNA trandiea was established, using the
enhanced green fluorescent protein (EGFP) as mpantigen. EGFP-RNA was well
translatable in am vitro translation system, and both a DC cell line (fetah-derived
DC; FSDC) and murine primary bone marrow-derived DPBMDC) could be
transfected efficiently, with a yield of up to 90&8hd 75%, respectively. In both cell
types, maximal transfection efficiency was attaimath 20 pg RNA and could not be
further increased with larger amounts of RNA. Tlel of antigen expression,
measured as the mean fluorescence intensity (M§ifjldw cytometry, was directly
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proportional to the amount of RNA used for trants@et In FSDC, transfection
efficiency and MFI were generally higher than in B& when the same amounts of
RNA were used. Furthermore, the kinetics was shimnme sensitive to treatment with
lipopolysaccharide (LPS): the expression peak wgbkehn and was reached sooner,
followed by a more rapid decline.

In transfection experiments with LelF, two varianfsLelF-RNA were used: LelF(fl)-
RNA, encoding the complete LelF sequence, and P@E)(RNA, encoding only the
aminoterminal half of the LelF sequence (226 ananamls), the immunogenic part of
LelF. Only LelF(fl) was detectable by Western Bintwhole cell lysates of BMDC
after LelF(fl)-RNA transfection, whereas LelF(22@puld never be detected in
LelF(226)-transfected BMDC. However, as both cangt were well translatable in a
cell-free system, the failure to detect LelF(226)BMDC lysates did not represent a
failure in RNA translation, but rather a rapid get degradation.

It was therefore expected that LelF(226)-transt&MDC should nevertheless be able
to present LelF(226)-derived antigenic peptided teells from BALB/c mice primed
with recombinant LelF (rLelF). This hypothesis wasnfirmed by measuring 1FM-
production in BMDC-T cell co-incubation assays, whwg that rLelF-pulsed,
LelF(226)- and LelF(fl)-transfected day 7 BMDC dmdlleed activate T cells from LelF-
immunized mice in an antigen-specific manner. Imtcast, IL-4 was not produced,
which was consistent with the fact that T cellsnfdun lymph nodes from LelF-primed
mice are primarily of the TH1 type.

In the supernatants of LelF-transfected BMDC cefurin contrast to rLelF-pulsed
BMDC, the proinflammatory cytokines ILB1IL-6, IL-10 and IL-12 were not detected.
This effect was not due to the electroporation pdoace, as cytokine production by
BMDC electroporated with rLelF was only partiallgnpaired. Also, the expression
levels of CD86 were lower upon LelF transfectioarttafter pulsing with rLelF. Thus,
LelF transfection did not induce maturation of DI@.conclusion, LelF-transfected
BMDC may have acted as semi-mature antigen-spetifierance inducers, with
regulatory T cells as responders.

The effect of LelF transfection on the immunostiataty capacity of BMDC was not
significantly increased when day 8 or 9 BMDC wesedi However, day 8, and even

more day 9 BMDC pulsed with rLelF mounted a vigaol cell response. Day 9
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BMDC were able to activate naive T cells.

In conclusion, before a strong T cell responsersgdielF can be induced, DC need to
— besides presenting antigen and expressing coHdationy molecules — exhibit a
susceptibility to the innate signaling molecule E&Vhich is linked to their maturation
age. This third signal is provided by extracellulgelF, but it is not conveyed — or is
suppressed — by intracellular LelF after LelF-RNansfection.

Furthermore, electroporation of rLelF abrogated 18 - production by BMDC
completely, the production of ILELwas reduced with higher antigen doses, and the
production of IL-10 was partially increased. The@lproduction was unaffected.

This altered cytokine profile suggests that LelFaa® AMP might have a bipartite
nature: besides exhibiting the capacity to stineulat12 production upon extracellular
presence, thereby enhancing host resistance agaimstjor, LelF could also contribute
to parasitic host evasion mechanisms from intratallcompartments of DC, possibly
by interfering with mitogen-activated protein (MARnase signaling pathways. Thus,
the adjuvant properties of LelF depend both omitsle of delivery (transfection with
RNA vs. pulsing with the recombinant protein) ahd targeted compartment (extra- vs.
intracellular).

From this work, it can be summarized that BMDC \aedl transfectable with a parasite
antigen. The antigen is processed and presentéd, ibunot recognized as a PAMP by
DC. Hence, transfection with antigen-encoding mRbB\itself does not convey all
necessary signals for the elicitation of a potemhune response.
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8 Zusammenfassung

Die kutane Leishmaniose ist eine Infektionskrankhaie besonders in tropischen und
Wistenregionen endemisch ist, mit einer Inzidenz ¥& Millionen Fallen im Jahr und
einer Pravalenz von 12 Millionen Infizierten welitveDie Infektion kann durch den
intrazellularen Parasitelreishmania majohervorgerufen werden. Am Mausmodell ist
die Krankheit ausfuhrlich untersucht. Wie dabeittielu wurde, ist fir die Immunitat
gegen den Erreger die Induktion einer Klasse vdarferon (IFN)y-produzierenden
CD4" T-Helfer-Zellen (TH1-Zellen) entscheidend, welche akvbphagen dazu
aktivieren, die von ihnen beherbergten Parasitenutében. Die Umlenkung der
Immunantwort in Richtung einer schiitzenden TH1-Aortwvird auch der Schliissel zu
einem effektiven Impfstoff sein.

Ex vivomit Leishmanienantigenen beladene dendritischieZsind vor einiger Zeit als
Vakzine gegerh.. majorInfektionen beschrieben worden. Ein einzelnes m#koantes
Antigen, LelF Leishmaniahomologue of eukaryotic ribosomal initiation facta), ein
parasitdres Protein, das die IL-12-Produktion dutehdritische Zellen stimuliert und
das als mikrobiell konserviertes Strukturmolekiat{prn-associated molecular pattern;
PAMP) diskutiert wird, vermittelte dabei, zum Pulseon dendritischen Zellen
verwendet, einen schutzenden TH1-abhangigen Effekt. Einsatz rekombinanter
Proteine ist jedoch mit etlichen Nachteilen verlemdweshalb andere Methoden zur
Verabreichung von Antigenen entwickelt wurden. Ales Tumorforschung ist unlangst
die RNA-Elektroporation dendritischer Zellen alseesichere und vielseitige Methode
hervorgegangen, bei der eine groRe Anzahl von RNdAeMilen, die fir ein
bestimmtes Antigen kodieren, durch einen elektascimpuls in das Cytosol
dendritischer Zellen gelangt.

Die vorliegende Arbeit beschreibt zum ersten Mal Tiansfektion dendritischer Zellen
mit RNA eines molekular definierten Parasitenantgye

Zunachst erfolgte die Etablierung eines standaden Protokolls fir die RNA-
Transfektion mit dem enhanced green fluorescerteprdEGFP) als Reporterantigen.
EGFP-RNA war gut translatierbar in einémvitro-Translationssystem, und es konnten
sowohl eine Zellinie (fetal skin-derived dendritiells; FSDC) als auch priméare, aus
Knochenmarkkulturen der Maus gewonnene dendritig&ien (bone marrow-derived
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dendritic cells; BMDC) mit einem Anteil von bis 0% bzw. 75% effizient EGFP-
transfiziert werden. In beiden Zelltypen wurde diaximale Transfektionseffizienz mit
20 ng RNA erreicht, die mit groReren Mengen an RiNéht weiter zu steigern war.
Die Hohe der Antigenexpression, gemessen als maitfuoreszenzintensitat (MFI) in
der Durchflul3zytometrie, war direkt proportionalr zuerwendeten RNA-Menge. In
FSDC waren die Transfektionseffizienz und die MEhegrell hdher als in BMDC bei
gleicher RNA-Menge. Zudem konnte gezeigt werdefl, elae Behandlung mit LPS die
Kinetik beeinfluf3t: Die maximale Expression war @blkind wurde auch eher erreicht,
worauf zudem ein schnellerer Abfall folgte.

In den Transfektionsexperimenten mit LelF wurderezWarianten von LelF-RNA
verwendet: eine fur die gesamte LelF-Sequenz kedir LelF(fl)-RNA, und eine nur
fur die aminoterminale Halfte der LelF-Sequenz (2Z8ninosauren), dem
immunogenen Teil des LelF-Molekiils, kodierende (2%6)-RNA. Im Western Blot
von Ganzzellysaten dendritischer Zellen war nur FK8I nach Transfektion
nachzuweisen, wohingegen LelF(226) in LelF(226pdfaierten BMDC nie
nachzuweisen war. Da beide Konstrukte aber guteitfrgien System translatierbar
waren, stellte der fehlgeschlagene Nachweis vorF(226) kein Fehlschlagen der
RNA-Translation, sondern vielmehr einen rascheng®mabbau dar.

Es bestand daher die Erwartung, dal’3 LelF(226)firzerse BMDC trotzdem in der
Lage sein mufdten, von LelF(226) abgeleitete antigeéaptide an T-Zellen von mit
rekombinantem LelF (rLelF) immunisierten BALB/c-Mgan zu prasentieren. Diese
Vermutung wurde durch Messung von IFNR Stimulationsversuchen mit BMDC und
T-Zellen bestéatigt, die zeigten, dald am Tag 7 ddtuk mit rLelF gepulste, LelF(226)-
und LelF(fl)-transfizierte BMDC in der Tat antiggexzifisch T-Zellen aus LelF-
immunisierten Mausen aktivierten. IL-4 hingegen eaunicht produziert, was mit der
Tatsache vereinbar ist, daf? in Lymphknoten LelFzirakrter Mausen hauptsachlich T-
Zellen vom TH1-Typ zu finden sind.

In den Uberstanden LelF-transfizierter BMDC-Kultoyeim Gegensatz zu rLelF-
gepulsten BMDC, waren die proinflammatorischen Eyie IL-1p, IL-6, IL-10 und IL-
12 nicht nachzuweisen. Dieser Effekt lag nicht alek&oporationsvorgang, da die
Zytokinproduktion von mit rekombinantem LelF elektorierten BMDC nur teilweise

beeintrachtigt war. Die Expression von CD86 war maelF-Transfektion zudem
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geringer als nach Pulsen mit rLelF. LelF-Transfaktitihrte mithin nicht zur Reifung
dendritischer Zellen. LelF-transfizierte BMDC koéent im Ergebnis als
antigenspezifische Toleranzinduktoren fungiert Imalmeit regulatorischen T-Zellen als
Respondern.

Der Effekt der Transfektion mit LelF-RNA auf die mmunstimulatorische Wirkung von
BMDC war nicht signifikant erhoht, wenn BMDC am Ta&y oder 9 der Kultur
verwendet wurden. BMDC, die am Tag 8, und mehr remohTag 9 mit rLelF gepulst
wurden, induzierten hingegen eine energische T-Xmewvort. BMDC vom Tag 9
waren sogar in der Lage, naive T-Zellen zu aktesmer

Bevor eine starke, gegen LelF gerichtete T-Zellwoit eingeleitet werden kann,
mussen dendritische Zellen also letztlich — nebeaséhtation des Antigens und
Expression kostimulatorischer Molekiile — eine gewisEmpfindlichkeit” gegeniiber
dem Strukturmolekil LelF besitzen, die mit ihremifRegsalter in Zusammenhang
steht. Dieses dritte Signal wird nicht durch inglhdares LelF nach Transfektion mit
LelF-RNA Ubermittelt, oder es wird unterdrickt.

Dartber hinaus war nach Elektroporation von rLed=1d-12-Produktion von BMDC
ganzlich aufgehoben, die Produktion von I{4iei hoheren Antigendosen reduziert und
die Produktion von IL-10 teilweise erhoht. Die Pu&tion von IL-6 war unbeeinfluf3t.
Dieses veranderte Zytokinprofil legt eine Doppealmaton LelF als PAMP nahe: Neben
der bei extrazellularem Vorliegen von LelF erwieseikigenschaft, die Produktion von
IL-12 zu stimulieren, welches die Resistenz dest®¥igegerh. major steigert, kdnnte
LelF bei intrazellularem Vorliegen auch zu Evasmeshanismen des Parasiten vor
dem Immunsystem des Wirtes beitragen, moglichemvdigch Wechselwirkung mit
MAP (mitogen-activated protein)-Kinase-Signalwegere Eigenschaften von LelF als
Adjuvans hangen also sowohl von der Verabreichuegisode (Transfektion mit RNA
bzw. Pulsen mit dem rekombinanten Protein) als arwh Zielkompartiment (extra-
bzw. intrazellular) ab.

Zusammenfassend konnte also in dieser Arbeit gemnsgden, dald BMDC mit einem
Parasitenantigen transfizierbar sind. Das Antig&d @abei prozessiert und prasentiert,
aber von dendritischen Zellen nicht als PAMP erkariburch Transfektion mit
antigenkodierender mRNA alleine werden mithin nigle notwendigen Signale fir die

Induktion einer potenten Immunantwort tbermittelt.
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AEP
APS
ARCA
BMDC
BSA

CIP

CL

CLIP
CLSM
ConA
CpG
CTL
DALIS
DC
DC-LAMP
DC-SIGN
DEPC
DRIiPs
EDTA
EGFP
ER

ERK
FACS
FCS
FITC
Flt-3
FSDC
GILT
GMIC
GM-CSF

asparagine-specific endopeptidase

ammonium persulfate

anti-reverse cap analogon

bone marrow-derived dendritic cells

bovine serum albumine

calf intestinal phosphatase

cutaneous leishmaniasis

class ll-associated invariant chain peptide
confocal laser scanning microscopy
concanavalin A

CpG oligodeoxynucleotides

cytotoxic T lymphocytes

DC aggresome-like induced structures

dendritic cell

dendritic cell lysosome-associated membrarotein
Dendritic cell-specific ICAM3-grabbing niotegrin
diethylpyrocarbonate

defective ribosomal products

ethylene diamine tetraacetic acid

enhanced green fluorescent protein
endoplasmic reticulum

extracellular signal-regulated kinase
fluorescence-activated cell sorting

fetal calf serum

fluorescein isothiocyanate

FMS-liketyrosine kinase 3

fetal skin-derived dendritic cells
gamma-interferon-inducible lysosomal thietluctase
gap junction-mediated immunological coupling

granulocyte/macrophage-colony stimulatecidr
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LelF

LelF(fl)
LelF(226)

LN

LPS

MAP kinase
MFI

MHCI/I

MS

MyD

NF-«xB

NK cells
oD

PAMP
PBMC

PBS

PBS (Md¢", C&™)
PE

PFA

PRR

RIPA

human leukocyte antigen
interferon
MHC class ll-associated invariant chain
interleukin
interleukin-12 receptor
c-Jun N-terminal kinase
Leishmaniashomologue of receptors for activated C kinase
lysosome-associated membrane protein
lysogeny broth
Leishmaniahomologue of eukaryotic ribosomal initiation
factor 4a
gene or gene product of LelF relatinghe entire LelF sequence
gene or gene product of LelF relatinghe® 226 N-terminal
amino acids
lymph node
lipopolysaccharide
mitogen-activated protein kinase
mean fluorescence intensity
major histocompatibility complex class lass |l
medium size
myeloid differentiation factor
nuclear factokB
natural killer cells
optical density
pathogen-associated molecular pattern
peripheral blood mononuclear cells
phosphate-buffered saline
PBS containing magnesium and calcium
phycoerythrin
paraformaldehyde
pattern recognition receptor

radioimmunoprecipitation assay
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rLelF
rmGM-CSF

RNI
SCID
SDS
SEA
STAT
TAA
TAP
TCR
Temed
TH cells
TLR
TNF
TNT
UTR
uv

VL

Xef

recombinant LelF

recombinant mouse granulocyte/macrophatpeig

stimulating factor
reactive nitrogen intermediates
severe combined immunodeficiency
sodium dodecyl sulfate
schistosome egg antigens
signal transducer and activator of trans@ip
tumor-associated antigen
transporters associated with antigen proogssi
T cell receptor
tetramethylethylene diamine
T helper cells
toll-like receptor
tumor necrosis factor
tunnelling nanotubules
untranslated region
ultraviolet
visceral leishmaniasis

Xenopuselongation factor
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