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1. Summary

Friend murine leukemia Virus (FV) infection of immunocompetent mice is a well-
established model to acquire further knowledge about viral immune suppression
mechanisms, with the aim to develop therapeutics against retrovirus-induced
diseases. Interestingly, BALB/c mice are infected by low doses of FV and die from
FV-induced erythroleukemia, while C57/BL6 mice are infected by FV only at high
viral dose, and remain persistently infected for their whole life. Due to the central
role of dendritic cells (DC) in the induction of anti-viral responses, we asked for
their functional role in the genotype-dependent sensitivity towards FV infection. In
my PhD study | showed that bone marrow (BM)-derived DC differentiated from FV-
infected BM cells obtained from FV-inoculated BALB/c (FV susceptible) and
C57BL/6 (FV resistant) mice showed an increased endocytotic activity and
lowered expression of MHCII and of costimulatory receptors as compared with
non-infected control BMDC. FV-infected BMDC from either mouse strain were
partially resistant towards stimulation-induced upregulation of MHCIl and
costimulators, and accordingly were poor T cell stimulators in vitro and in vivo. In
addition, FV-infected BMDC displayed an altered expression profile of

proinflammator cytokines and favoured Th2 polarization.

Ongoing work is focussed on elucidating the functional role of proteins identified
as differentially expressed in FV-infected DC in a genotype-dependent manner,
which therefore may contribute to the differential course of FV infection in vivo in
BALB/c versus C57BL/6 mice. So far, more than 300 proteins have been identified
which are differently regulated in FV-infected vs. uninfected DC from both mouse
strains. One of these proteins, S100A9, was strongly upregulated specifically in
BMDC derived from FV-infected C57BL/6 BM cells. S100A9”- mice were more
sensitive towards inoculation with FV than corresponding wild type (WT) mice
(both C57BL/6 background), which suggests a decisive role of this factor for anti-
viral defense. In addition, FV-infected S100A9- BMDC showed lower motility than
WT DC. The future work is aimed to further elucidate the functional importance of
S100A9 for DC functions.

To exploit the potential of DC for immunotherapeutic applications, in another

project of this PhD study the usability of different types of functionalized
~11 ~
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nanoparticles , based on either dextran molecules or a ferromagnetic solid core, to

induce potent immune responses was assessed.

We tested nano-sized dextran (DEX) particles to serve as a DC-addressing
nanocarrier platform. Non-functionalized DEX particles had no immunomodulatory
effect on bone marrow (BM)-derived DCin vitro. However, when adsorbed with
ovalbumine (OVA), DEX particles were efficiently engulfed by DC in a mannose
receptor-dependent manner. A DEX-based nanovaccine containing OVA and
lipopolysaccharide (LPS) as a DC stimulus induced strong OVA peptide-specific
CD4* and CD8* T cell proliferation both in vitro and in vivo, as well as a robust
OVA-specific humoral immune response (IgG1>lgG2a) in vivo. Accordingly, this
nanovaccine raised a stronger induction of cytotoxic CD8* T cells than obtained
upon administration of OVA and LPS in soluble form. Therefore, DEX-based
nanoparticles constitute a potent, versatile and easy to prepare nanovaccine

platform for immunotherapeutic approaches.

In order to enhance tumor antigen-specific immune responses by in vivo delivery
of antigen and adjuvant specifically to DC, three issues were considered for the
ferromagnetic solid core nanoparticle: Due to the inherent capability of
CD8*DEC205* DC to efficiently cross-present antigens and thereby prime CD8* T
cells, solid core nanoparticles (NP) were conjugated with a DEC205-specific
antibody (aDEC205) In addition, NP were coated with the model antigen
ovalbumin (OVA), constitutively expressed by a OVA-transduced B16 melanoma
subline (B16/OVA) used for subcutaneous tumor inoculation. NPs were coupled in
addition with the TLR9 ligand CpG as an adjuvant to activate DC. /n vivo studies
revealed  superior efficacy of this trifunctional NP  formulation
(NP[OVA+CpG+aDEC205]) to evoke antigen-specific T cell (CD4*,CD8%)
proliferation, and induction of cytotoxic T lymphocyte responses, as compared with
other types of NPs (NP[OVA], NP[OVA+CpG]). Accordingly, in a therapeutic
B16/OVA melanoma model, only tumor-burdened mice vaccinated with
trifunctional NP showed a pronounced anti-tumor response as reflected by an
arrested tumor growth and significantly higher survival rate as compared with

groups of mice left untreated or vaccinated with either of the other NP formulations.

Interestingly, in vivo these solid core NP were found to bind specifically to B cells

due to opsonization with heat-labile serum components as confirmed by in vitro
~12 ~
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studies. Furthermore, NP that codelivered with ovalbumin (OVA) and CpG
mounted OVA-specific antibody production. Additional conjugation with aDEC205
antibody, known to enhance antigen uptake by dendritic cells (DC) and
subsequent induction of T cell helper cells (see above) which provide B cell
activation in an antigen-specific manner, indeed enhanced OVA-specific antibody
production, with a strong Th1 bias. Therefore, the efficacy of these Fe-NP for the B
cell based immunotherapy was analysed. In therapeutic OVA-based anaphylaxis
model, the particles conjugated with OVA and CpG inhibited significant IgE
production, and the survival in the group which immunized with p(OVA-CpG) and
p(OVA-CpG-aDEC205) was increased. In a model of OVA-based acute asthma,
administration of NP conjugated with OVA+CpG was effective to attenuate

bronchial hyper responsiveness, and inflammation of the lung was reduced.

Taken together, Fe-NP nanoparticles constitute a well available nanoform most
suitable for the induction of strong celluler and humoral immune responses,

essential for the therapy of infectious diseases and supportive of anti-tumor.

~13 ~
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2. Introduction

2.1. Immune system

Successful immunity of an organism against pathogens as well as malignant cells
is based on a complex interplay between the innate and the adaptive immune
system. The cells of innate immune system, among them antigen presenting cells
(APC), recognize and respond to pathogens in a generic way, but do not confer
immunological memory. The innate immune response acts in an antigen-
unspecific manner, since cells recognize invading pathogens by conserved pattern
recognition receptors (e.g., lectin receptors, Toll-like receptors [TLR], and NOD-

like receptors [NLRs]).

In contrast to the innate immune response, T cells and B cells constitute the
cellular part of the adaptive immune system, and use clonal receptors (T cell
receptors and B cell receptors, respectively) that recognize antigens in a highly
specific manner. The combined activity of the innate and adaptive immune system

is required for the development of protective immune responses.

The innate immune response serves as an initial defense against pathogens by
providing a local and immediate response. Moreover, APC which engulf and
process pathogen-derived antigen are required to initiate antigen-specific, B and T
cell-based adaptive immune responses. For most types of pathogens, adaptive
immune responses are required for complete pathogen clearance and the
generation of immunologic memory. APCs, which consist of macrophages, B cells
and dendritic cells (DC), are central to this system. After four decades of research,
it is now generally acknowledged that DC provide an essential link between the
innate and adaptive immune response due to their potency to act as sensors for
pathogen invasion and tissue damage, as well as their potential to induce primary

antigen-specific immune responses (Mercedes et al.,2011).

~14 ~
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2.2. Biology of Dendritic cells (DC)

2.2.1. DC are the most potent professional APC

DC are bone marrow-derived cells that are seeded in all tissues (Banchereau and
Steinman 1998).They capture endogenous antigens or pathogens and transmit the
gathered information to cells of the adaptive immune system (T cells and B cells).
DC initiate an immune response by presenting captured antigens, which after their
processing are complexed with major histocompatibility complex (MHC) molecules,
to be presented to T cells in lymphoid tissues. As compared with the other
professional APC populations, such as macrophages and B cells, DC are very
efficient APC and are considered to constitute the only APC population that is able
to activate naive antigen-specific T cells. In contrast, the main purpose for antigen
presentation of B cells to T cells is to receive help from preactivated T helper cells
to initiate antibody secretion. The primary function of macrophages is to clear
tissues from cellular debris and invading pathogens.Although they are poorly able
to prime naive T cells, B cells and macrophages are efficient to induce secondary

immune responses.

2.2.2. DC subsets

Since their first description in 1973 (Steinman& Cohn,1973)as an adherent cell
type with fine dendrites, DC are now considered as a heterogeneous population
within the mononuclear phagocyte system (MPS) that derives from bone marrow
precursors(Auffray C, 2009). Different DC subtypes have been identified, which
are characterized by differential functional abilities and their distinct patterns of
cell-surface molecule expression (Fig. 1; Tab 1). The four major subsets of DC are
conventional DC (cDC, also known as myeloid DC), found in the steady state,
plasmacytoid DC (pDC), monocyte-derived DC, which are induced in the response
to inflammation (Heath WR, 2009),and Langerhans cells (LCs).

~15 ~
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Lymph nodes
Spleen
Blood-derived DCs Lymphoid tissue-resident DCs Migratory DCs
Monocyte- pDCs CD4CD8a~ CD4*DCs  CD8a*DCs CD103* CD11b* Langerhans
derived DCs (DN) DCs DCs (interstitial or  cells
dermal) DCs
<«—— |nflammation > < Steady state >

Fig. 1: Overview of DC subsets. The figure shows key surface phenotype markers of different DC
subsets, which are delineated on the basis of their localization in secondary lymphoid tissues.
Inflammatory monocyte-derived DC are rapidly recruited to sites of inflammation, whereas other
DC subsets are normally present in the steady state. The relationship between inflammatory and
steady-state DC remains an open issue. (Modified from Gabrielle T. Belz and Stephen L.Nutt
NATUREREVIEWS Immunology 2013).

DC subset DC type CD8ax CD103 CD205 EPCAM CD11b B220 or DC-SIGN  Langerin
(CD326) CD45R (CD207)

CD8a*'DC Lymphoid + low + = + - - +
resident
DCs

CD4'DCs Lymphoid - - - - + _ _ _
resident
DCs

CD4CD8DCs Lymphoid = - - = + - - _
resident
DCs

CD11b*DCs Migratory - +- + - + - _ _
DCs

CD103*DCs Migratory - + + +- I+ - - +
DCs

Langerhans Migratory - - + + + - - +

cells DCs

pDCs Lymphoid +- - - - = + + _
resident
DCs

Monocyte- Induced by - - - - + - + -

derived DCs inflammation

Tab. 1: Phenotypic markers of DC subsets.

~16 ~



Limei Shen INTRODUCTION

Conventional DC

The mouse conventional DC population includes lymphoid organ resident DC and
migratory DC (Belz GT & Nutt S, 2013). As shown in Fig. 1, all DC express the
CD11c B2-integrin and MHC class-Il (MHC-II) molecules at varying amounts, and
they are further distinguished phenotypically by their differential expression of
CD8a, CD4, CD11b, Langerin, and PDCA-1, as well as a growing list of other
markers (Belz & Nutt, 2013). Tissue resident DC and migratory DC populations
can be further divided into several subsets on the based of their phenotype (Tab.
2).

CD8*CD11b* and CD8CD11b* DC are the two main types of resident DC, which
are found in the spleen, lymph nodes and thymus (see Tab. 2). CD8" DC were
shown to be more efficient in cross-presentation (see chapter 2.2.5) than CD8 DC
in the steady state (Joffre et al., 2012) and accordingly play a major role in priming
cytotoxic CD8" T cell responses (Allan et al., 2003). CD8 DC can be further
subdivided in CD4*CD8  and CD4CD8  subsets that differ in their cytokine
secretion pattern(Reis e Sousa et al.,1997).The CD8* and CD8 cDC also differ in
cytokine production and the presentation of antigens on MHC | molecules(Heath et
al.,, 2004). CD8* and CD8 DC populations are thought to be functionally and
developmentally distinct. Lymphoid tissue resident DC are in an immature state,
characterized by a high endocytoticcapacity andlow MHC Il expression as

compared with activated DC.

Migratory DC

Migratory DC are found in most non-lymphoid organs and migrate to draining
lymph nodes after activation (Bell et al.,1999).They comprise two main
subpopulations: CD103"CD11b- and CD103*CD11b*DC. These DC subsets are
equivalent to lymphoid tissue CD8*DC. CD103*CD11b'DC share the same
differentiation requirements as CD8'DC (see chapter 2.2.3.2). Among migratory

DC, CD103*DC are the most efficient in terms of cross-presentation (Tab. 2).
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CD8* CD11b-DC

Tissue resident DC CD4* CD8*CD11b"

DC

CD8& CD11b* DC

, B

CD4CD8 CD11b"
DC

CD103* CD11b- DC

Migratory DC CD103* CD11b* DC

V4 A A\

Langerhans cells

Tab. 2: Subsets of murine myeloid DC populations. Based onHashimoto et al., 2011,Liu, 2001,
Ueno et al.,2007, Geissmann et al., 2010)

Langerhans Cells (LC)

Langerhans cells are resident in the skin and are the only DC population of the
epidermis. LC constitute the first immunological barrier against pathogens and
external stress. This DC population is derived from a local LY6C™ myelomonocytic
precursor cell population in the skin (Ginhoux and Merad et al., 2007). LCs are
equipped to capture antigens present in the skin and migrate to the draining lymph
node both in steady-state and inflammatory conditions (Kripke et al., 1990) After
activation, LCs increase their expression of major histocompatibility complex
(MHC) class Il and costimulatory molecules and migrate to the T cell areas of
draining lymph nodes where they secrete different chemokines and interact with

antigen-specific T cells (Kripke et al., 1990).

Plasmacytoid DC (pDC)

Another recognized member of DC family is the plasmacytoid DC (pDC), which is
different enough from the rest of the DC to be included in a subgroup of its own,
distinct from the other subtypes of “conventional DC”. pDC differ from mDC in that
they are relatively long-lived and a proportion of them carries characteristic

immunoglobulin rearrangements (Corcorlan et al., 2003). pDC are primarily found
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in blood and lymphoid organs such as the thymus, bone marrow, spleen and
lymph nodes. pDC are the principal producers of type | interferons (IFNs) in
response to microbial and viral infection, with the ability to produce up to 1,000-
fold more type | IFNs in response to viral infections than any other cell type
(Colonna 2004 & McKenna, 2005).pDC express several characteristic markers,
including sialic acid-binding immunoglobulin-like lectin H (SIGLEC-H) and bone
marrow stromal antigen 2 (BST2) in mouse, and blood DC antigen 2 (BDCAZ2; also
known as CLEC4C) and leukocyte immunoglobulin-like receptor, subfamily A,
member 4 (LILRA4; also known as ILT7) in humans (Belz and Nutt, 2013).

Like mDC subsets, pDC may also be involved in immune responses against
tumors. For example, pDC may contribute to the priming of melanoma-specific
CD8* T cell responses (Colonna, 2004). Compared to mDC, pDC express different
TLRs: pDC in human recognize viral components through TLR7/8 and TLR9,
which leads to the secretion of large amounts of IFN. Murine pDC express TLR7
and TLR9. Unlike mDC, pDC do not express TLR2, TLR4, TLR5, or TLR3, which
may explain why pDC do not respond to bacterial products such as peptidoglycans,
lipopolysaccharide and flagellin, or poly(l:C), which mimics viral double —stranded
RNA (lwasaki &Medzhitov, 2004).

Inflammatory DC (monocyte derived DC)

Finally, there is an additional subset of DC, known as inflammatory DC, which
differentiatefrom monocytes during inflammation. These DC are not present in the
steady state, but appear in peripheral non-lymphoid tissues in the course of
inflammation. These monocyte-derived inflammatory DC can be distinguished
from steady-state splenic DC by their intermediate expression of expression of
CD11c and by their high level expression of CD11b. Monocyte-derived DC
express MAC3 (CD107b, LAMP2). In addition as compared with steady-state
splenic cDCthey lack CD4, and CD8 expression, respectively, (Naik & Shortman et
al., 2006), and lose the expression of LY6Cas compare with monocyte and DC
(Cheong et al., 2010). It is currently thought that their main function is to elicit
secondary immune responses at sites of acute inflammation (Cheong et al., 2010).

It is yet unclear whether this DC subset shares a common progenitor with
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inflammatory macrophages or myeloid-derived suppressor cells (MDSC), and
which cytokines or transcription factors drive their differentiation in situ (see
chapter 2.2.3.2). GM-CSF is thought to be critical for the differentiation of
inflammatory DC, but the definite evidence of the role of this cytokine remains
unclear so far (Shortman and Naik, 2007).

Human DC

In contrast to the many studies on mouse DC, there are relatively few studies on
the nature of human DC. Blood is the only available source for iDC and pDC.As
depicted in Fig.2, subsets of human DC in the blood can be distinguished by the
differential expression of three cell surface markers: CD303 (also known as
BDCA2 and CLEC4C), CD1c (BDCA1), and CD141 (BDCA3). CD303* DC are
plasmacytoid DC (Paluckaet al., 2012). While CD1c and CD141* are cDC (Fig.2),
CD141* DC share with mouse CD8* DC the high capacity to capture exogenous
antigens for presentation on MHC | molecules (known as cross presentation) than
CD1c DC(Haniffa et al.,2012). The human skin hosts two main subsets of mDC:
epidermal Langerhans cells (LCs) and dermal interstitial DC (Merad et al.,2008).
The dermal DC population can be subdivided into CD1a* DC and CD14* DC. LCs
and CD1a*DC are known to be more efficient in cross presentation, and may
prime the differentiation of CD8* T cells into CTLs, whereas CD14* DC are less
efficient in that regard (Bedoui et al.,2009 &Merad et al.,2008 )
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Fig. 2: Human DC subsets. Human tissues contain CD1c* DC, CD14* DC, CD303* DC (pDC) and
a CD141M cross-presenting DC subset. CD141" DC migrate to draining lymph nodes after
activation and probably arise from blood CD141* DCs. Human tissue CD141" DC are homologous
to mouse CD103* or CD8" DC . Human tissue CD1c* DC are correspond to mouse CD4* DC
(Modified from Haniffa Met al., 2012, Bedoui et al.,2009 and Merad et al.,2008).

2.2.3. The origin and development of DC

2.2.3.1 Cytokines for DC development

Many studies have shown that different precursor-cell populations and different
cytokines are usable to generate DC in several culture systems.The differentiation
of different DC subsets from hematopoietic progenitor cells relies on the activity of
several cytokines (Fig. 3), for example most prominently, FMS-related tyrosine
kinase 3 ligand(FIt3L), granulocyte/macrophage colony-stimulating factor(GM-

CSF), and macrophage colony-stimulating factor (M-CSF).
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A study from Onai et al,(2008) indicated that activation of the FIt3 ligand (FIt3L)
and signal transducer and activator of transcription 3 (STAT3,a signaling molecule
downstream of FLT3) signaling pathways are key transcription factors for DC
development in lymphoid organs. /n vitro, FIt3L as a single cytokine can drive the
generation of pDC and cDC from bone marrow progenitors (Naik et al.,2005 ). FIt3
ligand deficient mice have strongly reduced pools of both CD8" and CD8- DC in
spleen, lymph node and thymus (Satpathy et al.,2011). Two studies from
Maraskovsky and his coworkers (1996, 2000) have shown that administration of
FIt3L to mice (1996) or humans (2000) results in high level generation of CD11c*
MHC |I* DEC205" DC. FIt3 expression is maintained in lymphoid DC, and FIt3L
has been shown to control the proliferation and homeostasis of DC in lymphoid
organs (Liu et al., 2007), and is crucial for the development of steady-state cDC
and pDC. FIt3 is also very important for the development of migratory DC, since
the numbers of both pre-DC and CD103* DC were significantly reduced in a range
of tissues from mice deficient for FIt3L or STAT3 as compared with the numbers in

wild type mice (Waskow et al., 2008).

M-CSF is the major cytokine involved in the differentiation of macrophages and
monocytes. Recent studies have shown that mice lacking the M-CSF receptor are
deficient in both monocytes and skin Langerhans cells (Ginhoux et al., 2006).
Therefore, M-CSF could be critical for the development of migratory DC. However,
some studies have indicated that M-CSF is also required for the development of
CD103-CD11b*DC in non-lymphoid tissues (Bogunovic et al., 2009), and may
compensatefor cDC and pDC differentiation in cell culture in the absence of FIt3
(Fancke et al., 2008).

A study of Bogunovic et al. (2009) has demonstrated that GM-CSF is important for
the differentiation of CD103*CD11b*DC in the lamia propria. Other studies have
shown that the addition of GM-CSF to bone marrow culture promotes the
development of cells which resemble monocyte-derived DC (Schuler &
Steinman ,1985).
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2.2.3.2. Transcription factors for DC development

In general, cell fate specification occurs through the action of transcription factors,
which can be induced or inhibited by initiating extracellular cues. More recently, in
several studies a number of transcription factors that control the commitment,

specification, and survival of DC has been identified (Fig. 3).

Studies on interferon-regulatory factor 8 (IRF8, also known as ICSBP, [Interferon
consensus sequence-binding protein]) deficient mice have shown that
thedevelopment and activation of CD8a*, CD103*DC and pDC relies on this
transcription factor (Schiavoni et al.,2002, Tsujimura et al.,2003). Conversely, mice
deficient in IRF4 were characterized by a selective deficiency of CD4* cDC
(Suzuki et al., 2004). Mice deficient in RelB, amember of the NF-kappaB family of
transcription factors, showed a significant decrease in the CD4* cDC population,
while CD8" cDC and pDCappeared to be unaffected (Wu et al., 1998). The
inhibitor of DNA protein (Id2) also contributes to the development of CD8* cDC
and of LCs (Hacker et al., 2003). In addition, the signaling pathways as activated
by engagement of FLT3 and CSF-1(GM-CSF) receptors, and the corresponding
downstream transcription factors STAT3 and STATS5, respectively, play a role in
DC differentiation. The transcription factor BATF3 (also known as Jun dimerization
protein p21SNFT) is required for many aspects of murine DC differentiation
including the development of CD8a* DC(Hildner et al., 2008). In a study from
Hildner et.al (2008) was observeda selective loss of CD8a* cDCin spleens of
Batf3~- mice.

In addition, a study from Carotta (2010) and his colleage showed that the ETS-
family transcription factor PU.1 is absolutely important for the generation of all cDC
populations and of pDC both in vivo and in vitro(Guerriero et al.,2000), and
regulates the expression of the cytokine receptors FIt3, M-CSFR and GM-CSFR
(Belz et al.,2012).
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Fig. 3: Cyokines and transcription factors involved in DC development.The development of
CD8a*and CD103*DC relies on the stepwise activity of interferon-regulatory factor 8 (IRF8),
inhibitor of DNA binding 2 (ID2), E4 promoter-binding protein 4 (E4BP4), and basic leucine zipper
transcription factor, ATF-like 3 (BATF3), as well as on FLT3 signaling. CD11b* DC depend on a
unique set of transcription factors, including RELB (one of the members of the nuclear factor (NF)-
kB family of transcription factors), IRF2, IRF4 and lkaros, and to some extent on the cytokines M-
CSF and GM-CSF (also known as CSF-1, colony stimulating factor-1). The plasmacytoid DC (pDC)
lineage requires IRF8, a low level of PU.1, and absence of ID2. The differentiation of pDC from an
immature precursor requires E2-2 and lkaros, with induced loss of E2-2 converting pDC into cells
that closely resemble CD8a*conventional DC. CDP, common DC progenitor; CLP, common
lymphoid progenitor; CMP, common myeloid progenitor; FLT3L, FLT3 ligand; GFI1, growth factor
independent 1; LMPP, lymphoid-primed multipotent progenitor; MDP, macrophage and DC
progenitor(Modified from Hashimoto et al., Immunity 2011).

2.2.3.3 Origin of DC

All leukocytes including DC develop from BM-derived hematopoietic stem cells.
Lymphoid and myeloid lineage divergence is an early event in hematopoiesis. As
we know by now, monocytes, macrophages, granulocytes and erythrocytes
differentiate from a common myeloid progenitor (CMP) (Liu & Nussenzweig, 2010).
CMP are thought to differentiate into macrophage and DC progenitors (MDP),
which are the direct precursors of common DC progenitors (CDP). MDP and CDP

reside in the bone marrow and express FIt3 and M-CSFR. CDP can differentiate
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into precursors of cDC subsets and pDC, termed pre-DC (Fig. 4). Pre-cDC leave
the bone marrow toarrive in blood, and secondary lymphoid organs, where they
differentiate into cDC subsets.The LC population is derived from a local

LY6Cmyelomonocytic precursor cell population in the skin (Shortman et al.,1997).

/  eDC
PrecDC ' "\
—) —) ’
cMp CDP \
- .
Pre-pDC pDC

Fig. 4: Dendritic cells development from haematopoietic stem cells.HSC, hematopoietic stem
cell; CMP, common myeloid progenitor; CDP, common DC progenitors;pre-pDC, pre-plasmacytoid
DC;cDC, conventional DC;pDC, plasmacytoid DC. (Modified from Liu and Nussenzweeig 2010).

2.2.4. Ag and Pathogen recognizing receptor expressed by DC

As described above (chapter 2.2.2), DC encompass distinct subsets with both
common and unique functions. Different subsets may mediate distinct functions in
response to the encounter of pathogen-derived antigens and activation signals. All
DC responses depend on the expression of surface receptors of DC and the
integration of intracellular signals induced by these (Fig. 5). DC engulf antigens
through phagocytosis, macropinocytosis, and receptor-mediated endocytosis via
different groups of receptor families, such as Fc receptors (Fc-y receptors CD32
and CD64), which bind antigen/antibody complexes, integrins (aMB2, aVB3 or
aVp5) that bind apoptotic cells, C-type lectin receptors (CLRs) that recognize

glycoproteins, pattern recognition receptors, such like scavenger receptors which
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bindmicrobial products (Mukhopadhyay et al.,2004). Due to their relevance for the

work presented here, TLRs and CLRs will be discussed in more detail below.

DEC205

C type lectin receptor

‘ Mannose receptor

avps \,J ——
Vg CDSGCDSO
,"'“ p ‘ .‘. ,r
-.’ MHC | |

CD11c *

Fig. 5: Subset of receptors expressed by DC. DC sense their environment through both surface
and intracellular receptors, which comprise several families, including cells surface CLRs (e.g.,
DEC205, mannose receptor, DC-SIGN), surface and intracellular TLRs, scavenger receptors (e.g.,
CD36). Engulfment of pathogens results in the maturation and subsequently migration of DC,
which is orchestrated by certain adhesion molecules like av35, chemokine receptor like CCR?7,
MHCII, and results in enhanced expression of co-stimulatory molecules (CD80, CD86).

2.2.4.1. Role of Toll-like receptors (TLRs)

TLRs are known best for their ability to recognize conserved microbial structures,
termed PAMPs (pathogen-associated molecular patterns) by Janeway (Janeway ,
1989). Any TLR constitutes a type | transmembrane protein with leucine-rich
repeats in the extracellular domain and a cytoplasmic Toll/interleukin (IL)-1
receptor homology (TIR) domain (Takeda et al 2003). TLRs are expressed on the
cell surface or intracellularly in endo/lysosoms (TLRs 3, 7/8, and 9), predominantly
by APC of the innate immune system, for example macrophages, B cells and DC
(Fig. 6). By now, 10 TLRs have been identified in human and 13 TLRs in mouse.
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The recognition of PAMPs by TLRs induces the secretion of inflammatory
cytokines like IL-1B, IL-6, and TNF-a by macrophages and DC (Hou et al.,2008 ).
Many studies have shown that stimulation with TLR ligands induces the maturation

of DC, which therebyenhances their antigen presenting capability.

TLRs detect multiple PAMPs, including bacterial lipopolysaccharide (LPS)
(detected by TLR4), lipoproteins and lipoteichoic acids (TLR2), unmethylated CpG
DNA of bacteria and viruses (TLR9), double-stranded (TLR3) and single-strand
viral RNA (TLR7/8). TLR2 can recognize lipoproteins by cooperation with TLR1
and TLR6. Therefore, TLR1, 2, 4, and 6 are specialized in the recognition of

molecules that are unique to pathogens.

TLR7 and TLR8 are located on the X chromosome and are highly homologous.
TLR7/8 recognizes single-stranded RNAs (ssRNA) or ssRNA viruses, such like
influenza virus and vascular stomatitis virus (Heil et al., 2004). TLR9 mediates
immune responses to immunostimulatory DNA containing unmethylated CpG
motifs, such as bacterial genomic DNA, and synthetic oligodeoxynucleotides
(ODN). CpG ODN can induce effective production of inflammatory cytokines and T
helper (Th)-1 polarizing immune responses, and are classified into three types
according to their structures, sequences, and biological activities: A-type CpG are
especially potent in activating NK cells and inducehigh amounts of IFN-alpha
production by pDC (Rothenfusser et al.,2004), whereas B-type CpG induce pDC
maturation and potently activate B cells, but evoke only limited productions of IFN-
alpha and IFN-beta(Rothenfusser et al., 2004 &Krieg, 2002). Taken together,
TLRs 3,7/8, and 9 are specialized in the detection of virusand bacteria due to the

recognition of pathogen-derived nucleic acids (Medzhitov, 2004).

TLRs play an important role not only for the recognition of pathogens, thereafter
inducing inflammatory responses. As described above, TLRs are expressed by DC,
and the activation of TLRs enhances the antigen presenting activity of DC, which
initiate antigen—specific T cell responses. Naive CD4* T cells can differentiate into
T helper 1, T helper 2 cells, Th3 and Th17 helper cells. The differentiation of Th
cells is controlled by DC, and different TLR ligands exert distinct effects on Th cell
differentiation. For example, infection with gram-negative bacteria activates DC via
LPS-mediated stimulation of TLR4, which results in the production of Th1-inducing

cytokines like IL-12 (Hou et al., 2008). In contrast, astudy from Le Bon et al (2001)
~ 27 ~


http://www.ncbi.nlm.nih.gov/pubmed?term=Rothenfusser%20S%5BAuthor%5D&cauthor=true&cauthor_uid=14630815
http://www.ncbi.nlm.nih.gov/pubmed?term=Rothenfusser%20S%5BAuthor%5D&cauthor=true&cauthor_uid=14630815

Limei Shen INTRODUCTION

has demonstrated that DC stimulated with the TLR3 agonist Poly I:C evoked a
mixed Th1/Th2 immune response. Thus, TLR signaling in DC controls in part the

character of DC-induced T cell effector responses.

Interestingly, different subsets of DC express different TLRs: In mouse, all splenic
DC express TLR-1, -2, -4, -6, -8, and -9. CD8* DC lack TLR5 and TLR7
expression. Some studies have shown that freshly isolated splenic DC versus in
vitro generated DC are characterized by a differential TLR expression pattern: For
example, TLR4 is expressed at very low amounts on splenic DC in situ. Therefore,
freshly isolated mouse splenic DC do not respond to LPS stimulation (Boonstra et
al., 2003).

Freshly isolated human pDC express TLR7 and TLR9 only, whereas CD11c*
human myeloid DC show expression of TLR-1, -2, -3, -5, -6 and -8 (lwasaki and
Medzhitov, 2004).

Peptidoglycan (Gram-positive)
Lipoteichoic acids (Gram-negative)

Lipoproteins LPS {Gram-negative)
Lipoarabinomannan Endogenous ligands
(Mycobacteria)

Zymosan (yeast)

Profilin-like
(Toxoplasma gondii)
Uropathogen?

Seth Rakoff-Nahoum & Ruslan Medzhitov Nature Reviews Cancer 2009
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Fig. 6: TLRs are involved in the recognition of microbial and endogenously derived
molecular patterns. This occurs both at the plasma membrane and within intracellular
compartments. After ligation of TLR ligands either directly or with the help of accessory molecules
such as CD14, MD2 (also known as LY96) and CD36, TLRs dimerize and transmit signals
throughout the cell by means of adaptor molecules, such as myeloid differentiation factor 88
(MYD88), and TRIF (TIR-domain-containing adapter-inducing interferon-g ). This leads to the
activation of multiple cellular signaling pathways, including NF-k B, MAPKs and IRFs. TLR
activation regulates innate and adaptive immune responses, inflammation and tissue repair. LPS,
lipopolysaccharide (from Rakoff-Nahoum & Medzhitov, Nature Reviews Cancer 2009).

2.2.4.2. Role of C type lectin receptors (CLRs)

CLRs represent a family of calcium-dependent lectin receptors that share primary
structural homologies in their carbohydrate recognition domains (Robinson, 2006).
CLRs bind to self and non-self sugars. Several CLRs have been found to act as
pathogen recognition receptors, and many CLR family members are expressed on
myeloid cells, including cDC. Immature human monocyte-derived DC and murine
DC express a panel of distinct CLRs, which are often downregulated upon
maturation. The expression of CLRs on immature DC is linked to their function to
capture and process antigen, and present derived peptides via MHC class | and |l
molecules. The mannose receptor (CD206), DEC205 (CD205), DC-SIGN (CD209),
Dectin-1, 3, BDCA-2, and C-CLEC constitute important CLRs(Colonna et al.,2000).
LCs express Langerin (CD207) and DEC205, whereas pDC express BDCA-2 and
DEC205. Many CLRs are not exclusively expressed by DC, but also by other APC
like macrophages. However, some CLRs are rather DC-specific, like DC-SIGN
(Steinman et al.,2000), DEC205 on murine CD8* DC, Langerin by human LCs,
and by a subset of dermal DC (Valladeau et al., 2000).

The intracellular signaling pathways activated in response to ligand-mediated
engagement of these CLRs are still poorly defined.However, the functional effects
of targeting antigens to the aforementioned CLRs have been analyzed in a
number of studies, aimed to assess the potential of derived immunotherapeutic
applications (Sancho et al.,2008). For example, when anti-DEC-205 mAb is
conjugated to a model antigen and is co-administered in vivo with DC-maturation
agents such as anti-CD40 mAb, efficient cellular and humoral immune responses
were induced (Bonifaz and Steinman, 2002). In the absence of adjuvants, antigen
targeting to DEC-205 resulted in T cell tolerance (Mahnke et al., 2002). Similarly,
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other CLRs like the MR (He et al., 2007), Clec9A (Caminschi et al.,2008) and DC-
SIGN (Kretz-Rommel et al.,2007) have been assessed for their suitability to serve
as antigen targeting structures. Moreover, other surface receptors, largely
restricted in expression to DC, like CD11c have been tested in this regard, with the

aim to elicit anti-tumor responses(van Broekhoven et al.,2004).

2.2.5. Antigen uptake, processing and presentation of derived peptides
by DC

In peripheral tissues, DC take up self and non-self antigens (Geijtenbeek et al.,
2004). Internalized antigens are processed into small peptides (8-11amino acids
long), and these peptides are loaded on MHC class | and Il molecules for
presentation to T cells. These MHC-peptide complexes have only very short half-
lives of <1 h and are rapidly recycled. Upon encounter of a maturation stimulus,
DC rapidly down-modulate their Ag uptake and stop recycling surface MHC-
peptide complexes, which now remain present on the DC surface for >24 h. The
process of antigen uptake, degradation and loading onto MHC molecules is

termed antigen presentation (Guermonprez et al., 2002).

Endogenous antigens are degraded into small peptides by the proteasome in the
cytosol. These self-peptides are subsequently transported into the endoplasmatic
reticulum (ER) by specialized peptide transporters for antigen presentation
molecules (TAP), and then are loaded on MHC class | molecules (Guermonprez et
al., 2003 &Burgdorf et al., 2008). These complexes are transported out of the ER
through the Golgi apparatus, and then onto the cell surface for presentation to
CD8* T cells. This MHC class | antigen presentation pathway enables the immune
system to detect transformed or infected cells, which display peptides from
modified self or pathogen-encoded proteins. Naive antigen specific CD8* T cells
cannot eliminate transformed or infected cells directly. In order to become effector
cytotoxic T lymphocytes (CTL), naive CD8* T cells need to be activated by
stimulated APC like DC (Heath et al., 2004). When APC are not directly infected,

they need to acquire exogenous antigen from the infectious agent or infected
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(apoptotic) cells, and cross-direct them to MHC class | molecules, termed cross
presentation (Heath et al., 2002). CD8*DC were shown to be more efficient in
cross-presentation than CD8DC(Shortman & Heath, 2010). CD103* DC are the
most efficient DC population, for antigens captured in peripheral tissues in terms of
cross-presentation in the lymph nodes (Bedoui, et al., 2009, del Rio et al., 2007).
Many types of antigen have been reported to be cross-presented, including
immune complexes, soluble proteins, intracellular bacteria, parasites, and cellular
antigens from infected cells (Heath et al., 2002).In general, exogenous protein
antigens are engulfed and are subsequently processed in endosomes.
Endosomes contain proteases which degrade proteins into oligopeptides before
they are loaded onto MHC class Il molecules. The peptide-loaded MHC I
complexes are then transported to the cell surface for presentation to CD4* T cells

(Guermonprez et al., 2002).

2.2.6. Maturation of DC

Under homeostatic conditions, DC are in an immature state and serve to establish
peripheral tolerance against self and non-dangerous environmental antigens
(Mahnke et al., 2002). In a state of danger such as a microbial invasion, immature
DC receive activation signals through the binding of conserved pathogen-derived
molecular motifs to pattern recognition receptors (PRRS), such as TLRs (see
chapter 2.2.4). This results in DC maturation and migration to the secondary

lymphoid tissues.

The maturation of DC is characterized by a shutdown of phagocytic capacity, but
enhanced antigen processing during the early phase of activation, an enhanced
ability to migrate to lymphoid organs, and an increased ability to activate T cells

and B cells due to high level antigen presentation.

On the molecular level, DC maturation is accompanied by an increased
expression of chemokine receptors (CCR-7) and adhesion molecules (e.g. ICAM-1)
that are involved in the directed migration of DC to lymphoid tissues, and of

costimulatory molecules (CD40, CD80, CD86), which serve as the second signal

~31 ~


http://www.ncbi.nlm.nih.gov/pubmed?term=Mahnke%20K%5BAuthor%5D&cauthor=true&cauthor_uid=12225384

Limei Shen INTRODUCTION

that is required for the activation of T cells and of B cells (Sabado and Bhardwaj
2010). Moreover, the maturation of DC also involves the production of cytokines,
which play a very important role in differentiating subsets of CD4* T cells such as

T helper (Th) 1, Th2, Th9, Th17 and various types of regulatory T cells (Treg).

2.2.7. Immune stimulation and tolerance induced by DC

Many studies have demonstrated that DC are involved in the initiation of both
immunity and immunological tolerance (Moser et al., 2003 & Steinman et al.,
2003): In steady state, the immune system must be able to prevent self-destructive
autoimmunity and unnecessary immune activation. Two safety strategies have
evolved to ensure this: central and peripheral tolerance (Lewis et al.,2012).Many
studies have evidenced that, in addition to their role in the induction of effector T
cell responses, DC have an important role in peripheral tolerance. Under steady
state conditions, DC recognize and capture apoptotic cells using different
receptors, including the scavenger receptor CD36, intergrins aVB3 and aVp5, and
the complement receptors (CRs) CR3 and CR4 to mediate peripheral tolerance to
self-antigens (Steinbrink et al.,2007). Several studies have shown that under non-
infectious conditions DC, which have internalized apoptotic cells, the MHC and
costimulatory molecules are not upregulated. In addition, the ability to secrete
proinfammatory cytokines of these DC was reduced, and the production of
immunosuppressive cytokines like IL-10 and TGF-B was increased (Morelli et al.,
2006 & Adler and Steinbrink , 2007).

A study from Steinman and his collegues (2003) demonstrated that in steady state,
targeting of DC via the DEC205 receptor with antigen at low dose leads to the
deletion of antigen-specific naive T cells and unresponsiveness to antigenic
rechallenge in combination with strong adjuvants. In contrast, if a stimulus for DC
maturation is coadministered with the antigen in the course of initial administration,
mice develop immunity, including the inductionof IFNy secreting effector T cells

and memory T cells.
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2.2.8. Myeloid-derived suppressor cells (MDSC)

Myeloid-derived suppressor cells (MDSC) are a heterogeneous population of
myeloid progenitor cells which can differentiate to DC, macrophages and
neutrophils in vitro (Gabrilovich und Nagaraj, 2009). Murine MDSC are
characterized by co-expression of Gr-1 and CD11b, and can be further subdivided
into two major groups: granulocytic MDSC (which can also be identified as
CD11b* Ly-6G* Ly6C MDSC) and monocytic MDSC (which can also be
identified as CD11b* Ly-6G) Ly6C"e" MDSC (Gabrilovich und Nagaraj, 2009).

MDSCconstitute 2 to 4% of splenocytes from naive mice(Gabrilovich und Nagaraj,
2009), but markedly expand during cancer (Almand et al.,2001 & Ochoa et al.,
2007), and infection (Vollbrecht et al,2012) due to tumor-secreted
proinflammatory factors like IL-6(Xiang et al 2009), IL-1B8 (Elkabets et al.,2010) or
tumor derived thebioactive lipid prostaglandin E2(PGE 2) (Obermajer et
al.,2012).The expansion of MDSC is also associated with autoimmunity (Meyer et
al.,2011) and inflammation (Gabrilovich und Nagaraj, 2009). Cheng and his
coworkers (2008) have shown that S100A9, a TLR4 ligand can also induce the
upregulation of MDSC and therefore inhibit the differentiation of myeloid progenitor

cells.

MDSC-dependent mechanisms of immune suppression have been described in
detail and can be divided into mechanisms either dependent or independent on L-
arginine metabolism (Marigoet al., 2008). A substantial part of MDSC-induced
immune suppression isassociated with the activity of two enzymes: ARG and NOS.
ARG1 and NOS2, the main immune-related isoforms, share the common substrate
L-arginine, which is metabolized to produce,respectively, either urea and L-
ornithine or NO and L-citrulline (NOS2) (Bogdan, 2001).By this, T cell functions
were inhibited and MDSC-derived cytokines like IL-10 and TGF-f were
produced(Gabrilovich et al., 2009).
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2.3. Cellular and humoral immune responses induced by DC

2.3.1. CD4* and CD8* T cell response

T lymphocytes (T cells) are important CD3* immune cells which express a clonal-
specific T cell receptor (TCR) that enables specific binding to MHCII/peptide
complexes. Most of the T cells in the body belong to one of two subsets: CD4* or
CD8" cells. Naive CD4* and CD8" T cells develop in the thymus. After infection or
immunization, naive T cells recognize antigenic peptides presented on the surface
of APC (1st signal)(Alberts et al.,2002) along with appropriate costimulatory
molecules such as CD80/CD86, which interact with CD28 to initiate T cell
activation (2nd signal) (Alberts et al., 2002). Activated T cells undergo a phase of
clonal expansion and differentiation into effector or memory T cells, which in
concert with antibody responses form the basis for protective immunity against
infection and disease (Seder and Ahmed, 2003 ).

CD4* effector T cells can be grouped into different functional subsets based on
their function and cytokine secretion patterns as shown in Fig. 7. IL-12 initiates the
differentiation of Th1 cells that are characterized by high IFNy production, which in
turn activates mononuclear phagocytes, thus protecting against intracellular
microbes (O'Garra, 1998).Furthermore, productionof cytokines by Th1 cells
promote the differentiation of CD8 T cells into cytotoxic cells and the activation of
neutrophils and NK cells, further supporting a cellular response (London et
al.,1998).In contrast, the differentiation of Th2 cells is triggered by IL-4. Th2 cells
produce interleukin 4 (IL-4) and IL-5, IL-10, and IL-13 (O'Garra, 1998 ). They exert
a key function in organizing host defense against extracellular pathogens, and are
involved in responses dominated by IgG1 and IgE, and innate immune cells like
mast cells, eosinophils and basophils. Th17 cells are a subset of CD4* effector T,
which produce IL-17 and exhibit effector functions distinct from Th1 and Th2
cellscells (Korn et al.,2009). The primary function of Th17 cells appears to be the
clearance of pathogens that are not adequately handled by Th1 or Th2 cells.
Accordingly, IL-17 is important in the host defense against extracellular bacteria
(Chung et al., 2003) and against fungi such as Candida albicans (Huang ,2004).

However, Th17 cells are potent inducers of tissue inflammation and have been
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associated with the pathogenesis of experimental autoimmune diseases and

human inflammatory conditions.
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Fig. 7: CD4* T-cell subsets develop from naive CD4 T cells after antigen-dependent T-cell
activation.

T cells that express CD8 on their cell surface are selected in the thymus to
recognize and respond to peptides that are presented in the groove of MHC class |
molecules. When activated, they become potent, cytotoxic T lymphocyte (CTL),
also referred to as CD8*effector or killer cells, which can enter any tissue to
destroy their targets, like cancer cells or virus-infected cells (Bevan, 2004 ). CD8*
effector cells mediate their functions through the production of cytokines such as
IFN-y, tumor necrosis factor (TNF)-a, perforin and granzymes. Many studies have
confirmed that help form CD4* cells is required to fully activate CD8" T cells to

exert effective killing function (Bevan, 2004 ).

2.3.2. DC- induced humoral immune response

The humoral immune response is mediated by circulating antibodies (Abs),
structurally conserved proteins that bind specifically to other proteins and other

molecules. These Abs are produced by B lymphocytes which differentiate in the
~ 35 ~



Limei Shen INTRODUCTION

bone marrow. Following engagement of the B cell receptor (BCR) by binding of
foreign naive antigen, B cell activation is initiated. B cells can recognize soluble
and membrane-associated antigen. Following activation, B cells process and
present antigens associated with MHC Il molecules. If the antigen is recognized by
CD4* T effector cells, they release cytokines which support B cell activation to
result in the production of antibodies specific for the native protein bound to the B
cell receptor. On one hand, B cells can differentiate to extrafollicular plasmablasts
that are essential for rapid antibody production and early protective immune
responses (Batista and Harwood 2009). On the other hand, activated B cells can
enter germinal centers, where they can differentiate into plasma cells that secrete
high-affinity Abs following affinity maturation, or memory B cells, which confer
long-lasting protection from secondary challenge with antigen (Batista et al., 2009,
Depoil et al., 2008).

2.4. DC in cancer

Many studies have demonstrated that the immune system serves to prevent the
apperance of tumors by killing malignant cells (Finn et al., 2008). Cellular effector
mechanisms are considered the most important mediators of antitumour immunity.
In murine cancer models it has been thoroughly shown that DC can capture tumor
antigens released from alive and dying tumor cells, and cross-present these
antigens to T cells in tumor-draining lymph nodes. This process results in the
generation of tumor-specific CTL, which contribute to tumor elimination (Diamond
et al., 2011). As another mechanism of tumor killing, antibody-dependent cellular
cytotoxicity (ADCC) occurs when antibodies bind to antigens on tumor cells and
the antibody Fc domains engage Fc receptors on the surface of immune effector
cells (NK cells, macrophages), which promotes tumor cell killing(Scott et al.,2012).
Both CTL and antibody induced tumor Kkilling areinitiated by DC, and the
immunological memory to control tumor relapse is induced by DC as well,

Therefore, DC represent critical targets for therapeutic interventions in cancer.
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Numerous studies have demonstrated that the generation of protective anti-tumor
immunity depends on the presentation of tumor antigens by DC. DC can present
tumor antigens through the capture of dying tumor cells. Apoptotic (tumor) cells
(AC) mobilize three signals when interacting with DC: 1) find me, 2) eat me, and 3)
don’'t eat me (Ravichandran, 2011). “Find me” signals are soluble factors with
chemoattracting function, such as lysophosphatidylcholine (LPC), sphingosine 1-
phosphate (S1P), CX3CL1, and the nucleotides ATP and UTP. “Find me” signals
induce migration of phagocytic cells to apoptotic cells. “Eat me” signals are usually
membrane-bound factors that serve as markers for phagocytes to recognize an
AC. A number of receptors expressed on immature DC such as aVB5 intergrin,
complement receptors and CD36 are thought to be involved in AC uptake. The
“‘don’t eat me” signals serve as negative regulators for the capture of cancer cells
by DC. They are critical to prevent the uptake of living cells. These signals include
lactoferrin and CD47, the interaction of which with signal-regulatory protein-a on
phagocytes provide inhibitory signals that prevent phagocytosis (Palucka and
Banchereau, 2012).

Tumors can prevent antigen presentation and the establishment of tumor-specific
immune responses by various means (Mellmann et al.,2011). In this regard,
tumors interfere with the differentiation and maturation of DC: First, by promoting
the differentiation of monocytes to macrophages, which is mediated by the
interplay of IL-6 and macrophage colony-stimulating factor (M-CSF), rather than
DC. Due to the expansion of MDSC, tumors can prevent the priming of tumor-
specific T cells by DC(Chomaratet al.,2000). Second, tumors inhibit the maturation
of DC through the secreation of IL-10 (Fiorentinoet al.,1991 & Steinbrink et
al.,1997), which leads to antigen-specific anergy and thereby indirectly promotes
tumor growth (Aspord et al.,2007). Tumor antigens can also interfere with the DC
antigen-capture, processing and antigen presenting pathway. For example, tumor
glycoproteins such as CEA and mucin-1(MUC-1), overexpressed and secreted by
breast cancer cells, are endocytosed by DC via DC-SIGN, but are retained in early
endosomes, leading to its inefficient processing and presentation to T cells, thus
resultingin low numbers of MUC-1-specific effector cells (Hiltboldet al.,2000).In
addition, paracrine mediators derived from the tumor, such as adenosine,
prostaglandin E2 (PGE2), TGF-f and VEGF-A exert multiple direct and indirect

immunosuppressive activities (Mellman et al.,2011). These mediators contribute to
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suppress the function of DC, indirectly inhibit effector T-cell migrationinto the
tumour or directly suppress effector T-cell activation while enhancing the function

of Tregs.

2.5. DC vaccination for the induction of antitumor responses

Because of their capacity to modulate immune responses, DC are an attractive
target for vaccine development (Palucka&Banchereau, 2012). A major goal of a
DC-focused cancer vaccine is to induce tumor-specific CD8" T cells, which
mediate immune responses, at best sufficiently robust and long-lasting to generate
durable tumor regression and eradication. Two distinct approaches for DC-based
vaccination have been developed: antigen-loading and stimulation of ex vivo-
generated DC, reinfused into the patient, and direct in vivo application of antigen

and adjuvants with the ultimate aim to specifically target DC.

Cancer vaccination strategies based on the isolation of DC progenitors from
peripheral blood, and the culture of large numbers of DC in vitro, have so far failed
to demonstrate reliable clinical effectiveness (Tacken et al., 2007). In these
strategies, monocytes (CD14") are isolated from peripheral blood and cultured in
the presence of granulocyte-macrophage colony stimulating factor (GM-CSF) and
IL-4 to generate immature DC. Immature DC are subsequently loaded with tumor
antigens (peptides or tumor lysates) that are added to the DC culture medium. To
ensure sufficient co-stimulatory capacity to induce potent antigen-specific immune
response, antigen-loaded DC are treated with different kinds of maturation stimuli
such as TLR ligands, CD40L or proinflammatory cytokines such as IL-1 TNF-a and
IL-6(Figdor et al., 2004). Afterwards, antigen-loaded mature DC are injected into
the patient through intravenous, subcutaneous, intradermal or intralymphatic
routes of administration. Except for prostate cancer, where a DC vaccine has
shown to prolong survival and has thus been approved for therapeutic use
(Provenge®), the maijority of clinical trials that used ex vivo-generated DC for
immunotherapy provided no clear-cut therapeutic benefit, mostly due to problems
in yielding standardized DC preparations of reliable quality and quantity (Dougan
et al.,2009).
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The alternative strategy is to load DC directly with tumor antigens and adjuvants in
vivo: here, antigens are directly delivered to DC in vivo using e.g. chimeric proteins
that are comprised of an antibody which is specific for a DC receptor, and is fused
to a selected antigen (Bonifaz et al., 2002). Such vaccines codeliver antigens and
maturation stimuli to the DC, to exploit the intricate migratory capacity of DC in
their natural environment. Ralph Steinman and his group (2004) demonstrated that
specific targeting of antigens to DC in vivo elicits effective antigen-specific CD4*
and CTL responses. As antigen uptake is their natural function, DC express
several receptors as described in chapter 2.2.4 that mediate Ag uptake and
presentation. These receptors can be used to target an Ag of choice to DC in vivo.
For example, DEC-205 (CD205) is an endocytosis-mediating receptor that belongs
to the C-type lectin receptor family. Mouse studies have proven that targeting
DEC205 with antigens led to Ag-specific immune responses. And this type of
targeting not only resulted in MHC Il-dependent presentation of antigen, but also
in antigen loading to MHC | and subsequent cross presentationto CD8* T cells.
Some other C-type lectin receptors, e.g. the mannose receptor or DC-SIGN, which
facilitate binding and endocytosis of ligands that have a terminal sugar residue
such as mannose and fucose, resp., have also been used as DC targeting

structures for vaccination (Figdor et al., 2013).

To efficiently mature DC in vivo after loading with antigens and mABs, DC
maturation stimuli, such as pathogen-derived TLR ligands, are usually applied for
the vaccination. TLR triggering has been demonstrated to be one of the most
potent inducers of DC maturation in vivo. Several studies have demonstrated the
suitability of the TLR 3 ligand poly I:C to increase the number and function of
antigen-specific CD8* T cells in murine disease models, which resulted in
protection from a subsequent challenge with tumor cells (Salem et al., 2005).
Although many TLR ligands are currently under study as tools for in vivo activation
of DC, in recent years there has been a particular focus on CpG-rich
oligonucleotides (ODNs), which act as TLR9 ligands. Unmethylated CpG ODNs
stimulate DC to express costimulatory molecules and to increase antigen
presentation. CpG-ODNs also can improve the MHC | peptide-processing pathway,

leading to an increased number of cross-presented epitopes on the DC surface
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(Krieg et al., 2004). These effects render CpG-ODN a promising adjuvant for in
vivo DC activation (Klinman et al., 2004). There are at least three structurally
distinct classes of synthetic CpG ODNs have been described that are capable to
stimulate cells that express TLR9 (Tab. 4). A-type CpG ODNSs directly induce the
secretion of IFN-a from pDC, which indirectly supports the subsequent maturation
of APC (Krug et al., 2001). B type CpG (CpG-B) encode multiple CpG motifs on a
phosphorothioate backbone, and trigger the differentiation of APC and the
activation and proliferation of B cells (Verthelyi et al., 2001). C type CpG can
stimulate B cells to secrete IL-6 and pDCs to produce IFN-a (Klinman et al., 2004).

CpG-ODN type (Example | Immunomodulatory activity
CpG-A GGTGCATCGATGCAGGGGGG APC maturation, mediated by

) Preferentially stimulates pDCs to
CpG flanking region forms a palindrome
(red) secrete IFN-a

CpG-B TCCATGGACGTTCCTGAGCGTT pDC maturation and production
Triggers B-cell proliferation,
and IgM and IL-6 production

CpG-C TCGTCGTTCGAACGACGTTGAT Stimulates B cells to produce
Multiple CpG motifs (blue) lgM and IL-6
Activates pDCs to secrete IFN-a

............................................................... Modified from Klinman et al,. 2004 Nature Review

Tab. 3: Comparison of ‘A’-, ‘B’- and ‘C’-type oligodeoxynucleotides.

2.6. Cancer immunotherapy

Cancer represents one of the leading causes of death worldwide. Cancer accounts
for about 30% of deaths in the European population. With more than 3 million new
cases and 1.7 million deaths each year, cancer is the most important cause of
death and morbidity in Europe after cardiovascular diseases (Statistic from WHO).
Great progress has been made in cancer therapy in the past decades: tumor
patients are treated with a combination of surgery, radiotherapy, and
chemotherapy in most cases. As a standard therapy, the primary tumor is to be
removed first. However, micro-metastases of disseminated tumor cells may
causetumor relapse and therapeutic failure. On the other hand, chemotherapy and
radiotherapy are nonspecific, and healthy cells are invariably destroyed in addition.

This is one of the major reasons why cancer patients suffer from devastating side
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effects of treatment and have a poor quality of life throughout therapy. In order to
overcome these obstacles, tumor immunotherapy has come into the focus of

tumor immunology (Xiang et al., 2004).

Immunotherapy refers to therapeutic strategies which support the immune system
to kill tumor cells / malignant cells (Mellman et al., 2011). The main focus of
immunotherapeutic strategies is not only aimed to target and kill tumor cells, but
also to active the immune system in a sustained manner in order to induce a long
term anti-tumor response. One strategy is aimed atnonspecific activation of the
immune system, by supplying high amounts of effector molecules, such as tumor-
specific monoclonal antibodies (mAbs). Another immunotherapy strategy is
directed on activation of the patient’s immune system to target and kill cancer cells.
The latter strategy may result in overlapping immune responses, i.e. simultaneous
activation of innate immune cells, e.g. granulocytes and natural killer (NK) cells as
well as of APC, and thereby also of CD4* T cells, CD 8" T cells, as well as B cells

to coordinately eradicate tumor cells.

2.7. Nanoparticles for delivery of cancer vaccines

In the past 20 years, several therapeutics based on particles with a size in the 10—

500 nm dimension range, hence termed nanoparticles, have been introduced for

cancer therapy and the treatment of infectious diseases (Petros and DeSimone,
2010). Nanoparticle-based therapeutics are typically comprised of different
therapeutic entities, such as small-molecule drugs, peptides, proteins and nucleic
acids, and components that assemble with these, such as lipids and polymers, to
form nanoparticles (Davis et al., 2008). A stronger immune response is elicited
when an antigen is associated with nanoparticles as compared with soluble
antigen.Some clinical trials suggest that nanoparticle-based therapeutics can show

enhanced anticancer effects as compared with direct application of the therapeutic
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entities they contain, while simultaneously exerting less side effects, due to direct

cellular targeting (Peer et al., 2007).

2.8. Friend virus infection

2.8.1. Friend gamma retrovirus

Scientific knowledge of human retroviral infections is relatively well established,
but the mechanisms of retrovirus-associated immunosuppression are still not fully
understood. However, such knowledge is extremely valuable for the development
of immunotherapeutic strategies and the design of vaccines (Miyazaw et al.,
2008).In this regard, Friend retrovirus (FV) constitutes an important model due to
the availability of immuno-competent mouse strains which survive FV infection, as
well as mouse strains, which show a lethal course of infection based on the

development of acute erythroleukemia.

FV is a gamma retrovirus, isolated from leukemic mice by Charlotte Friend (Friend,
1957), and has been studied as a virus model to identify viral genes that control
both susceptibility towards viral infection and virus-induced tumorigenesis
(Chesebro, 1990). FV is a retroviral complex comprised of Friend murine leukemia
virus (F-MuLV), a non-pathogenic, replication-competent helper virus, and of
spleen focus-forming virus (SFFV), a replication-defective virus, which is
responsible for pathogenesis (Kabat, 1989). Therefore, SFFV can spread only as
cargo of F-MuLV-encoded viral particles. In susceptible mouse strains like BALB/c,
FV induces lethal erythroleukemia (Chesebro, 1990). Mice of resistant strains (e.g.
C57BL/6) are unable to clear the virus completely, and remain persistently infected
(Chesebro, 1990).

When adult mice of susceptible strains are infected with FV, their spleens rapidly
enlarge because of virus-induced polyclonal proliferation of erythroid precursor
cells. Subsequent proviral integration at the Spi-1(ets) oncogene locus, combined
with inactivation or mutation of the p53 tumor suppressor gene, produces fully
malignant erythroleukemias. This process results in splenomegaly at 7-9 days post

infection.
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2.8.2. Molecular mechanisms of FV-induced disease

After inoculation with FV, the product of the SFFV env gene, gp55, forms a
complex with the erythropoietin receptor (EpoR)(Ben-David and Bernstein, 1991).
This interaction induces the proliferation and differentiation of erythroid progenitor
cells (Tab. 7; Masaaki et al 2008). EpoR is expressed by erythroid progenitor cells
at stages later than burst-forming unit, and is mainly effective in the growth
regulation of the colony-forming unit of erythroid (CFU-e) (Kabat, 1989). The first
cellular target of FV infection is the CFU-e in the bone marrow, and infected CFU-
e migrate into the spleen, where they continue to divide and differentiate. This
process is the reason for the development of splenomegaly. The transduction of
growth signals from the gp55-EpoR complex also requires the involvement of
another molecule, sf-STK (a short form of a kinase-type hematopoietic growth
factor receptor). Mice of C57BL/6 background lack expression of sf-STK, and thus

are resistant to the development of massive splenomegaly (Masaaki et al., 2008).

Viral genome

Plasma \ RNA o = i
membrane Fv4 \ f o RIS
Nuclear APOBEC3
membrane

Endogenous

Chromosomal retroviral env

DNA

SFFV provirus F-MulV provirus
Masaaki Miyazawa et al.,Vaccine.2008

Fig. 8: Mechanisms of FV-induced erythroid cell growth potentiation and cellular factors that
interfere with FV infection (Masaaki Miyazawa et al., 2008).
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2.8.3. Host genetic factors involved in FV infection

Many genes are involved in conferring immunological resistance to FV-induced
disease. The induction of erythroleukemia is affected by many host genes,
including major histocompatibility complex (MHC) (H-2) and non-MHC genes (Fvl,
Fv2, Fv4, Rfv3 and others) (Chesebro et al.,1990). The H-2b haplotype as carried
by C57BL/6 is usually associated with relative resistance to FV, whereas H-2d
(BALB/c), H-2q (FVB/N), H-2a and H-2k (C3H) are associated with susceptibility
(Hasenkrug et al.,1997).

Recent work has shown that APOBEC3 (mA3, apolipoprotein B mRNA-editing
complex), which exerts antiviral activities against exogenous and endogenous
viruses, as well as retrotransposons, also restricts infection by murine leukemia
virus (MuLV), porcine endogenous retrovirus, and foamy viruses(Delebecque et
al.,2006 & Harris et al.,2003). Mouse retroviruses escapes from the host's
APOBEC3 activity in two ways: by the exclusion of mouse APOBEC3 from the
virions and by the cleavage of incorporated mouse APOBECS3 with viral protease
after virion maturation (Abudu et al, 2006). In different inbred mouse
strainspolymorphic APOBEC3 alleles have been found (Takeda et al., 2008). For
example, C57BL/6 mice, which are resistant to F-MuLV, express an APOBEC3
isoform different from that encoded by F-MuLV-susceptible BALB/c mice. The
predominant Apobec3-mRNA produced by cells of C57BL/6 mice lacks exon 5
(mA3-5) and encodes a protein with 15 polymorphic amino acids (Takeda et al.,
2008). It has also been reported that BALB/c mice produce only a APOBEC3
mMRNA variant that lacks exon 2 (mA3-2).

2.9. Asthma and Anaphylaxis

Asthma is a multifactorial and complexchronic obstructive disease of the lower
airways (Bochner et al., 1994). It is characterized by exacerbations of partially
reversible airflowlimitation, along with bronchial hyperreactivity and chronic airway
inflammation (Bochner et al., 1994). Asthma is one of the most common chronic

inflammatory diseases, according to the report from the WHO.In the past 20 years,
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the prevalence of asthma has almost doubled, and currentlyabout 300 million
people suffer from asthma (Wang et al., 2012). One of the hallmarks of asthma is
the infiltration of the airway wall by Th2 cells, eosinophils and mast cells. Priming
of allergen-specific CD4* T cells results in the increased production of Th2
cytokines (such as IL-4, IL-5 and IL-13).These cytokines are responsible for class-
switching to the € immunoglobulin heavy chain, which results in IgE production by
B cells. IgE binds with the FceRI, which expressed on the surface of mast cells
and basophils (Hamid et al., 2009). Crosslinking of IgE-FceRl complexes by
allergen results in the degranulation of mast cells and basophils, whichthereby
release histamine, lipid mediators, chemokines and other cytokines, and induce

the first allergic reaction.

Anaphylaxis is a severe, potentially life-threatening, systemic allergic reaction,
which generally happens unexpectedly in healthy individuals (Rietschel et al.,
2013).Studies in mouse OVA models demonstrated 2 pathways for the systemic
anaphylaxis. One is the classical pathway mediated by IgE, FceRI (high-affinity Fc
receptor for IgE), mast cells, histamine and platelet-activating factor (PAF). The
other pathway is mediated by IgG, FcyRIll, macrophages and PAF (Finkelman
2007).

2.10. Aim of the PhD study

The aim of the work presented here was to study how retroviral infection alters
DC-T cell immunity, whether these effects are important for the generation of
retrovirus-induced immunosuppression, and how suppression of antigen
presentation may contribute to tumorigenesis and tumor formation are related. In a
second series of experiments, the usability of functionalized, nano-sized, dextran-
based and solid core particles to induce potent antitumor immune responses was
assessed both in vitro and in vivo in different therapeutic disease models,

including a melanoma model, allergic asthma, and anaphylaxis.
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3. Results

3.1. Friend virus-induced alterations of myeloid DC

Due to the central role of dendritic cells (DCs) in the induction of anti-viral responses,
we asked for their functional role in the genotype-dependent sensitivity towards FV
infection. A study from our group (Balkow et al., 2007) showed that formation of the
immunological synapse between dendritic cells (DCs) and T cells differed when FV-
infected DCs were used as stimulators.MyPhD study was focussed on elucidating the
functional role of proteins identified as differentially expressed in FV-infected DC in a
genotype-dependent manner, which therefore may contribute to the differential

course of FV infection in vivo in BALB/c versus C57BL/6 mice.

3.1.1. Analysis of FV-infected DC ex vivo and generation of FV-infected
myeloid BMDCin vitro

3.1.1.1. In FV-susceptible BALB/c mice the frequency of FV-infected splenic DC
is higher than in FV-resistant C57BL/6 mice

To determine whether DC generated in vitro from FV-infected progenitor cells
exhibited similar characteristics as DC in FV-infected mice, we stained spleenic DC
derived from acutely FV-infected mice of either genotype with an antibody against FV
encoded protein for expression of the FV-glycosylated Gag protein on CD11c*
splenic DC. In FV-susceptible BALB/c mice, 7 days after inoculation with FV around
25.29 % splenic DC were positive for FV Gag protein, but only 6.2 % of splenic DC
derived from FV-inoculated C57BL/6 mice expressed this viral protein (Fig. 9).
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Fig. 9: Frequencies of FV-infected splenic DC in BALB/c and C57BL/6 mice. Myeloid DC were
isolated from the spleen of FV-infected mice 7 days after infection and were immunosorted by
CD8*CD11c* positive selection. The frequencies of splenic DC expressing a FV-encoded protein (p34)
on their surface were assessed by FACS analysis. Data represent the meantSEM of 5 independent
experiments. Statistically significant differences between C57BL/6 versus BALB/c are indicated (*
p<0.05).

3.1.1.2. The frequency of FV-infected BM cells is higher in BALB/c than in
C57BL/6 mice

To study the properties of FV-infected DC with a genotype of FV-susceptible versus
resistant mice side-by-side, C57BL/6 and BALB/c mice were left untreated or were
inoculated with FV, and their bone marrow (BM) was isolated one week later to
generate BM-derived DC. Fig. 10 shows that the frequency of FV-infected BM cells
was higher in case of BALB/c mice than of C57BL/6 mice.

~47 ~



Limei Shen RESULTS

*%
w 257
& C57BL/6
g 20- BALB/C
om
T 151
©
:"'E-’ 10-
& s
)
~ 0

Fig. 10: Frequencies of FV-infected Bone Marrow (BM) cells derived from FV-infected BALB/c
and C57BL/6 mice. 7 days post infection with FV, BM was isolated from the femurs of mice. The
frequencies of BM cells expressing a FV-encoded protein (mAb34) on their surface were assessed by
FACS analysis. FV-infected BM cells were separated by immunomagnetic positive selection using a
p34-specific antibody. Data represent the meantSEM of 15 independent experimentsStatistical
significant differences between C57BL/6 versus BALB/c are indicated (** p<0.01, ***).

3.1.2. FV infection interferes with the DC immunophenotype

3.1.2.1. The expression of MHCII and of costimulatory markers is impaired in
BMDC derived from FV-infected BM cells in a strain-independent
manner

To assess the consequences of FV infection of DC for their immuno-phenotype, the
expression of cell surface markers was determined. The maturation of DC was
associated with increased expression of MHC Il and costimulatory molecules. After 6
days of differentiation, the expression of MHCIlI and costimulatory molecules in
BMDC derived from uninfected and FV-infected BM cells of either mouse strain was
analysed by FACS. Fig.11 shows that BMDC derived from FV-infected BM cells
displayed a lower expression of MHC Il, and of CD40, CD80 and CD86 than
observed for the corresponding control group. These results indicate that FV infection
establishes an immature immunophenotype in BMDC in a genotype-independent

manner. Interestingly, however, MHC Il expression by DC was diminished to a
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significantly greater extent in BALB/c mice, whereas the expression of CD80 and

CD86 molecules was affected more prominently in C57BL/6 mice.
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Fig. 11: FV-infected and uninfected BMDC from both mouse strains show differences in the
expression of DC activation markers. 7 days post FV infection, BM was isolated from the femurs of
mice. FV-infected BM cells were separated by immunomagnetic positive selection using a p34-specific
antibody. FV-infected and uninfected BM cells were incubated in parallel cultures with GM-CSF for 6
days. On day 6, immature DC were harvested and subsequently analysed by FACS for the expression
of CD11c, MHCII, CD40, CD80, and CD86. Data represent the meantSEM of 5 independent
experiments. Statistically significant differences between uninfected versus FV-infected DC are
indicated (** p<0.05)

MFI

3.1.2.2 FV-infected BMDC display unaltered cytokine secretion pattern

In addition to the phenotypic characterization of FV-infected DC from either genotype,
we studied their ability to produce cytokine.lL-12 and IL-10 are important cytokines
required for activation and differentiation of T cells upon DC—-T-cell contact. As shown
in Fig. 12, after stimulation of LPS, FV-infected BMDC drived from BALB/c mice
showed enhanced production of IFNy, TNF-qa, IL-6 and IL-12 but no clearly difference
of IL-10 production. In FV-infected BMDC drived from C57BL/6 mice no difference of

cytokine productions were observed.
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Fig. 12: FV-infected BMDC are not affected in their cytokine production.7 days post FV infection,
FV-infected BM cells were separated by immunomagnetic positive selection using a p34-specific
antibody. FV-infected and uninfected BM cells were incubated with GM-CSF for 6 days. On day 6,
immature BMDC were harvested and stimulated in vitro with LPS (100ng/ml). After 24 hours,
supernatants from BMDC cultures were analyzed by CBA for concentrations of IFNy, TNF-a, IL-6, IL-

10 and IL-12. Data represent meantSEM of three independent experiments. Cumulative data from 3
independent experiments are shown.
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3.1.3. FV infected BMDC induce reduced T cell proliferationcompare to
uninfected BMDC

3.1.3.1. FV infected BMDC are poor CD4*T cell stimulators in vitro

So far, the results show that FV infection of DC progenitors resulted in impaired
expression of MHCII and costimulatory markers by BM-derived DC without affecting
their cytokine production by BMDC to a significant extent. Next, the functional
properties of FV-infected BMDC were analyzed. In a previous study, time lapse
microscopy revealed that FV-infected BALB/c BMDC had more prolonged contacts
with syngeneic DO11.10 T cells than uninfected DC, and favored the expansion of
CD4*Foxp3* T cells (Balkow et al., 2007). Therefore, it was of interest to analyze to
which extent FV-infected C57BL/6 BMDC could stimulate antigen-specific T cell
proliferation. To test this, uninfected and FV-infected BMDC of either genotype were
pulsed with OVA peptide, and subsequently used to stimulate the proliferation of
OVA peptide-specific CD4* T cells (BALB/c: DO11.10, C57BL/6: OT-Il). As shown in
Fig. 13, unstimulated BMDC (uninfected and FV-infected) of both strains mediated
low T cell proliferation. When stimulated with LPS, uninfected BMDC mounted
significantly higher T cell proliferation than FV-infected BMDC in a genotype-

independent manner.
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Fig. 13: BALB/c and C57BL/6 BMDCat stimulated state show an impaired T cell stimulatory
capacitiy when infected with FV. 7 days after FV infection, BM cells were separated by
immunomagnetic positive selection using a p34-specific antibody, and both FV infected and uninfected
BM cells were incubated with GM-CSF for DC differentiation. On day 6, immature BMDC were
harvested and aliquots were stimulated with LPS (100ng/ml) over night. BMDC were pulsed with
OVAa323.329 for 2h. Afterwards, titrated numbers of harvested BMDC were cocultured with OVA peptide-
specific CD4* (DO11.10 [A], OT-II [B]) T cells in triplicates for 72 h. T cell proliferation was assessed
by uptake of ®H-thymidine during the last 16 h of culture. Data represent mean+SEM of tripbicates.
Results from one respresentative out of three independent experiments are shown.
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3.1.4. FV-infected BMDC induce an altered cytokine profile in DC/T cell
cocultures

3.1.4.1. FV-infected BMDC induce lower Th1 and Th17 responses

To investigate alterations of the cellular immune response induced by FV-infected
DC, FV-infected and uninfected OVAs23.329-pulsed and LPS-stimulated BMDCof
either genotype were cocultured with corresponding OVA peptide-specific CD4* T
cells (DO11.10 for BALB/c and OT-IlI for C57BL/6 DC/T cell coculture). Three days
later, the supernatants of these cocultures were assessed for cytokine contents. As
shown in Fig.14, in general FV-infected BMDC evoked a significantly reduced
production of the Th1 cytokine IFNy, and of the Th17 marker IL-17 as compared with
uninfected BMDC. In contrast, FV-infected BMDC mounted a stronger IL-2
production than the corresponding control BMDC.
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Fig. 14: Th1 and Th17 cytokine levels were altered in FV-infected-DC/CD4* T cell cocultures.7
days post FV infection BM was isolated from the femurs of mice. The frequencies of BM cells
expressing a FV-encoded protein (p34) on their surface were assessed by FACS analysis. FV-infected
BM cells were separated by immunomagnetic positive selection using a p34-specific antibody. FV
infected and uninfected BM cells were incubated with GM-CSF. Both uninfected and FV-infected
BMDC (BALB/c and C57BL/6) were harvested on day 6 of culture, were pulsed with OVA323.329. TwoO
hours later, LPS (100 ng/ml) was added. One day later, BMDC (each 5,000) were cocultured with
CD4* DO11.10 or OT-Il T cells (50,000) for 72 h. Cytokines contents of DC/T cell coculture
supernatants were analyzed by CBA. Data represent mean+SEM of three independent experiments.
Statistically significant differences between uninfected versus infected DC/T cell cocultures are
indicated (* p<0.05, ** p<0.01, *** p<0.001).

3.1.4.2. FV-infected BMDCamplify the Th2 response

The immunological resistance of a host against viral infections is strongly affected by
cytokines such as IL-4, IL-5 and IL-13, which promote T helper type 2 responses and
thereby may evoke an enhanced antiviral humoral immune response. As depicted in
Fig. 15, FV infected BMDC of either genotype induced a stronger production of the
Th2 cytokines IL-4, IL-5 and IL-13 than the corresponding control BMDC population.
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Fig. 15: Th2 cytokine levels were increased in FV infected-DC/CD4* T cell coculture
supernatants. 7 days post FV infection BM was isolated from femurs of mice. The frequencies of BM
cells expressing a FV-encoded protein (p34) on their surface were assessed by FACS analysis. FV-
infected BM cells were separated by immunomagnetic positive selection using a p34-specific antibody
FV infected and uninfected BM cells were incubated with GM-CSF. Both uninfected and FV-infected
BMDC (BALB/c and C57BL/6) were harvested on day 6 of culture and were pulsed with OVAaz23.320.
Two hours later, LPS (100 ng/ml) was added. One day later, BMDC (5,000) were cocultured with CD4*
DO11.10 or OT-ll T cells (each 50,000) for 72 h. Cytokines contents of DC/T cell coculture
supernatants were analyzed by CBA. Data represent mean+SEM of three independent experiments.
Statistically significant differences between uninfected versus infected DC/ T cell cocultures are
indicated (* p<0.05, ** p<0.01,).

3.1.5. FV-infected BMDC induce lower CD4* T cells proliferation than
uninfected BMDCin vivo in a genotype-independent manner

Due to the impaired ability of FV-infected BMDC to stimulate antigen-specific CD4* T
cells in vitro, next their ability to mount OVA-specific CD4* T cell responses in vivo
was tested. To this end, DO11.10 (BALB/c background) or OT-ll (C57BI/6
background) T cells were labeled with CFSE and were injected i.v. into syngeneic
BALB/c or C57BL/6 mice, respectively. Two days later, FV-infected and uninfected
BMDC were pulsed with OVA peptide and were injected i.v. into corresponding
recipient mice. Three days later, the extent of OVA-dependent proliferation of CFSE-

labeled OT-II T cells of spleen cells was analyzed by flow cytometry.

In case of the mice that had been immunized with FV-infected DC, the in vivo
proliferation of DO11.10 (Fig. 16A) and OT-II T cells (Fig. 16B) was significantly lower
as compared with T cells derived from mice immunized with uninfected DC. In
accordance with the finding of reduced IFNycontents in DC/T cell coculture
supernatants containing FV-infected BMDC as stimulators, the frequency of IFNy*OT-
II' T cells was significantly lower in mice immunized with FV-infected BMDC (Fig.
16C).
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Fig. 16: The in vivo proliferation of transgenic CD4* T cells is reduced when FV-infected BMDC
are used as stimulators. Splenocytes derived from OT-Il transgenic mice were labeled with 0.5 pmol
CFSE. 107 T cells (OT-Il, DO11.10) were injected i.v. into syngenic C57BL/6 mice or BALB/c mice.
After 2 days, recipients were immunized with uninfected or FV-infected BMDC (each 3x10°) pulsed
with OVA peptide, and stimulated with LPS (100 ng/ml) prior to transfer. Three days later, the
frequencies of CFSE-labeled CD4* T cells within the spleen cell suspensions were assesed by flow
cytometry. (A) Compared to uninfected BMDC, FV-infected (A) BALB/c and (B) C57BL/6
BMDCexerted a reduced capacity to stimulate the proliferation of CFSE-labeled CD4* T cells (A:
DO11.10,CFSE*CD4*D011.10*;B: OT-II,CFSE*CD4* CD45.1* Va2*) in vivo. Results from one out of
three independent experiments are shown. (C) Stimulated FV-infected C57BL/6 BMDC induced less

secretion of IFNy from CFSE-labeled OVA-reactive CD4* OT-Il T cells than uninfected BMDC. (A-C)
Data represent the meantSEM of 3 independent experiments. Statistically significant differences
between groups are indicated (* p<0.05, ** p<0.01, *** p<0.001).

3.1.6. FV infected BMDCare weaker inducers of CD8*T cell proliferationin
vivo

Due to the reduced proliferation and lowered frequency of IFNy production of CD4*
antigen-specific T cells stimulated by FV-infected BMDC, the suitability of FV-infected
BMDC to evoke CD8* T cell responses was assessed. To this end, splenocytes
derived from OT-I mice bearing OVA peptide-specific CD8" T cells were labeled with
CFSE and were injected i.v. into C57BL/6 mice. After two days, groups of mice were
treated with uninfected or FV-infected BMDC. Four days later, the in vivo proliferation

of CFSE* OT-I T cells was assessed in spleen cell suspensions.

When mice had been immunized with FV-infected BMDC, CD8* OT-I T cells
proliferated at a significantly lower extent than in mice immunized with uninfected
control BMDC (Fig.17A). Similar to the findings for CD4*OT-II T cells, the frequency
of OT-I T cells producing the Th1 cytokine IFNy was lower in mice immunized with
FV-infected BMDC than after treatment with control DC (Fig. 17B).

IFNy secreting Th1 cells are likely to be critical for effective and long-lasting anti-
tumor immunity. First we hypothesized that in C57BL/6 mice, their ability to mount a
stronger Th1 response might contribute to their FV resistance. However, FV-infected
DC displayed a reduced ability to induce proliferation of CD8" T cells, and the

frequency of IFNy  producing OTI-I T cells is decreased.
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Fig. 17: The in vivo proliferation of antigen-specific CD8* T cells is reduced when employing
FV-infected BMDC as stimulators. Splenocytes derived from OT-I transgenic mice were labeled with
0.5 umol CFSE. 107 OT-I cells were injected i.v. into syngenic C57BL/6 mice. After 2 days, recipients
were immunized with uninfected or FV-infected BMDC which pulsed with OVA peptide.Three days
later, the frequencies of CFSE*CD8* CD45.1* Va2* cells within the spleen cell suspensions were
assessed by flow cytometry.(A) Compared to uninfected BMDC, FV-infected C57BL/6BMDC pulsed
with OVA2s7.264 mediated a less proliferation of CFSE-labeled CD8* T cells (OTI) in vivo (B) Stimulated
FV-infected C57BL/6 BMDC induced a lower frequency of IFNy produce by CFSE-labeled CD8* T
cells than uninfected BMDC.Data represent the meantSEM of 3 independent experiments.
Statistically significant differences between groups are indicated (* p<0.05, ** p<0.01, *** p<0.001).
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3.1.7. FV-infected BMDC display an altered proteome profile

Taken together, FV-infected BMDC displayed an impaired T cell stimulatory, but Th2-
biased capacity, irrespective of their genotype. Thus, no overt functional difference
was detectable between BMDC of FV-susceptible and FV-resistant mouse strains.
However, since BALB/c mice are susceptible to FV infection, in contrast to
C57BL/6mice, a proteome analysis of FV-infected versus uninfected BMDCat
unstimulated stateswas undertaken in order to identify strain-specifically FV-

regulated proteins, which may affect DC functions.

On day 6 of culture, BMDC (3x10°) per group were analyzed by protein mass
spectrometry for three times (by Dr. Stefan Tenzer; Institute of Immunology,
University Medical Center Mainz). By these analyses, more than 300 significantly
differentially expressed proteins were identified in infected versus uninfected BMDC,
which were regulated either similarily in BMDC of either genotype or in a genotype-
specific manner. For some of these FV-regulated proteins more detailed analyses

have been performed in order to determine their impact on DC functions.

3.1.8. FV-infected BMDC of either genotype show an increased
endocytotic capability

DC regulate antigen uptake by controlling their endocytotic capacity. Immature DC
actively internalize antigen, while mature DC display poor endocytotic activity. It is
known that endocytotic activity is controlled by Rho family GTPases (Bokoch, 2005).
Protein-mass fingerprinting of FV-infected versus uninfected BMDC revealed that
some small G-proteins, including RHO and proteins involved in antigen processing
(cathepsins),were stronger differentially regulated(Tab. 4) in both FV-infected BMDC

populations as compared with their uninfected counter parts.
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C57BL/B BALBI/c
(Rho i 1) l 0
(Rho ot 2 ] 0
RAC-2 0 l
RHO-A 0 l
Cathepsin B T T
Cathepsin D T T T T

Tab. 4: Rho proteins and Cathepsin are differentially expressed in FV-infected versus
uninfected BMDC in a genotype-dependent - or -independent manner (1 upregulated, 11 strongly
upregulated, | downregulated).

Due to these results, the endocytotic activity of FV-infected BMDC was analyzed
inmore detail.Fig.18shows that upon FV infection, the endocytotic activity of BMDC

was significantly increased.
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Fig. 18: FV-infected and uninfected BMDC show differences in endocytosis in a genotype-
independent manner. 7 days post FV infection, BM was isolated from femurs of mice. FV-infected
BM cells were separated by immunomagnetic positive selection using a p34-specific antibody. FV-
infected and uninfected BM cells were incubated with GM-CSF to induce DC differentiation. Both
uninfected and FV-infected BMDC (BALB/c and C57BL/6) were harvested on day 6 of culture.
Uninfected and FV-infected BMDC were incubated with FITC-OVA at either 37°C or 4°C as a control.
After 10, 30, and 120 minutesendocytotic uptake of FITC-OVA was stopped, cells were counterstained
with anti-CD11c, and was examined by FACS. Data represent meantSEM of five independent
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experiments.Statistically significant differences between groups are indicated (* p<0.05, ** p<0.01, ***
p<0.001).

3.1.9. FV-infected BMDC are characterized by a higher content of F-actin
in a mouse strain-specific manner

In general, the concerted activitiy of cytoskeletal proteins is critical for numerous
physical cellular processes, including cell adhesion and migration. The function of DC
critically depends on a coordinated cytoskeletal activity, which is essential not only
for DC migration from peripheral tissues to lymphatic organs, but also for Ag uptake
and formation of the immunological synapse during Ag presentation. Tab. 5 shows
FV-induced alterations of cytoskeletal proteins in BMDC of BALB/C and C57BL/6

background mice as detected by proteome analysis.

C57BL/6 | BALBI/c
Myosin 10 1 I
Filamin A ™ 1
ARPC4 1 0
Tubulin A8 0 1
Tubulin B2B 1 o
Tubulin B6 0 1
Talin 1 o] 1
Tropomyosin A3 1 0

Tab. 5: Cytoskeletal proteins are differentially expressed in FV-infected versus uninfected
BMDC in a genotype-dependent or -independent manner (fupregulated, 11 strongly upregulated, |
downregulated).

Due to the differential regulation of a number of proteins known to affect the actin
cytoskeleton in BMDC infected with FV, as a more general readout we monitored the
F-actin content in unstimulated BMDC populations. Fig. 19 (A, B) shows that in FV-
infected BMDC of BALB/c genotype the content of F-actin was higher than in
uninfected BMDC. However, in case of C57BL/6 BMDC the F-actin content was not
affected by FV infection in.
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Fig. 19: The F-actin content of BMDC is affected by FV infection in a genotype-dependent
manner.7 days post FV infection, BM was isolated from femurs of mice. FV-infected BM cells were
separated by immunomagnetic positive selection using a p34-specific antibody. Uninfected and FV
infected BM cells were incubated with GM-CSF for 6 days to generate BMDC. On day 6, immature
BMDC were harvested. (A) Uninfected and FV-infected DC (5x10°) were seeded into cell chambers
and stained with anti-F-actin antibody (red) and DAPI (blue), and were analyzed by CLSM. (B) The
expression levels of F-actin in DC were quantified by measuring the mean relative fluorescent
intensities of the images.Data represents mean+SEM of 5x10*DC).
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3.1.10. S100A9 expression is upregulated in FV-infected BMDC in a
genotype-dependent manner

Besides a differential expression of molecules that control endocytosis and
cytoskeletal activity, the protein mass array analysis also revealed an enhanced
content of S100A9 in FV-infected versus uninfected BMDC of C57BL/6, but not of
BALB/c genotype (Fig. 20A). In accordance, gPCR analysis showed that S100A9
MmRNA levels were enhanced in unstimulated FV-infected BMDCof C57BL/6
genotype only (Fig. 20B). After stimulation of DC with LPS, S100A9 mRNA
expression decreased in all DC populations.
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Fig. 20: S100A9 is differentially expressed in FV-infected BMDC in a genotype-dependent
manner. 7 days post FV infection, BM was isolated from femurs of mice. FV-infected BM cells were
separated by immunomagnetic positive selection using a p34-specific antibody. Uninfected and FV
infected BM cells were incubated with GM-CSF for 6 days to generate BMDC. On day 6, immature
BMDC were harvested. (A) S100A9 protein content in BMDC samples as assessed byprotein mass
array analysis. (B) S100A9 mRNA levels in unstimulated and LPS-stimulated BMDC populations of
either genotype (upper part: C57BL/6, lower part: BALB/c) were monitored by q PCR analysis.

~ 64 ~



Limei Shen RESULTS

3.1.11. S100A9 may contribute to prevent cellular FV infection

3.1.11.1. More FV infected BMDC were detected in S100A9 KO mice after FV
infection

S100A8 and S100A9 are two members of the S100 family calcium-binding proteins
that form a heterodimer termed calreticulin, which was originally discovered as a
protein that highly expressed and secreted by granulocytes, monocytes, and early
differentiation states of macrophages (Gebhardt, 2006). Subsequently, calreticulin
has emerged as an important pro-inflammatory mediator in acute and chronic
inflammation (Ehrchen et al., 2009). Moreover, increased S100A8 and S100A9 levels
were also detected in various human cancers, abundantly expressed in neoplastic
tumor cells as well as infiltrating immune cells (Arai et al., 2008). So far, many
functions have been proposed for S100A8/A9 (Gebhardt, 2006), but to a large extent
its biological role still remains to be defined. In this study, significant alterations in the
expression of S100A9 in BMDC of FV- susceptible and resistant mouse strains were
detected (Fig. 20A, Fig. 20B), which raised the hypothesis that S100A8/S100A9 may

play a role in FV-induced immune responses.

For this, friend virus complex was injected i.vinto S100A9 knockout mice (C57BL/6
background). Seven days after infection, FV-BM was isolatedand FV-glycosylated
Gag positive BM cells were sorted for the generation of infected BMDC. On day 6,
immature BMDC were stained as well as for the expression of FV-glycosylated Gag.
As shown in Fig. 21, S100A9"-BMDC were characterized by a higher frequency of
FV-infected cells as compared with WT BMDC.
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Fig. 21: S100A9- BMDC are infected by FV at higher frequency than WT BMDC.Seven days post
infection with FV, BM was isolated from the femur of mice (9 mice per group). FV-infected BM cells
were separated by positive selection using an antibody against a FV encoded protein (anti-mAb 34
and PE conjugated secondary AB. FV infected BM cells were incubated with GM-CSF for 6 days.On
day 6 of culture, BMDC were costained with anti-mAb34 antibody against the FV encoded protein and
anti-CD11c antibody. (A) Data represent meantSEM of frequencies ofdouble positive cells obtained
from each 9 mice per groupof 2 experiments. Statistically significant differences between groups are
indicated (** p<0.01). (B) RawFACS original date. Results from one out of 2 independent experiments
(9 mice pro group) are shown.
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3.1.11.2. S100A9 is required for the acquisition of enhanced motility of FV-
infected C57BL/6 BMDC

Migration of DC to draining LNs is a key step in the initiation of immune responses.
Therefore, the motility of FV-infected BMDC with C57BL/6 background derived from
WT and S100A9 mice was assessed. The result shown in Fig. 22 indicates that FV-
infected WT BMDC showed a statistically significant increase in their motility
compared to control DC. This infection-associated effect was abrogated in S100A97

BMDC.
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Fig. 22: FV-infected S100A9""BMDC from S100A9 KO mice fail to increased motility. Seven days
post FV infection, BM was isolated from the femur of FV-infected WT and S100A9” mice, and BMDC
were differentiated from sorted FV-infected BM cells. FV-infected BM cells were incubated with GM-
CSF for 6 days. On days 6 of DC culture, BMDC were harvested and their spontaneous migratory
speed was analyzed. Data represent meantSEM of 30 DC per group. Statistically significant
differences between groups are indicated (** p<0.01, *** p<0.001).
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3.1.11.3. The expression of APOBEC3 is reduced in S100A9 ""-BMDC

As described in 2.5.3, several groups have shown that mA3 restricts infection of
Friend murine leukemia virus. The results presented in this study( in 3.1.10.1 and
3.1.10.2 ) showed that S100A9 KO mice were more susceptible towards FV infection
on cellular level as reflected by higher frequencies of FV-infected BM cells and
derived BMDC. Therefore, we investigated the expression of mA3 in BMDC derived
from S100A97- mice by. The result showed in Fig. 23 suggests that S100A9-BMDC
express lower level of mA3 than WT BMDC.
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Fig. 23: mA3 RNA is expressed at lower levels in S100A9--BMDC. BM cells were isolated from the
femur of each on WT and S100A97- mouse, and incubated with GM-CSF for 6 days to differentiate DC.
On day 7 of culture, BMDC were harvested, and expression of mA3 mRNA was monitored by gPCR
analysis. Data represent mean+SEM of 1 experiment performed in duplicate.
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3.1.11.4. Recombinant S100A8/9 enhances the expression of APOBEC3 in
C57BL/6 BMDC

A study from Okeoma et al.(2009) has shown that the bacterial TLR ligand LPS
induced mA3 expression in BMDC, and virus restriction in different inbred mouse
strains upon in vivo application. S100A8/9 constitutes an alternative TLR4 ligand.
Therefore, effects of exogenous S100A8 and S100A9 homo- and heterodimers on
mA3 expression in BMDC were monitored. As shown in Fig. 24, the level of total mA3
and its isoforms & ex2 and & ex5 weresignificantly increased when S100A8/9 was
used for BMDC stimulation. In contrast, neither LPS nor S100A8 and S100A9

homodimers, respectively, exerted any stimulatory effect on mA3 expression.
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Fig. 24: The expression of mA3 in C57BL/6 BMDC was increased upon stimulation with
S100A8/9.BM cells were isolated from femurs of C57BL/6 mice, and incubated with GM-CSF
todifferentiate DC. On day 7 BMDC were harvested, reseeded (10%/ml in 1 ml) and either left untreated
or incubated with LPS or either of the S100 proteins indicated (each 1 pg/ml) for 24h. Afterwards,
mRNA expression of total APOBEC3 and its isoforms was monitored by real time PCR analysis. Data
represent meantSEM of two independent experiments performed in duplicate.
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3.2. Dextran-based nanoparticles induce strong antigen-specific
cellular and humoral responses

To exploit the potential of DC for immunotherapeutic applications, in another project
of this PhD study the usability of different types of functionalized nanoparticles to

serve as a DC-addressing nanocarrier platform was tested.

3.2.1. Shape and size of OVA-containing dextran-based nanoparticles

Dextran (DEX)-based nanoparticles containing OVA protein, LPS, or both compounds
in combination, were generated as described in the experiments procedures. After
preparation, the different types of DEX-based particles were resuspended in PBS for
subsequent analysis. To determine concentrations of DEX-encapsulated OVA protein,
particles were disrupted by ultrasonication, and analyzed by BCA Assay. By this
assay, OVA-containing DEX particles were shown to contain about 200 ug of OVA/ul
of undiluted DEX particles. By LAL assay, DEX(LPS) were determined to contain
about 13 pg of surface accessible LPS per ul of undiluted DEX particles, while control
DEX particles (DEX[-]) were devoid of LPS.

As assessed by electron microscopy, DEX[-]Jwere of spherical shape and rather
uniformous in size (Fig. 25A). DEX formulations containing OVA and LPS either alone
or in combination were comparable in terms of appearance and size (data not
shown). Their actual size in solution was analyzed by dynamic light scattering
(experiments were performed by Prof.Schmidt, Institute of Physical Chemistry,
Johannes Gutenberg University). The angular dependency of the hydrodynamic
radius of DEX][-] is shown in Fig. 25B. Extrapolation to q=0 resulted in the z-average

value of the hydrodynamic radius of the DEX particles <Rn'>,"= 23 nm.

Next, we monitored potential cytotoxic effects of different DEX formulations. For this,
BMDC were incubated with DEX[-] at amounts as indicated, and BMDC viability was
assessed one day later. In the range of concentrations tested, neither DEX

formulation affected BMDC viability to a significant extent (data not shown).
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Fig. 25: DEX particles are of spherical appearance and uniformous in size. Left: Shape
distribution of DEX[-] dispersed in PBS were studied by electron microscopy. Right :Hydrodynamic
radii of Dextran T500 and derived DEX particle formulations as function of g? in DPBS buffer (0.33
mg/ml) were determined by DLS (see Methods). Graphs denote the angular dependency of the
apperent diffusion coefficient of the different dextran solutions in buffer solution.

3.2.2. OVA-containing DEX nanoparticles are engulfed by BMDC in a
mannose receptor-dependent manner

In order to monitor intracellular uptake of DEX-based particels by BMDC,
unstimulated BMDC were coincubated with FITC-labeled DEX particles, and the
frequency of FITC* CD11*BMDC was determined by FACS analysis over time. DEX
formulations devoid of OVA protein showed very little uptake by BMDC over 24 hr of
coincubation (Fig. 26A). In contrast, incubation with OVA-containing DEX
formulations resulted in a steadily increasing frequency of FITC*BMDC over the
period of time monitored. Confocal microscopy confirmed cellular uptake of OVA-
containing DEX particels by BMDC (Fig. 26C) as assessed at 4 hr (left panel) and 24

hr (right panel) after the onset of coincubation.

In several reports, OVA protein has been shown to constitute a mannose receptor
(MR) ligand due to its mannosylated state. In light of the OVA-dependent uptake of
DEX particels by BMDC, we determined the functional relevance of this receptor for
OVA uptake. In competition experiments, preincubation of BMDC with the prototypic

MR ligand mannan at high concentration significantly reduced cellular binding of
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subsequently applied DEX(OVA) as reflected by lower frequencies of FITC*BMDC
(Fig. 26B).

Based on the result of MR-dependent cellular binding of DEX, next we evaluated the
suitablility of OVA-containing DEX to specifically target primary APC as well, an
important prerequisite for their intended application in vivo. For this, isolated spleen
cells were coincubated with FITC-labeled DEX formulations for 24 hr, and for
different immune cell types the frequencies of FITC* cells were assessed afterwards.
As shown in Fig. 26D, only CD11c*DC and F4/80* macrophagesefficiently bound
FITC* DEX(OVA+LPS), but not control DEX particels. In contrast, both CD19* B cells
and CD3* T cells, known to lack MR expression, showed no efficient binding of either

DEX formulation.

These results show that DEX particles were not incorporated efficiently by any cell
type tested per se, but may require binding of OVA to the MR for efficient receptor-
mediated uptake. Interestingly, as shown for BMDC, the TLR4 ligand LPS had no
influence on the engulfment of OVA-containing DEX particles. Moreover, in
agreement with the expression pattern of the MR in vivo, largely confined to myeloid
APC, only DC and macrophages efficiently bound an OVA-containing DEX
formulation, thereby confirming its general suitability for APC-targeted vaccination in

vivo.

~ 72 ~



Limei Shen RESULTS

15| == Control
DEX(-)
< -=- DEX(OVA)
O 104| =~ DEX(OVA+LPS)
§ v DEX(LPS)
042 ,-“‘ T '--Vl'——.y——:
0 05 1 2 4 8 24
Incubation (h) Incubation (h)

[ DEX(-)
Bl DEX(OVA+LPS)

A N N (o
4 N4 > R’
0‘) ef) \\GJ G)\
&) ® ANY
OQ * )f-«
Ny

~73~



Limei Shen RESULTS

Fig. 26: BMDC engulf DEX particle formulations in an OVA-dependent manner, mainly via the
MR (A-C). Aliquots of unstimulated day 6 BMDC (5x10° cells; C57BL/6) were left untreated [control] or
were coincubated with FITC-labeled DEX formulations in duplicates as indicated (each 50 pl). (A)
Aliquots were removed after the indicated period of time, and the frequencies of FITC*CD11c*BMDC
were assessed by flow cytometry. Data represent meantSEM of duplicates and are representative of
three independent experiments. Statistically significant differences between OVA-containing DEX
formulations (DEX[OVA], DEX[OVA+LPS]) and the corresponding control group (DEX[-], DEX[LPS])
are indicated for each time point (* p<0.05, ** p<0.01). (B) In parallel cultures, aliquots of BMDC were
left untreated or were incubated with mannan at high dose (200 ug/ml) for 30 min. Afterwards,
DEX(OVA+LPS) was added to either group. Aliqouts of BMDC were harvested at the indicated time
points, stained for CD11c, and analyzed by flow cytometry. (C) Cellular uptake of FITC-labeled
DEX(OVA) by BMDC, stained with anti-CD11c antibody (red) and DAPI(blue), was assessed by
confocal laser scanning microscopy 4 h (left panel) and 24 h (right panel) after onset of coincubation.
Data represent meanitSEM of duplicates and are representative of three independent
experiments.(D)Spleen cells derived from C57BL/6 mice (2x108 cells/200ul) were left untreated (data
not shown) or were coincubated with FITC-labeled DEX formulations as indicated (each 30 pl) for 24h.
Afterwards, the cells were stained with either of the indicated cell lineage markers (DC: CD11c-PE-
Cy7, macrophages: F4/80-eFlour405, B cells: CD19-APC, T cells: CD3-PE), and the frequencies of
FITC* populations of either group were assessed by flow cytometry. Data represent meantSEM of
three independent experiments. Numbers in brackets indicate the overall frequency of either cell
lineage within the spleen cell suspension.

3.2.3. BMDC incubated with particulate OVA induce robust antigen-
specific CD4* T cell proliferation

Exogenous proteins engulfed by DC are degraded in the late endosomal/lysosomal
compartment. Oligopeptides derived from this compartment are loaded onto MHCII
molecules for presentation to CD4" T cells. In order to assess the efficacy of DEX to
cross present OVA protein after intracellular uptake, BMDC were incubated with
equal amounts of OVA, which was applied either in soluble form or as DEX-based
formulations, in either case either alone or in combination with LPS. One day later,
BMDC were incubated with OVA-peptide specific OT-Il CD4* T cells, and their

proliferation was assessed after three days of DC/T cell coculture (Fig. 27A).

BMDC preincubated with soluble OVA protein alone induced no marked T cell
proliferation. Only BMDC treated with soluble OVA plus soluble LPS induced
considerable OT-Il proliferation. On the other hand, incubation of BMDC with
DEX(OVA) at a equimolar dose as soluble OVA facilitated T cell activation, which
was further enhanced by application of DEX containing both OVA and LPS
(DEX[OVA+LPS]).
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Due to the strong bioactivity of OVA when applied as a particulate formulation, we
asked for the suitability of DEX particels to mount an OVA-specific CD4* T cell
response when applied directly in vivo, which requires targeting of MR-expressing
APC. To this end, OT-Il T cells were labeled with CFSE and were injected i.v. into
C57BL/6 mice. Two days later, groups were treated with soluble OVA plus LPS, or
with DEX formulations containing either OVA alone, or in combination with LPS
(DEX[OVA]+LPS), or with DEX particels loaded with both compounds
(DEX[OVA+LPS]). All groups received equimolar amounts of OVA. Four days later,
the extent of OVA-dependent proliferation of CFSE-labeled OT-lIl T cells was
analyzed by flow cytometry. As shown in Fig. 27B, in all groups of mice which had
received OVA plus LPS, strong proliferation of OT-Il T cells was detected.

These data confirm that coadministration of particulate OVA plus LPS resulted in
antigen specific T cell proliferation also when applied in vivo. Therefore, DEX-based
formulations may qualify as nanovaccines suitable for APC-focussed delivery of

antigen and adjuvant in vivo.

~75 ~



Limei Shen RESULTS

>

—_ 100000-
g. DEX(OVA)
9, -= DEX(OVA+LPS)
5 80000- —+ DEX(LPS)
= ~v- DEX(-)
t
o | -»- SOVA
g 60000 sLPS
] -3- sOVA(2ug/ml)+sLPS
E 40000 -A- Control
£ -©- T cells alone
:g BM-DCs alone
> 200004
S
T
©
0
T cells : BM-DCs
[0}
S 151
o
<
S Control
+ 107 — EZ SOVA+sLPS
0 [CJ DEX(OVA)+sLPS
S . 31 DEX(OVA+LPS)
N
3
>
S
(o)
°\° o ey |

Fig. 27: BMDC are strongly activated by LPS-containing DEX particle formulations, and
codelivery of OVA results in robust antigen-specific CD4* T cell activation. (A) Unstimulated day
6 BMDC (108 cells; C57BL/6) were treated with soluble OVA (2 ug) ans soluble LPS for 24 hr. Titrated
numbers of BMDC were cocultured with sorted CD4* OT-Il T cells in triplicates for 3 days at the
indicated ratios. T cell proliferation was assessed as incorporation of 3H-thymidine added for the last
16-18h of culture. Data represent meantSEM of ftriplicates and are representative of three
independent experiments. (B) Mice (BALB/c) received CFSE-labeled OVA-specific OT-Il T cells (107)
i.v. Two days later, mice (three animals per group) were immunized i.v. with OVA (4 ug per mouse),
LPS (0.4 pg), and DEX particle formulations (200 pl) as indicated. After another three days,
frequencies of CD4*CD45.1"Va2*OT-Il T cells in spleen cell suspensions were analyzed by flow
cytometry. Data represent mean+SEM of 5 mice per group of one from 3 independent experiments.
The frequency of proliferating CD4* OT Il T cells in either treated group was signifiantly higher than in
the non-immunized control group.
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3.2.4. DEX-based nanovaccines induce strong CD8* T cell activation and
strong cytotoxic activity of CD8* T cells in vivo

To assess the suitability of DEX-based nanovaccines to evoke robust CD8* T cell
responses, splenocytes derived from OT-I mice bearing OVA peptide-specific CD8* T
cells were labeled with CFSE and injected i.v. into syngeneic C57BL/6 mice. After
two days, groups of mice were cotreated with LPS plus either OVA or DEX[OVA], or
with DEX[OVA+LPS]. All groups received equimolar amounts of OVA. Four days
later, the in vivo proliferation of CFSE* OT-l T cells was assessed in spleen cell

suspensions.

In all groups immunized with OVA, OT-I T cell proliferation was significantly higher
than in the untreated control group (Fig. 28A). In comparison, coapplication of soluble
OVA and LPS mounted low T cell proliferation only, which was significantly enhanced
upon prior immunization with OVA as a particulate formulation (DEX[OVA]),
coadministered with soluble LPS. DEX particles loaded with OVA plus LPS
(DEX[OVA+LPS]) evoked the strongest OVA-specific CD8" T cell proliferation of all
groups compared. Similar to the extent of OT-I proliferation, the frequency of OT-I T
cells producing the TH1 cytokine INFy was lowest in mice treated with sOVA plus
sLPS, intermediate when DEX(OVA) plus sLPS had been coapplied, and highest in
the group pretreated with the DEX-based nanovaccine containing OVA and LPS in
combination (Fig. 28B).

These findings suggest that DEX-based nanovaccines applied in vivo were engulfed
by DC, solely capable to mediate cross-presentation of processed OVA peptides.
Moreover, the adjuvant LPS exerted higher bioactivity when applied in its particulate

state in mediating APC stimulation than when injected in a soluble form.

The finding of robust CD8" T cell proliferation and INFy production as induced by
DEX-based nanovaccines in vivo prompted us to assess the functional activity of OT-
| T cells, as reflected by their cytotoxic activity. Splenocytes derived from OT-I mice
were injected i.v. into C57BL/6 mice. Two days later, groups of mice were treated
with OVA, LPS, and DEX-based nanovaccines as indicated at equivalent OVA doses.
After 5 days, splenocytes from syngeneic Ly5.1 mice were labeled with CFSE at low

or high dose, and the latter were pulsed with OVA2s7.064 peptide as recognized by OT-
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| CD8" T cells. Four hours later, spleen cell suspensions were analyzed for the
frequency of CFSEM9" OVA peptide-presenting target cells.

In this in vivo killing assay target cell lysis occurred only in groups of mice pretreated
with OVA and LPS (Fig. 28C, D). Coadministration of soluble OVA and LPS resulted
in considerable target cell lysis, which was somewhat elevated in the group which
had received OVA as a DEX-based formulation plus LPS. However, the strongest
CTL response was obtained in mice pretreated with the DEX-based nanovaccine that
codelivered OVA and LPS. These findings indicate that the nanovaccine

DEX[OVA+LPS] constitutes a potent inducer of antigen-specific cytotoxic T cells.
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Fig. 28: The nanovaccine DEX(OVA+LPS) induces profound activation of antigen-specific CD8*
T cells in vivo.C57BL/6 mice received CFSE-labeled, OVA-specific OT-I T cells (107) i.v. Two days
later, groups of mice (each five animals) were either left untreated or were immunized with OVA (4 ug
per mouse), LPS (4 ug), and DEX particle formulations (each 200 pl) as indicated. (A) On day 3, the
frequency of CD8*CD45.1*Va2* OT-l cells was determined in spleen cell suspensions by flow
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cytometry. (B) In the same experiments, the frequencies of IFNy* OT-I T cells were assessed by flow
cytometry. (A, B) Data represent meantSEM of two independent experiments. The frequencies of
proliferating and IFN-y producing CD8* OT-I T cells in either group were signifiantly higher than in the
non-immunized control group. Other statistically significant differences between groups are indicated
(* p<0.05, ** p<0.01, *** p<0.001). (C) On day 4 after immunization, mice were injected with CFSE'*"
target cells (loaded with OVAzs7.264) and CFSE"9" control cells (each 107 cells) derived from syngeneic
Ly-5.1* mice. 4h later, splenocytes were isolated and frequencies of CFSE-labeled cell populations
were assessed by flow cytometry.(D) Upper panel: Data represent meantSEM of two independent
experiments. Statistically significant differences between groups are indicated (* p<0.05, ** p<0.01).
Lower panel: Frequencies of Ly-5.1* target cells (CFSE™") and control cells (CFSEM") in spleen cell
suspensions derived from one mouse of either group. Graphs are representative of two independent
experiments.

3.2.5. DEX particels which codeliver OVA and LPS induce a Th2-biased
humoral response

As demonstrated, DEX-based nanovaccines induce APC-dependent T cell mediated
immune responses. With regard to the essential role of humoral immune responses
for pathogen clearance and their contribution to anti-tumor responses, we asked for
the potential of DEX-based nanovaccines to mount production of OVA-specific
antibodies. For this, naive mice were injected i.v. with the different DEX formulations,
and sera derived from mice either one or two weeks later was assayed for OVA-
specific IgG titers. At either time point, OVA-specific IgG1 and IgG2a were detected
in sera obtained from mice injected with OVA-containing DEX only, thereby
confirming antigen-dependency of antibody production (Fig. 29). As expected, OVA-
specific antibody titers were higher when OVA plus LPS was codelivered than
mounted in response to OVA alone. In either case, more IgG1 than lgG2a was
detected, reminiscent of a Th2-skewed 1gG pattern. These findings show that DEX-
based nanovaccines are capable to induce both a cellular and a humoral immune

response in vivo.
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Fig. 29: DEX formulations containing OVA elicit a specific Th2-biased humoral immune
response, augmented upon codelivery of LPS. Naive C57BL/6 mice (two mice per group) were
immunized with DEX formulations as indicated. On days 7 (upper panel) and 14 (lower panel), mice
were bled and derived sera were used for detection of OVA-specific IgG1 and IgG2a antibody titers.

Data represent mean+SEM of two sera per group.

~ 80 ~



Limei Shen RESULTS

3.3. Ferro-magnetic solid-core nanoparticles (NP) targeting DC
induce antigen-specific cellular and humoral immune
responses

In this project, the suitability of solid core nanoparticles (NP) engineered to codeliver
a tumor model antigen and a DC adjuvant together with a DC-adressing antibody to
induce potent antitumor immune reponses in a therapeutic melanoma model was

assessed.

3.3.1. NP functionalized with a DC-targeting antibody are engulfed by
BMDC

In order to monitor binding of differentially functionalized NP to BMDC, unstimulated
BMDC were coincubated with Cy5-labeled NP. In time kinetics assays the
frequencies of Cy5*CD11*BMDC were determined by flow cytometry. NP
formulations decorated with a control antibody (anti-human IL-5 antibody) showed
moderate binding to BMDC over 24h of coincubation (Fig. 30A). In contrast,
incubation of BMDC with NP functionalized with an anti-mouse DEC205-specific
antibody (aDEC205), intended to specifically address this C-type lectin antigen
uptake receptor, yielded a steadily increasing frequency of Cy5*CD11¢c*BMDC over
the period of time monitored. Confocal microscopy confirmed a much stronger
cellular binding of aDEC205 to BMDC (Fig. 30B, lower panel) than non-functionalized
NP (Fig. 30B, upper panel) by BMDC as assessed 24h after the onset of
coincubation. Based on this result, next the extent of binding of the different types of
NP by CD8*CD11c*DC in vivo was analysed. For this, the different NP formulations
were injected i.v into C57BL/6 mice. After 4 h, spleens were harvested, and the
frequencies of Cy5"CD8*CD11c* were determined by flow cytometry. As depicted in
Fig. 30C, primary CD8*CD11c*DC preferentially bound of NPformulations decorated
with aDEC205.
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Fig. 30: Functionalized NP are effectively engulfed by BMDC. (A) Aliquots of unstimulated BMDC
(0.75x10°%) were incubated in parallel settings in wells (500 pl) of 24-well cell culture plates with each
9.5x10° of either unloaded NP (p[-]) or with NP formulations coated with OVA plus either anti mouse
DEC205 (p[OVA-aDEC205]) or anti human IL5 (p[OVA-anti-hIL5]) specific antibody, with the latter
serving as a control for targeting specificity. All NP formulations were labeled with Cy-5. Aliquots of cells
were removed after the indicated period of time, were stained with anti-CD11c¢ antibody, and were
analyzed by flow cytometry. Graphs denote the frequencies of Cy-5*CD11c* cells in the different groups
for each time point. Data represent meantSEM of three independent experiments. Statistically
significant differences between p(OVA-hIL5) and p(OVA-aDEC205) are indicated (** p<0.01). (B)
Cellular uptake of control NP (p[-]) (upper panel) and the DC-targeting NP formulation (p[OVA-
aDEC205]) (lower panel) by BMDC as described in (A) was assessed by confocal laser scanning
microscopy 24 h after the onset of coincubation. Cells were stained with anti-CD11c antibody (green)
and DAPI (blue). Graphs are representative of 3 independent experiments (C). NP conjugated with
aDEC205 antibody mediate efficient binding to primary CD11*CD8*DCin vivo. NP formulations
conjugated either alone with the DC-targeting anti-DEC205 antibody (p[aDEC205]) or with OVA protein
in addition (p[OVA-aDEC205]) were injected i.v. into mice (each 3.7x10'? nanoparticles). Control mice
were injected with PBS. After 4 h, spleens were removed, CD8*CD11c*DC were isolated by
immunomagnetic purification, and cells were subjected to analysis by flow cytometric analysis. Graphs
denote the frequencies of Cy5*CD8*CD11c* cells in the different groups. Data represent meantSEM of
3 independent experiments.
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3.3.2. DC-targeting NP coated with OVA protein induce robust antigen-
specific T cell proliferation in vitro

Next, the capability of DC to process NP-delivered OVA protein (OVA) and to present
derived antigenic peptides to antigen-specific T cells was analyzed. For this,
unstimulated BMDC were incubated either with OVA protein or with equal amounts of
NP-bound OVA (p[OVA-aDEC205], p[OVA-hIL5]). One day later, untreated or
pretreated BMDC were cocultured with OVA-peptide specific CD8" (OT-I) and CD4*

(OT-I) T cells, resp., and T cell proliferation was assessed after three days.

Unstimulated BMDC preincubated with soluble OVA protein or p(OVA-hIL5) induced
no marked proliferation of antigen-specific CD8" (Fig. 31A) and CD4* (Fig. 31B) T
cells. Only BMDC treated with the DC-targeting NP formulation p[OVA-aDEC205]
induced considerable proliferation of either T cell population. To clarify whether DC
targeting of aDEC205-conjugated NP was actually DEC205 receptor-dependent,
BMDC were preincubated with a high concentration of anti-mouse DEC205 antibody
prior to addition of the different NP formulations. This pretreatment affected only the
proliferation of CD4* and CD8" T cells cocultured with the BMDC populations that
were preincubated with the DEC205-targeting NP formulation. This clearly confirms
that enhanced DC-specific endocytosis of particles is achievable through their
conjugation with anti-DEC-205 mAbs, and that such NP are suitable for transfer of

protein antigen.
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Fig. 31: DC-targeting NP coated with OVA induce robust antigen-specific T cell proliferation in
vitro.Unstimulated BMDC (0.75x108) were incubated in parallel settings in wells (600 pl) of 24-well cell
culture plates with OVA protein (sOVA; 10 ug/ml) or NP formulations coated with OVA plus either anti
mouse DEC205 (p[OVA-aDEC205]) or anti human IL5 (p[OVA-anti-hIL5]) specific antibody (each 1
pug/ml) for 24 h. In parallel assays unconjugated anti mouse DEC205 antibody was added at high
concentration (100 ug/ml) to block DEC205-dependent NP binding. After 24 h, titrated numbers of
harvested BMDC were cocultured in parallel with OVA peptide-specific CD8* (OT-l) and CD4+ (OT-Il) T
cells in triplicates for 72 h. T cell proliferation was assessed by uptake of*H-thymidine during the last 16
h of culture. Data represent meantSEM of triplicates and are representative of two independent
experiments. Statistically significant differences between groups are indicated (* p<0.05, ** p<0.01).

3.3.3. OVA-coated NP evoke stronger CD4* T cell proliferation in vivo
when addressing DC via DEC205

Due to the stronger induction of T cell proliferation evoked by DEC205-targeting
OVA-coated NPin vitro, next the suitability of these NP to mount an OVA-specific
CD4* T cell response upon direct in vivoapplication was analyzed. To this end, OT-II
T cells were labeled with CFSE and were injected i.v. into C57BL/6 mice. Two days
later, groups of mice were treated with PBS, p(OVA-hIL5) and p(OVA-aDEC205),
respectively, either alone or in combination with immunostimulatory CpG ODN. Four
days later, the extent of OVA-dependent proliferation of CFSE-labeled OT-II T cells in
spleen and LNs derived from treated mice was analyzed by flow cytometry. As shown
in Fig. 32, application of OVA by DC-targeting NP resulted in somewhat higher T cell
(OTI, OTI) proliferation as obtained after immunization with non-targeting NP.
Codelivery of OVA-delivering NP plus soluble CpG ODN as an adjuvants mediated a
significant increase in OTl and OT-II T cell proliferation, which was evidently higher

when employing the DC-targeting NP formulation.

These data demonstrate that administration of particulate OVA resulted in antigen-
specific T cell proliferation also when applied directly in vivo, which was elevated
upon codelivery of CpG. In this combination, employment of OVA-delivering NP
conjugated with the DC-targeting antibody aDEC205 was much more efficient than
non-targeting NP. This finding suggests that the former NP formulations were
engulfed at higher efficiency by myeloid APC due to interaction with the DEC205

receptor, predominantly expressed by DC.
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Flg 32: Upon codelivery of DEC205, OVA-coated NP evoke stronger CD4* T cell proliferation in vivo when adressing DC.
Splenocytes derived from OT-II transgenic mice were labeled with 0.5 ymol CFSE. 10x108 OT-lI cells
were injected i.v. into syngenic C57BL/6 mice (each group 5 mice). After 2 days, recipients were
immunized with OVA-coated NP coupled in addition either to anti human IL5 antibody (p[OVA-hIL5])
or anti mouse DEC205 (p[OVA-DEC205]) antibody at amounts equivalent to 10ug of OVA protein by
i.v injection. In parallel assays, soluble CpG (5ug per mause) was coapplied. Three days later, the
frequencies of CFSE*CD4* CD45.1+ Va2+ cells within the spleen (left panel) and LN (right panel) cell
suspensions were assesed by flow cytometry. Data represent the meantSEM of 2 independent
experiments. Statistically significant differences between p(OVA-hIL5) versus p(OVA-aDEC205) are
indicated (* p<0.05).

3.3.4. p(CpG) induce stronger DC activation than soluble CpGin vitro

Due to the impact of coapplication of CpG in combination with p(OVA) onT cell
proliferationin vivo, we asked for the efficacy of particulate versus soluble CpGto
activate DC.Fig.33 shows that particulate CpG enhanced the maturation of BMDC at
significantly higher extent than soluble CpG in terms of expression of costimulatory
markers. To further support these findings, the production of CpG-induced
proinflammatory cytokines in BMDCwas studied. p(CpG) induced significantly higher
levels of IL-12, TNF-a and IL-6 as compared with DC cultures stimulated with soluble

CpG (data not shown).
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Fig. 33: CpG mediates stronger BMDC activation when applied as a NP-coated
formulation.Unstimulated BMDC (108) were stimulated in parallel settings in wells (200 pl) of 96-well
cell culture plates with CpG and NP coated with CpG (p[CpG]) at equivalent CpG doses as indicated.
One day later, the expression of the activation markers CD40 CD80 and CD86, denoted as mean
fluorescence intensities (MFI), was analyzed by flow cytometry. Data represent mean+SEM of 3
independent experiments each. Statistically significant differences between p(OVA-hIL5) versus
p(OVA-aDEC205) are indicated (*** p<0.001).

3.3.5. p(CpG) induce stronger CD4* and CD8* T cell proliferation in vivo

Based on these in vitro results, next the capacity of p(CpG) to induce T cell
responses in vivo was evaluated. For this, splenocytes derived from transgenic mice
bearing OVA peptide-specific T cells (OT-I: CD8*, OT-Il: CD4*) were labeled with
CFSE and injected i.v. into syngeneic C57BL/6 mice. After two days, all groups
received equimolar amounts of p(OVA) and were cotreated with soluble CpG or NP-
conjugated CpG (p[CpG]) at equimolar amounts. Four days later, the in vivo
proliferation of CFSE* T cells was assessed in spleen cell suspensions derived from
immunized mice. Either T cell population proliferated at significantly larger extent
after pretreatment of mice with particulate than soluble CpG (Fig. 34A and B). Similar
to the proliferation pattern, the frequency of both CD8* and CD4* T cells producing
the Th1 cytokine INF-y was higher in mice treated with p(CpG) than soluble CpG (Fig.
34C and D), albeit statistically significant only in case of CD8* T cells.
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Fig. 34: Coapplication of CpG as a NP-coated formulation induces enhanced Tc1/Th1 responses
in vivo. Splenocytes derived from transgenic mice (OT-IxCD45.1, OT-lIxCD45.1) were labeled with
CFSE (0.5 ymol). CFSE-labeled spleen cells (107in 200ul) were injected i.v. into syngenic C57BL/6
mice. After 2 days, recipients were immunized with p(OVA) equivalent to 0.1 ug of OVA plus either
soluble CpG (sCpG) or p(CpG) at CpG doses indicated by injection into the right foot pad. Control mice
received PBS instead.Three days later, the spleens were removed and derived splenocytes (0.5x108)
were incubated in wells (200 pl) of 96-well cell culture plates with OVAgs7.064 peptide (1ug/ml) and
OVAs23.339 peptide in the presence of Brefeldin A (1:2000) and IL-2 (1:2000) for 5 h. The frequency of
IFNy* (A) CD8* CD45.1* Va2* cells and (B) CD4* CD45.1* Va2* cells was analyzed by FACS. (A,B)
Data represent meantSEM of two independent experiments with each 5 mice per group. Statistically
significant differences between sCpG versus pCpG are indicated (* p<0.05, ** p<0.01, *** p<0.001).
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3.3.6. Efficient in vivo CTL activation by vaccination with a trifunctional
NP, conjugated with OVA, CpG, and anti-DEC-205

Due to the superior activity of particulate OVA and CpG to induce T cell proliferation
in vivo, next the capacities of DC-adressing NP formulations engineered to deliver
OVA either alone or in combination with CpG to mediate T cell activation was
analyzed. For this, CD8* OT-I T cells were transferred to mice, subsequently
immunized with p(OVA-aDEC205), p(OVA-aDEC205) plus soluble CpG, and
trifunctional NP (p[OVA-CpG-aDEC205]). To assess the cytotoxic activity of activated
OT-I T cells, splenocytes of syngeneic Ly5.1 mice were labeled with CFSE at low or
high dose, and the latter were pulsed with OVA2s7.264 peptide as recognized by OT-I
CD8* T cells. Four hours later, spleen cell suspensions were analyzed for the

frequency of CFSE"9" OVA peptide-presenting target cells.

In this in vivo killing assay target cell lysis occurred only in groups of mice pretreated
with either p(OVA-aDEC205) plus soluble CpG, or the trifunctional NP formulation
(P[OVA-CpG-aDEC205]), which mediated largely comparable CTL induction (Fig. 35).
These findings indicate that the NP formulation with triple function constitutes a

potent inducer of antigen-specific CTLs.
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Fig. 35: Coupled delivery of OVA by DC-targeting NP plus CpG results in elevated CTL
activation in vivo. Naive C57BL/6 mice (three mice per group) received OVA-specific CD8* OT-I T
cells (107) i.v. Two days later, mice were immunized i.v. with NP formulations and soluble CpG (sCpG)
as indicated. On day 4, mice were injected with CFSE'" target cells (loaded with OVAgs7.264) and
CFSE"9" control cells (each 107) derived from syngeneic CD45.1* mice. 4 h later, splenocytes were
isolated and frequencies of CFSE* cell populations were assessed by flow cytometry. (A) Data
represent meanzSEM of one of three independent experiments and 5 mice per group. Statistically
significant differences between groups are indicated (* p<0.05). (B-E) Frequencies of CD45.1* target
(CFSE™) and control (CFSE"9") cells were detected by flow cytometry in spleen cell suspensions
derived from one mouse of either group. Graphs are representative of three independent experiments.
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3.3.7. TrifunctionalNP inducepotent therapeutic anti-tumor immunity

3.3.7.1. Tumor growth and size

Using the B16 melanoma tumor cell subline engineered to express OVA (B16-OVA),
the ability of the different OVA-delivering types of NP to induce an effective anti-
tumor response was analyzed. Mice were inoculated s.c. with B16-OVA tumor cells.
At a tumor volume of about 15 mm3, groups of tumor-burdened mice were vaccinated
i.v. with either NP formulation or PBS (Ctrl). Control mice showed fast tumor growth,
which was attenuated in vaccinated mice in a NP type-dependent manner:
Immunization with NP delivering OVA in a non-adressing (p[OVA]) or in a DC-
adressing (p[OVA-aDEC205]) manner, resulted in a minor delayed tumor growth only
(Fig. 36A) and a somewhat improved survival (Fig. 36B) as compared with the control
group. Vaccination with NP that codelivered OVA and CpG (p[OVA+CpG]) slowed
down tumor growth somewhat stronger. However, only vaccination with the
trifunctional NP formulation, improved by the additional DC-targeting property,
evoked a pronounced anti-tumor response as reflected by an arrested tumor growth

and high survival rate as compared with the other groups.
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Fig. 36: Trifunctional NP formulations that enable codelivery of OVA and CpG to DC effectively
inhibit progressive growth of established tumors. Mice were injected s.c. with 50,000 B16-OVA
cells. Tumor growth was measured every day with a caliper. The tumor volume was recorded as the
product of two orthogonal diameters (a: longest diameter, b: orthogonal width). When the tumor size
exceeded 15 mm?3, 6 mice per group were vaccinated with 5x10"" nanoparticles of the different NP
formulations as indicated, injected i.v every other day for a total of three times. Control mice received
PBS only. Mice were sacrificed when the tumor size reached about 600 mm3. (A) Time course of
tumor growth development as observed in one of 4 experiments. (B) Cumulative survival analysis of
groups of mice treated as described derived from two independent experiments.Statistically significant
differences between the control group versus anyother are indicated (* p<0.05, ** p<0.01, *** p<0.001).
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3.3.7.2. Codelivery of CpG attenuates tumor-promoted MDSC frequencies

It is established by now that , tumor-derived mediators favor the expansion of a
population of immature myeloid cells, termed myeloid-derived suppressor cells
(MDSC), both in a wide range of murine tumor models and human cancers
(Gabrilovich and Nagaraj, 2010). Gr1*CD11b*MDSCare present in low numbers in
tumor-free mice (<4-6% of spleen cells). MDSC accumulate systemically due to a
tumor-induced blockage of differentiation of myeloid precursor cells into APC and
granulocytes. To examine the effect of in vivo immune stimulation of tumor-burdened
mice with NP formulations on their MDSC frequency of spleen, spleens from the
differentially treated B16-OVA tumor-bearing mice were harvested and the proportion
of Gr1*CD11b*MDSC analyzed. Fig.37shows a significant reduction of MDSC
frequencies in mice immunized with NP formulations which codelivered CpG as

compared with the frequency observed in tumor-burdened control mice.
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Fig. 37: Trifunctional NP formulations that enable codelivery of CpG to DC effectively inhibit
the expansion of MDSC in tumor bearing mice. Mice were sacrificed when the tumor size reached
about 600 mm?3. The spleens were removed at the end of the experiment and the splenocytes were
isolated and double stained with MDSC markers Gr1*CD11b*. Data present mean+SEM of 5 to 8 mice
per group. Statistically significant differences between groups are indicated (* p<0.05,** p<0.01).
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3.4. Nanoparticles induce an antigen-specific humoral response

3.4.1. DEX-coated ferromagnetic NP colocalize with CD19* B cells
irrespective of their targeting moiety

After the analysis of the cellular binding of different types of NP by immune cells in
vitro, their in vivouptake properties were assessed. For this, NP formulations were
injected intravenously into mice, and after 4h and 24h the spleen was harvested and
prepared for immunochemistry staining. Interestingly, all types of NPlocalized

predominantly in the B cells zones (Fig. 38 and other data not shown).

Fig. 38: Inmunohistochemical detection of NP ex vivo. The control NP (p[Cy5]) was injected into
C57BL/6 mice intravenously. After 4h, mice were sacrificed and the spleen were harvested and used
for immunohistochemical staining. The pictures showed at 20 (left) and 40 (right) magnifications by
microscopy (green: CD19, red: pCy5 nanoparticles, blue: Dapi).

3.4.2. Binding of DEX-coated ferromagnetic NP to B cells in vitro requires
serum

Due to the discrepancy of the differential NP binding propeties, which in vivo
predominantly colocalized with B cells, but upon in vitro coincubation of splenic cells
preferably colocalized with macrophages and DC, we asked for a potential role of

serum components in mediating these striking differences. In order to mimic the in
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vivo situation more closely, aliquots of control NP (p[Cy5]) were preincubated with
native mouse serum prior to coincubation with isolated spleen cell suspensions for 4h
and 24h. As shown in Fig.3 9, FACS analysis revealed no binding of untreated NP to
the CD19* B cell population. In contrast, when preincubated with native serum for 1h,

p(-) efficiently bound to B cells, at maximal extent within 1h of coincubation.
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Fig. 39: Binding of control NP by B cells requires serum. B cells were isolated from spleen and
aliquots of B cells (0.75 x108) were incubated in parallel settings in wells (200 ul) of 96-well cell culture
plates with each 5x10'"" pCy5 nanoparticles either left untreated (w/o) or preincubated with naive
autologouse mouse serum together. All NP formulations were labeled with Cy-5. Aliquots of cells were
removed after the indicated period of time, were stained with anti-CD19 antibody, and were analyzed
by flow cytometry. Data represent one of 3 independent experiments.

3.4.3. Preincubation of DEX-coated ferromagnetic NP with heat labile
serum components is necessary for B cell-specific binding

As shown in 3.4.2, binding of NP by B cells is mediated by serum components.
Subsequently, | sought to identify more specifically, which serum components were
responsible for this effect. When control NP were preincubated with albumin as the
most abundant serum protein, no enhanced B cell binding was noted (Fig. 40). Since
B cells are well equipped to bind immune-complexes via CD16/CD32 Fc receptors,
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the potential of non-specific mouse IgG antibodies to opsonize NP, and thereby
mediate B cell binding via interaction with Fc receptors was assessed. However,
antibody-preincubated NP showed no elevated B cell binding. Congruently, blockade
of the CD16/CD32 receptor by applying neutralizing antibodies had no effect on the B
cell binding properties of serum-preincubated NP. Complement factors are part of the
innate immune system and are able to bind to a variety of non-self surfaces. To
analyze potential involvement of heat-labile complement factors, serum was heated
at 56°C prior to preincubation with NP. In fact, NP pretreated in this manner showed
no enhanced B cell binding, which indicates that complement factors maybe play an

essential role in this process.

without particle
pCy5
pCy5 +Serum

IN: R

pCy5 + heatinactivated
serum
pCy5+Albumin 5mg/mL

pCy5+Albumin 0.5mg/mL
3 pCy5 HgG-Mix
pCy5+CD16/CD32

3 pCy5+ Serum+CD16/CD32

3]
1
v,/ .2

N
\
\
\
§

o] —abo-coe

S B3

Fig. 40: NP uptake by B cells required serum. B cells were isolated from spleen and Aliquots of B
cells (0.75X10°) were incubated for 4h and 24h in parallel settings in wells (200 ul) of 96-well cell
culture plates with each 5x10'" nanoparticles of pCy5 preincubated with the indicated
compunds( heatinactivated serum , differently concentration of albumin). In one group, B cell were
preincubated with blocking anti-CD16/32 antibody (5ug/ml). All NP formulations were labeled with Cy5.
Aliquots of cells were removed after the indicated period of time, were stained with anti-CD19 antibody,
and were analyzed by flow cytometry.The data shown results of 3 independent experiments.

3.4.4. Serum-coated NP bind to the B cell complement receptor
(CD21/CD35)

The finding of complement-dependent binding of NP to B cells suggested
involvement of the the B cell complement receptor (CD21/CD35). To test this
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hypothesis, spleen cell suspensions were preincubated with a CD21/35 neutralizing
antibody prior to coincubation with p(Cy5). Indeed, inhibition of CD21/35 binding

activity strongly diminished B cell binding of complement-coated NP to B cells (Fig.
41).
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Fig. 41: Control NP bind to B cells through complement receptor. B cells were isolated from
spleen and aliquots of B cells (0.75X108) were incubated in parallel settings in wells (200 pl) of 96-well
cell culture plates with anti-CD21/35 for 1h.Control NP(p[Cy5]) were preincubated with naive serum or
not, and then added into B cell cultures. Aliquots of cells were removed after the indicated period of
time, stained with anti-CD19 antibody, and were analyzed by flow cytometry. Data represent
meantzSEM of 3 independent experiments. Statistically significant differences between groups are
indicated (* p<0.05, ** p<0.01).

3.4.5. NP contained with CpG are engulfed by B cell in vitro and in a
serum-independent manner

In order to evaluate intracellular uptake of different types of NP by B cells, CD19* B
cells isolated from spleen were coincubated with Cy5-labeled types of NP for 4h and
24h. After incubation, the cells were stained with DAPI (nuclei) and cell mask orange
(membrane), and were analysed by confocal microscopy. By this, only uptake of NP,

which contain CpG by B cells (Fig. 42) as assessed at 24h after the onset of
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coincubation was observed (Fig. 42 A). The significant higher binding of CpG coated

NP were also observed in vivo (Fig. 42B).
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Fig. 42: NP conjugated with CpG were engulfed by B cells. (A) B cells were isolated from spleen
and incubated with NP formulations as indicated. Cellular uptake of Cy5-labeled NP by B cells stained
with cell mask orange (green) and DAPI (blue) was assessed by confocal laser scanning microscopy.
(B) The NP formulations with CpG and without CpG were i.v. injected into mice, after 4h, the spleen
cells were harvested and NP the binding to CD19*cells ex vivo was analysed by FACS.Data represent
mean+SEM of 2 independent experiments.Statistically significant differences between two groups are
indicated (** p<0.01).
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3.4.6. Functionalized NP induce an antigen-specific Th1-biased humoral
response

So far, it has been shown that functionalized NP induced T cell mediated immune
responses. Based on the finding of serum-dependent B cell binding of NP, their
potential to mount production of OVA-specific antibodies was evaluated. For this,
naive mice were injected i.v. with the different NP formulations, and sera derived
either one or two weeks later were assayed for OVA-specific IgG titers. At either time
point, OVA-specific IgG1 and IgG2a was detected in sera obtained from mice
injected with OVA-containing types of NP (p[OVA+CpG], p[OVA+CpG+aDEC205])
only, thereby confirming antigen-dependency of antibody production (Fig. 43). As
expected, OVA-specific antibody titers were significantly higher when OVA and CpG
were codelivered in a DEC205-targeting manner (p[OVA+CpG+aDEC205]).In
general, more IgG2a than IgG1 was detected, reminiscent of a Th1-skewed IgG
pattern, which was most probably due to usage of CpG as a well-known inducer of
Th1-biased immune responses. Taken together, these findings demonstrate that NP-
based nanovaccines are capable to induce both a cellular and a humoral immune

response in vivo.
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Fig. 43: NP induced OVA specific antibody response. NP formulations containing OVA elicit a
specific Th1-biased humoral immune response. Naive C57BL/6 mice (three mice per group) were
immunized with NP formulations as indicated. 0n day 14, mice were bled and OVA-specific IgG1 and IgG2a
antibody titers were detected in derived sera. Data represent mean+SEM of three sera per group.

3.4.7. Complement-dependent binding of NP to B cells is conserved
between mouse and human

In light of the potential of NP-mediated B cell targeting for immunotherapeutic
applications, and based on the high degree of evolutionary conservation of the
complement system, the applicability of complement-mediated NP binding to human
B cells was tested. For this, peripheral blood-derived mononuclear cells (PBMCs)
were prepared and coincubated with control NP left untreated or preincubated with
human autologous serum. In contrast to the studies involving mouse target cells, no
marked binding of NP to B cells was noted after 4h of coincubation. However, after
24h of culture, efficient binding of serum-preincubated NP was observed. The binding
of the NP formulation coated with OVA as a model antigen to B cells was also
observed. These findings indicate that functionalized NP formulations may serve as a
platform for B cell specific targeting in vivo in order to evoke antigen-specific humoral

immune responses.
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Fig. 44: NP binding to B cells requires serum in human system. 1x10¢ PBMCs were isolated
reseeded in wells (200 pl) of 96-well cell culture plates. PBMCs were coincubated with each 5x10
nanoparticles left untreated or preincubated with native autologous serum. All NP formulations were
labeled with Cy-5. Aliquots of cells were removed after the indicated period of time, stained with anti-
CD19 antibody, and analyzed by flow cytometry. Results from one out of five independent
experiments are shown.Data represent mean+SEM of triplicates .Statistically significant differences
between groups are indicated (** p<0.01).

3.5. B cell-based immunotherapy with nanoparticles

3.5.1. Anaphylaxis model

3.5.1.1. Codelivery of OVA and CpG supresses induction of OVA-specific IgE in
a therapeutic model of anaphylaxis

It is well established that IgE initiates immediate hypersensitivity reactions by

triggering mast cell degranulation via FceRI. Thus, we asked for contents of antigen

specific IgE in mice sensitized with OVA, and subsequently immunized with distinct
NP formulations. The serum levels of OVA-specific IgE elicited in BALB/c mice after
sensitization with solubleOVA protein (10ugs.c) are depicted in Fig. 45 (left panel).
IgE antibody titers in the different groups were comparable prior to vaccination with
the different types of NP.After the last vaccination, sera obtained from mice treated
with NP formulations that contained OVA and CpG (p[OVA+CpG],
p[OVA+CpG+aDEC205]) showed largely unalterd IgE titers, while IgE contents in the
other groups were significantly elevated (Fig. 45, right panel). These results
demonstrated that NP conjugated with OVA and CpG suppress production of OVA-

specific IgE level in serum.
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Fig. 45: Vaccination of OVA-sensitized mice with OVA/CpG-codelivering NP prevents
upregulaion of IgE expression. Mice were sensitized s.c. three times at days 0, 7 and 14 with OVA
(10 pg/mouse). 7 days after the last sensitization, mice were intravenously immunized three times at
days 14, 21 and 28 with different NP formulations as indicated. On days 14 (prior to 1st immunization
with NP) and 28 (after last immunization) blood samples were collected, andOVA-specific antibody
titers were measured by ELISA as described. Results from one out of five independent experiments
are shown. Data represent meantSEM of 5 mice per group. Statistically significant differences
between groups are indicated (* p<0.05, ** p<0.01).

3.5.1.2. NPwhich codeliver OVA and CpG induce a Th1-skewed humoral
response in a therapeutic model of anaphylaxis

The serum levels of OVA-specific IgG subtypes elicited in BALB/c mice after
immunization with 10 ug OVA protein prior to (day 14) and after three rounds of
vaccination with different NP formulations (day 28) are depicted in Fig. 46. Sera of
mice sensitized with OVA contained comparable concentrations of IgG1 (Fig. 46A)
and IgG2a (Fig. 46B) antibodies, while untreated mice lacked OVA-specific
antibodies. Furthermore, sera derived from groups of mice vaccinated with OVA plus
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CpG-functionalized types of NP contained elevated concentrations of IgG2a OVA-
specific antibodies after the last round of vaccination (day 28). Coapplication of
immunostimulatory CpG ODN diminished the IgG1 content. Consequently, the
IgG2a/lgG1 ratio was strongly elevated in sera derived from mice vaccinated with
OVA plus CpG ODN NP formulations codelivering as compared with sera from
control mice and mice vaccinated with NP containing OVA alone (Fig. 46C). This
result confirms the Th1-promoting character of CpG-containing NP. Importantly, no
difference of the IgG2a contentbetween DC targeting and non-targeting was
observed. This suggests that, only B cell targeting by nanoparticlesis sufficient to

induce a Th1- skewed humoral response.
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Fig. 46: Vaccination of OVA-sensitized mice with OVA/CpG-codelivering NP formulations
promotes a Th1-biased IgG pattern. Female BALB/c mice were s.c. sensitized three times (days 0, 7,
and 14) with OVA (10 pg/mouse). After the last sensitization, groups of mice were immunized i.v. three
times (days 14, 21 and 28) with different NP formulations as indicated. At days 14 (prior to 1st
vaccination) and 28 (after 3nd vaccination), blood samples were collected, and OVA-specific antibody
titers were measured by ELISA as described. OVA specific (A) IgG1, and (B) IgG2a contents were
detected, and (C) the ratio of IgG1/IgG2a was determined. Results from one out of five independent
experiments are shown with 5 mice per group in each experiment. Data represent meantSEM of 5
mice per group. Statistically significant differences between groups are indicated (* p<0.05, ** p<0.01).

3.5.1.3. Body temperature after the passive systemic anaphylaxis reaction

During anaphylactic shock, a dramatic drop in body temperature is commonly
observed and is a very important parameter to determine its intensity (Makabe-
Kobayashi et al., 2002). In this study, BALB/c mice were immunized three times with
each 10 ug OVA protein, and were subsequently vaccinated with different NP
formulations for three times. 7 days after the 3™ vaccination, mice were challenged
with OVA by i.v injection to induce a passive systemic anaphylaxis reaction. The
body rectal temperature was monitored every 15 min. As shown in Fig. 47, in the
PBS, p(Cy5-control AB), and p(OVA) groups an immediate and increasing decline in
body temperature throughtout the period of time assessed was observed.In case of

the p(OVA-CpG) and p(OVA-CpG-aDEC205) groups, this decrease in temperature
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was less intense. Moreover, body temperatures of mice of the latter two groups
remained steady (p[OVA-CpG-aDEC205]) or even increased (p[OVA-CpG]) between
30 to 60 min after challenge, . At the end time point, the differences in body

temperatures between mice of the p(OVA+CpG) and control groups was significant.
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Fig. 47: Changes in body temperature in mice after induction of a passive systemic
anaphylaxis reaction. Female BALB/c mice were s.c. sensitized three times (days 0, 7, and 14) with
OVA (10 uyg/mouse). After the last sensitization, each 5 mice per group were immunized i.v. three
times (days 14, 21 and 28) with either of the different NP formulations as indicated. 7 days after the
last immunization, mice were challenged with OVA (25 pyg/mouse) by i.v. injection and the temperature
was monitored every 15 mins. Data represent meantSEM of 5 mice per group. Statistically significant
differences between PBS versus NP-vaccinated groups are indicated (* p<0.05, ** p<0.01).

3.5.2. Acute asthma model

3.5.2.1. Airway hyperreactivity (AHR)

Based on the therapeutic efficacy of NP formulations that codelivered OVA and CpG
in a model of anaphylactic shock, we tested for the curative potential of these
nanovaccines also in a mouse model of OVA-dependent asthma. AHR is one of the
important characteristic features of asthma (Kumar et al, 2008).To determine

whether NP could attenuate AHR, lung function parameters of mice sensistized with
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OVA, and subsequently treated with NP formulations were measured in response to
increasing concentrations of the broncho-constrictant methacholine. As shown in Fig.
48, compared with naive mice, all other groups of mice showed increasing bronchial
hyper-responsiveness in response to increasing methacholine concentrations.
However, the airway response of the groups immunized with OVA plus CpG
(p[p(OVA-CpG) and p[OVA-CpG-aDEC205]) delivering NP formulations was much
lower than in the positive control group. Mice treated with p(Cy5-control AB) and
p(OVA) rather augmented AHR. These results indicate that administration of NP
conjugated with OVA plus CpG was effective to attenuate bronchial hyper-

responsiveness. DC targeting exerted no additional benefit in AHR.
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Fig. 48: Effect of different types of nanoparticles on airway hyperresponsiveness to inhaled
methacholine in OVA-sensitized and OVA-challenged mice.24h after the last challenge with OVA,
the mice were administered serially increasing doses of methacholineat the indicated concentration
every 20 mins, and airway hyperresponsiveness was measured.Values are expressed as the means *
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SEM of 11-12 mice per group.Statistically significant differences between groups are indicated (*
p<0.05, ** p<0.01, ***).

3.5.2.2. NP conjugated with OVA and CpG suppress the induction of OVA-
specific IgE in a model of acute asthma

Asthma is a multifactorial disease in which both allergic factors and non-allergic
triggers interact and subsequently result in airway-hyperactivity and lung
inflammation. Allergic responses are induced by allergen/IgE immunocomplexes that
bind and cross-link mast cell surface IgE receptors, which trigger mast cell activation.
Given the IgE suppressing activity of NP formulations that codelivered OVA and
adjuvant in anaphylaxis, their effect on IgE production in asthma was monitored:
OVA-sensitized mice, subsequently treated with NP formulations that contained OVA
and CpG (p[OVA+CpG], p[OVA+CpG+aDEC205]) showed largely reduced IgE titers
after the 2" vaccination as compare with control group, while IgE contents in the

other groups were significantly elevated (Fig. 49).

bio. IgE

160

140

120

100

80

60

40

- O m B
.

PBS/OVA OVA/OVAPBSiv. OVA/OVApCy5 OVA/OVAp(OVA- OVA/OVA p(OVA- OVA/OVA p(OVA-
control beads i.v. Cy5)i.v. CpG-cy5)i.v. CpG-aDEC 205-
Cy5) i.v.

Fig. 49: Vaccination of OVA-sensitized mice with OVA/CpG-codelivering NP prevents
upregulation of IgE expression. After measurement of in vivo airway responsiveness, mice were
sacrificed and bled by cardiac puncture. Subsequently, serum was collected and stored at —80°C until
analysis. OVA-specific IgE in serum was measured as described. Values are expressed as mean *
SEM (n =12).
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3.5.2.3. NP which codeliver OVA and CpG induce a Th1-skewed humoral
response in a model of acute asthma

The serum levels of OVA-specific IgG subtypes in the different groups of mice as
assessed after measurement of in vivo airway responsiveness are depicted in Fig. 50.
Sera of mice immunized with OVA contained comparable concentrations of IgG1 (Fig.
50A) antibodies, while untreated mice (naive) lacked OVA-specific antibodies. Only
codelievery of OVA plus immunostimulatory CpG ODN irrespective of DEC205
targeting resulted in enhanced OVA-specific IgG2a titers as compared with sera
derived from control mice and those vaccinated with NP containing OVA alone (Fig.

50B). This finding confirms the Th1-promoting character of CpG.
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Fig. 50: Vaccination of OVA-sensitized mice with OVA/CpG-codelivering NP formulations
promotes a Th1-biased IgG pattern. After measurement of airway responsiveness, mice were
sacrificed and bled by cardiac puncture. Subsequently, serum was collectedand OVA-specific IgG
isotype levels were measured as described. Values are expressed as the means + SEMs with 4 mice
in each group. Data represent of 3 independent experiments.
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3.5.2.4. Histological analysis of lung inflammation parameters in OVA-
immunized mice vaccinated with different NP formulations

Airway inflammation, hyperplastic goblet cells, and collagen deposition are typical
features of asthma. The histological sections of lung tissue from miceshowed
increased number of inflammatory cells and hyperplastic goblet cells. Therefore,
haematoxylin and eosin (H&E) staining was performed in this study to analyze the
inflammation of lung in this asthma model after AHR measurement. As shown in Fig.
51A, the lungs of naive mice were devoid of inflammatory cells in the airways,
whereas the positive control mice (PBS, no vaccination), and mice vaccinated with
p(Cy5) or p(OVA) showed a marked infiltration with inflammatory cells (Fig. 51B-D).
Accordingly, the scores for total lung inflammation were significantly increased after
OVA inhalation as compared with the score in the naive group (Fig. 51G). OVA-
immunized mice treated with p(OVA-CpG) and p(OVA-CpG-aDEC205) prior to OVA
challenge (Fig. 50E,F) showed a significantly lower frequency of inflammatory cells in
lung tissue as compared to the other experimental groups (Fig. 51 B-D). The scores
for total lung inflammation in mice vaccinated with p(OVA-CpG) and p(OVA-CpG-
aDEC205) were significantly lower as compared with the scores in the other two

groups vaccinated (Fig. 51G).
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Fig. 51: Lung inflammation of mice immunized with OVA, and vaccinated with different NP
formulations prior to inhalative challenge with OVA.(A-F) Representative haematoxylin and eosin
(H&E) stained lung histology sections of OVA-Alum-sensitized mice, immunized with different NP
formulations prior to challenge are shown at 10X (left), and sections of these at 20x (right)
magnification. (A) Naive control, (B) PBS, (C-F) vaccinated with dfferent NP formulations: pCy5 (C),
p(OVA) (D), p(OVA-CpG) (E), p(OVA-CpG-aDEC205) (F). (G) Quantification of lung inflammation.
Inflammatory cells in the lungs were determined by histology from H&E-stained longitudinal cross-
sections and graded as no change (score = 0), mild (score = 1), moderate (score = 2), or severe
(score = 3) as described (Buchweitz et al, 2007). To assess lung inflammation scores, 40 lung
sections of each group were scored. Data show total lung inflammation scores (meantSEM) of 11-12
mice per group treated as described derived from two independent experiments. Statistically
significant differences between groups are indicated (** p<0.01, *** p<0.001).

Taken together, the results of the anaphylaxis and acute asthma model indicated
thatnanoparticles functionalized with OVA and CpG can shift the balance between
Th2 and Th1 responses in the allergic response towards Th1 response. The
consequences are an increased Th1 antibodies production and a reduction in Th2-
associated antibodies, and a suppression of antigen specific IgE. The results suggest
that co-delivery of the model allergen OVA and the adjuvant CpG may have
important benefits for the application of allergen-specific immunotherapy (SIT). In this

regard, DC targeting has no additional benefits.
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4. Discussion

4.1. The impact of FV-infection on DC phenotype and functions

4.1.1. Alterations of the phenotype of BMDC induced by FV infection
occur both in a genotype-dependent and -independent manner

Understanding the basic immunological mechanisms that facilitate resistance to
retroviral infections is vital for the rational development of preventive and therapeutic
treatments against retrovirus-induced diseases (Dittmer et al., 2004). In the FV model,
numerous antiviral activities of CD4* T cells, CTL responses (Zelinskyyet al.,
2006)and B cell induced antibody responses (Poluquin et al., 2011) have been
described, but how FV infection affects DC required to evoke antiviral responses are
not clear. As a central part of the immune system, DC are crucial for the induction of
protective antiviral immunity. The most important functional properties of stimulated
DC are T cell engagement and subsequent activation of antigen-specific T cells,
which is the critical step for the induction of adaptive immunity after infection.
Therefore, one focus of this project was to identify differentially regulated molecules
in DC derived from FV-infected progenitor cells of a FV-susceptible (BALB/c) versus -
resistant (C57BL/6) genotype (Hasenkrug et al.,1997 & Marrison et al.,1987), and to
assess their role in inducing an antiviral response. pDC as described in the
introduction have been shown to constitute an important cell population that
produces large amounts of type | interferons in response to viral infection (Colonna et
al., 2004). Our group started this project with a focus on cDC. Therefore, the FV-

dependent effects on pDC in FV infection will be analysed in the future.

Due to the low susceptibility of C57BL/6 mice against FV infection, in order to obtain
enough infected DC, these mice were inoculated with rather high doses of FV.
Nonetheless, in FV-resistant C57BL/6 mice, after inoculation only an average of
6.2% of CD11c* splenic DC were FV-infected, while 25.29 % of splenic DC derived
from FV-inoculated susceptible BALB/c mice were FV-Gag protein positive. Likewise,
as shown Fig. 2, about 8% of BMDC derived from bone marrow of FV-infected
C57BL/6 mice were virus-positivecompared to about 24% of FV-Gag® BMDC

differentiated from FV-infected BALB/c BM cells.To my knowledge, the effect of FV
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infection on genotype dependent DC has been analyzed in detail in any other

studies.

Usually, upon viral infection of the host, DC receive activation signals (such as virus
ssRNA , which triggers TLR3), subsequently become mature, and induce anti-viral T
cells responses. Due to direct infection of their progenitor cells, BMDC derived from
FV-infected BM cells from both strains showed reduced expression of co-stimulatory
molecules CD80, CD86, CD40, and of MHC Il, both at unstimulated state and after
stimulation with LPS, as compared with the corresponding control DC population (Fig.
11). These data confirmed the results from Balkow et al.,(2007), who showed that FV
infection impaired the maturation of BALB/c DC. In accordance, FV-infected BMDC
from susceptible and resistant strains maintained their capacity for endocytosis (Fig.
18), which is normally downregulated during DC maturation. Thus, FV infection
prevents full DC maturation and thereby may impair the host’s capacity to mount
effective T cell-mediated FV-specific immune responses. It has been demonstrated
for other virus infections that virus induced immunosuppression was associated with
an inhibition of DC activation as well, such as shown for measles virus or human

immunodeficiency virus type 1 (HIV-1) (Schneider-Schaulies et al.,2006).

IL-12 and IL-10 are important cytokines produced by DCto affect activation and
differentiation of T cells upon DC-T-cell contact.Usually, when DC are immature,
they are not efficient in producing IL-12and IL-10. However, as shown in Fig. 18, FV-
infected DC were immature, but upon stimulation secretion of IL-12 and IL-10were
similar to uninfected DC in a genotype-independent manner. This is very surprising,
because usually other vira infections like human cytomegalovirus (HCMV), infection
impairs maturation of DC, and thereforeimpairsproduction of IL-12 (Moutaftsiet al.,
2002).It has been also shown that HIV-1infection inhibited IL-12 production but
upregulated IL-10 in DC (Fantuzzi et al., 2004). In my study, IL-10 producion was
unaltered in FV-DC.It will be interesting to analyse other cytokines like IL-35, a
cytokine belongs to the IL-12 family as well, but suppresses T cell proliferation, and

playsa role in immunosuppression (Collison et al., 2012).
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4.1.2. FV infected BMDC induce alteration ofT cell response in genotype
independent manner

Preliminary studies from our lab group have indicated that FV infection of DC induced
a maturation-resistant immature state (Balkow et al., 2007). Analysis of the
interactions between DC and T cells by time lapse microscopy revealed that FV-
infected DC (FV-DC) showed a higher frequency of prolonged contacts with T cells
(median contact duration of 38 min) as compared with uninfected DC(Balkowet.al
2007). In this PhD study, the contacts between FV-infected DC and CD4* T cells
were also assessed. Similar to the results of Balkow et al.,(2007), DC/T cell contacts
were prolonged, when DC were derived from FV-infected progenitors from FV-
susceptible BALB/c mice, whereas no significant difference was observed between
FV-infected and uninfected C57BL/6 BMDC. It still remains to be determined which
molecules are involved in stabilizing the long contacts of FV -DC. As shown in Tab. 5,
FV infection induces differently regulation of some cytoskeletal proteins. These
proteins are important for DC migration and adhesion. Potential effects of these

proteins on DC-T cell contacts will be analysed in the future.

In BALB/c mice, during the long DC/T cell contacts, T cells become activated by FV-
infected DC, but this activation does not result in profound antigen-specific T cell
proliferation. In contrast, these prolonged contacts induced the expansion of Tregs
(Balkow et al., 2007). Since some mouse strains are susceptible towards FV infection
(e.g. BALB/c), while others (e.g. C57BL/6) are resistant (Hasenkrug et al.,1997 &
Marrison et al., 1987), strain-dependent differences in FV-induced T cell responses
and the associated changes of the function of DC were analyzedin the course of this

project.

An antiviral immune response is a complex orchestration of components of both the
innate and adaptive immune system (Wu and Kewal Ramani, 2006).The innate
immune response is a rapid, non-specific response to infection that provides an early
line of defense, prior to the induction of highly specific adaptive responses, that
include a cellular and a humoral component. The results of my study show that upon
FV infection the DC activation state is impaired in a genotype-independent manner in
FV-susceptible BALB/c mice as well as in FV-resistant C57BL/6 mice. In general, as

a result of activation, DC are able to present antigens through MHC and MHC Il to T
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cells, and provide both costimulatory and T cell polarizing signals to induce antigen
specific T cells responses. Figs. 13 and 16 A,B show that CD4* T cell proliferation
and IFNy production was reduced when FV-infected, LPS-stimulated DC of BALB/c
or C57BL/6 genotype were used as stimulators in vitro and vivo. A lack of antiviral
INFy production by CD4* T cells, as well as loss of direct CD4* T cell cytotoxic
activity against virus-infected cells has been shown to contribute to
immunodeficiency (e.g HIV) (Norris et al.,2001). However, the loss of CD4* T cell
helper activity may effect on CTL activation (lwashiro and Hasenkrug, 2001) and the
establishment of long-term CD8" T cell memory, as well as the development of
efficient antibody production and memory B cell induction, both of which are deficient
in HIV-1 retroviral infections (Altfeld and Rosenberg , 2000).

Some previous studies have shown that CD4* T cells may exert direct antiviral
effects during the persistant phase of infection, rather than providing classical helper
functions for CD8" CTLs or antibody-producing B cells only (Hasenkrug & Dittmer,
2000). However cytotoxic CD8" T lymphocytes (CTL) are necessary for the control of
viral infections, and are critical for recovery from the acute phase of FV infection
(Hasenkrug et al., 1995). Due to the reduced level of activated antigen-specific CD4*
T cells proliferatuon and reduced IFNy production by these CD4* T cells as induced
by FV-DC of either genotype was detected in this study, the in vivo proliferation of
antigen-specific CD8" T cells stimulated by FV-DC in C57BL/6 mice was analyzed in
addition. Similar to the results concerning CD4* T cells, the proliferation of CD8* T
cells was reduced, and the frequency of IFNy producing CD8" T cells was lower in
mice immunized with FV-infected BMDC than uninfected BMDC. IFNy plays an
important role in resistance against FV infection, and is likely to be critical also to
induce more effective and long-lasting anti-tumor immunity (lwashiro et al.,2001 &
Kennedy, 2008). Taken together, the results of this PhD thesis demonstrate that FV-

infected DC cannot induce effective Th1/Tc1 cell responses.

At the onset of this study, it was assumed that the differential susceptibility of BALB/c
and C57BL/6 mouse strains towards FV may be analogous to the strain-specific
susceptibility to Leishmania major infections, for which BALB/c mice are susceptible
because of a Th2 bias, in contrast to C57BL/6 mice (Launois et al.,1995).
Interestingly, in FV infection the results concerning the character of the CD4* T cell

responses in DC/T cell cocultures demonstrated that DC of either mouse strain
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favored a Th2 response. Congruently, the Th1 and Th17 responses evoked by FV-
infected DC were impaired in a genotype-independent manner (Fig. 14, 15).Taken
together, FV infection induced poor total CD4* T cell proliferation in a genotype
independent manner, while Th2 responses was significantly enhanced by DC of
either strains.To my best knowledge, this PhD study was the first in which the T cell
stimulatory and polarizing properties of FV-infected vs. uninfected DC of different

genotype have been assessed.

4.1.3. FV-induced alterations in protein expression inDC in genotype
dependent manner

4.1.3.1. Expression of cytoskeletal proteins in BMDC were altered in genotype
dependent manner

It is interesting that although BALB/c mice are FV-susceptible and C57BL/6 mice are
rather FV-resistant, the CD4*and CD8*T cell responses and their cytokine secretion
patterns as induced by FV-infected DC of either mouse strain were largely
comparable. In order to determine whether FV-infected DC of either genotype may
differentially contribute to resolve a FV infection, the proteome of uninfected and FV-
infected BMDC of FV-susceptible BALB/c and C57BL/6 -resistant mice was
comparatively analyzed by protein mass fingerprinting. By this, more than 300
differentially expressed proteins were identified. Among these, many cytoskeletal
proteins and molecules known to be involved in DC-T cell interaction (e.g Myosin 10,
Filamin A, Tubulin) were identified as differentially regulated (Tab. 3). Differentially
regulated cytoskeletal proteins may contribute to the prolonged contact duration in
BALB/c DC-T cell. In accordance, the expression of F-actin in FV-infected BALB/c
DC was clearly increased as compared with FV-infected C57BL/6 DC,which
displayed unaltered Dc-T cell contact characterstics (Fig. 19). On the other hand, the
mobility of FV-infected DC of both mouse strains was also changed, since C57BL/6
FV-infected DC showed a enhanced spontaneous migratory activity in collagen gels,
albeit not statistically significant. In future experiments, the mobility of FV-DC will be

analyzed in more detail, for example, in terms of chemokine-dependent migration.
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4.1.3.2 Expression of S100A9 was differently regulated in FV-infected BMDC in
a genotype dependent manner

One of the most interesting results of the comparative protein-mass fingerprinting
analysis was that S100A9 was differently regulated in DC derived from FV-infected
BM cells of BALB/c and C57BL/6mice: In FV-infected BALB/c-DC, S100A9 was
significantly downregulated as compared with control DC, but in FV-infected
C57BL/6-DC this protein was upregulated in expression. S100A9, also referred to as
myeloid-related protein 14 (MRP14), calprotectin or calgranulin B, is a member of the
large family of S100 proteins (Heizmann, 2002 & Roth, 1992). S100A9
heterodimerizes with S100A8 (MRP8 or calgranulin A), and is predominantly
expressed in circulating neutrophils and monocytes, but not in resting tissue
macrophages (Ehrchen, 2009). S100A8/9 complexes have been identified as
endogenous activators of TLR4, and have been shown to promote lethal, endotoxin-
induced septic shock (Vogl, 2007). S100A8/9 is not only involved in promoting an
inflammatory response in infections, but has also been identified as a potent amplifier
of inflammation in autoimmunity as well as in cancer development and tumor spread
(Ghavami, 2009). Many studies have demonstrated the high level expression of
S100A8/9 in macrophages, monocytes and neutrophils in inflammation conditions
(Ryckmanet al., 2003 & Roth et al., 2003). However, the role of S100A9 in DC has

scarcely been analyzed so far.

To investigate the role of S100A8/9 in FV infection, S100A8/9 knockout mice on
C57BL/6 background, kindly provided by Prof.J. Roth (Institute of Immunology,
University of Munster), were infected with FV. Due to the fact that splenomegaly is an
important symptom of FV infection, first the weight of spleens from FV-infected WT

and KO mice was compared, but no difference was noted (data not shown).

However, S100A8/9 mice were more susceptible to FV-infection as compared with
wild type (WT) mice, since the frequency of FV-infected BM cells was significantly
higher than in case of BM cells derived from infected WT mice (see Fig. 21). In
addition, 7 days after BM cell culture in the presence of GM-CSF, the frequency of
FV-infected S100A9-BMDC was significantly higher than in WT controls. This result

indicates that S100A9 may be involved in the innate anti-FV response.
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A couple of studies have shown that S100A8/9 is able to interact with components of
the cytoskeleton in a calcium-dependent manner (Dirk, 2007). In human neutrophils,
S100A9 was found associated with cortical F-actin and in vitro studies have
demonstrated a direct association of S100A8/9 with F-actin (Lominadze et al., 2005).
Functionally, the S100A8/9 complex was shown to modulate the tubulin-dependent
cytoskeleton during the migration of phagocytes (Vogl and Ludwig, 2004). In this PhD
study, DC derived from FV-infected S100A9”- BM cells mice also showed a reduced
migratory velocity compare with the FV-infected WT BMDC(Fig. 22). However, due to
limited availability of KO mice, the difference between FV-infected versus uninfected
KO DC was not significant yet. Additional experiments are intended to clarify the

potential role of ST00A9 on the migratory acitvity of (FV-)DC.

Ongoing work is focussed on the analysis of type | interferon (IFN-a and IFN-()
production after FV infection in S100A9 KO versus wild type mice, and of FV-antigen
specific IgE, as well as of other parameters of disease progression which may be
modulated by S100A8/9. As described in the introduction, mouse APOBEC3 (mA3) is
a key factor in FV infection: mA3 family members are potent restriction factors of
viruses and retrotransposable elements (Hakata, 2006 & Harris, 2003), and several
mechanisms have been proposed to contribute to the antiviral activity of APOBECS.
For example, when a retroviral nucleocapsid penetrates the target cells and
subsequently initiatsthe reverse transcription of the RNA genome into DNA,
APOBEC enzymes can induce the conversion of cytosine to uracil in the minus
strand viral DNA, this process leading to a failure in reverse transcription and to a
high number of G-to-A mutations in the integrated proviral genome, whichmay impair

viral replication (Zhang et al., 2003).

Virl and his colleagues (Virl, 2009) showed that treatment of BMDC of mice with
lipopolysaccharide (LPS) caused increased levels of mA3 expression and rendered
them resistant to MMTV infection (Virl, 2009 & Okeoma et al., 2009). Several A3
proteins are also expressed at higher levels in cells that restrict HIV-1infection, such
as monocytes and mDC (Peng et al.,, 2007). S100A8/9 is an endogenous TLR4
ligand (Vogl et al., 2007), and therefore may have an effect on mA3 expression.
Therefore, the expression of mA3 in S100A9 KO DC wasinvestigated in my study
too.As shown in Fig. 23, the expression of mA3 was decreased in S100A9-BMDC as
compared with WT BMDC.Fortunately, it was provided with recombinant S100A8/9
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from Prof. J. Roth, and effects of S100A8/9 and S100A9 homo-heterodimer on mA3
in wild type BMDC were analyzed by qPCR. Only S100A8/9 significantly enhanced
the expression of mA3 in BMDC (Fig. 24). Alltogether, these results indicate that
S100A8/9 may contribute to restrict FV infection by inducing mA3. Ongoing work is
dedicated to further delineate the role of S100A9. In this regard, the content of
S100A9 in serum of FV-infected mice of either genotype (BALB/c, C57BL/6) will be
measured in a time kinetics study after the onset of infection. In many studies Vogl
and his colleagues have shown that S100A9 as a proinflammatory marker (Foell et
al., 2004) was released at the beginning of inflammation and then downregulated. In
my study, the expression of S100A9 was found highly expressed in
unstimulatedBMDC derived from FV-infected BM cells. Therefore, it will be of interest
to analyze time- and differentiation-dependent production of S100A9 by FV-infected
BM cells and derived BMDC in a time kinetics assay in the course of DC
differentiation. Some studies have demonstrated that in BALB/c mice, the lack of
APOBEC3 expression and lower APOBEC3 85 exon isoform expressionmay be the
reason for the susceptible of FV infection. In this PhD thesis showed that S100A8/9
can upregulate expression of APOBEC3. Therefore, with regard to a potential
therapeutic usage, it will be interesting to investigate, whether injection of S100A8/9
into FV-susceptible BALB/c mice prior to FV infection will alter the otherwise lethal

course of disease.

The S100A9 deficient mice used for this study were conditional KO. It will be
interesting to use S100A9 DC-specific KO mice to understand how retroviral infection
alters the phenotype and function of DC, whether these effects are important for
retrovirus-induced immunosuppression and deviation, and how suppression of
antigen presentation and formation of erythroleukemia are related. Since the
immunological features of FV infection are analogous in many ways to infections with
human pathogenic retrovirus (Dittmer, 2001), this mouse disease model may provide
an opportunity to develop new concepts in vaccine development against retroviruses.
For example, using functional nanoparticles as vaccines carrying FV antigen(s) plus
adjuvant that address DC subsets with high cross presenting activity may constitute a

worthwhile strategy in future studies to induce an effective anti-retroviral response.
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4.2. Dextran nanoparticles

DC constitute an attractive target for immunotherapeutic strategies based on their
versatile functional properties, namely to maintain peripheral tolerance under steady
state conditions (Morel et al., 2011), but to induce potent immune responses when
activated by pathogen-associated or endogenous danger signals (Joffre et al,
2009).In conventional vaccination strategies protein antigen(s) and APC-activating
adjuvant(s) are coinjected.However, it is well established by now, that antigen in
combination with an adjuvant induces a stronger immune response when codelivered

as a particulate formulation.

Although a number of nanoparticulate formulations have been developed by now, but
major restrictions arise on one hand from their laborious synthesis and
functionalization, and other hand from the limited biodegradability, cytotoxicity, and
intrinsic immune-modulatory properties of such formulations (Liu et al., 2011). As an
alternative in this part of the PhD study, usage of dextran based-nanoparticles (DEX)
as a simple to produce, biodegradable and non-cytotoxic carrier system for APC-
focussed delivery of cargo was assessed. DEX-based nanovacines have been
introduced 30 years ago by Schroder and his colleagues (1983), and were shown to
release entrapped compounds in vivo (Schroder 1983). In that study, DEX particle-
entrapped proteins with signaling function constituted enzymes and antibodies were
shown to retain their biological activity after release. Accordingly, in this PhD study
DEX particles were demonstrated to serve as antigen carriers which elicited antigen-
specific humoral responses in vivo after s.c. immunization of mice, enhanced upon
codelivery of immunomodulators at much higher extent than direct immunization with

soluble antigen.

The DEX preparations used in this study appeared as spherical nanoparticles of
50nm in diameter, devoid of cytotoxic or direct immunoactivating effects, important

prerequisites for their intended use as a nanovaccine platform.

The rationale of using OVA as a model protein antigen was based in part on its
mannosylated state (Mao et al., 2003), reported to confer efficient binding to the
mannose receptor (MR) and subsequent cellular uptake by DC (Burgdorf et al., 2006).

The MR is a CLR receptor, which belongs to a group of antigen sensing surface
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receptors with endocytotic activities, largely confined to DC and macrophages
(Robinsonet al., 2006). Hence, the MR is involved in the clearance of endogenous
proteins (Gazi et al., 2009), but binds mannosylated pathogen-derived antigens (Gazi
et al., 2009) and mannosylated allergens (Royer et al.,2010) as well. In this project
the intrinsic APC targeting property of OVA, which by itself constitutes an important
model antigen frequently employed to study adaptive immune responses, was to be
exploited in order to facilitate APC-focussed particle delivery. In agreement with the
well-established MR-targeting properties of OVA, DEX particles that contained OVA
were efficiently engulfed by murine BMDC in an OVA- and MR-dependent manner
(Fig. 26B). Likewise, OVA-containing DEX particles efficiently bound primary splenic
DC and macrophages that also express the MR, but not MR-deficient B cells and T
cells (Fig. 26 D).

These results suggest that mannosylation of a given protein antigen may suffice to
mediate binding and cellular uptake of a conjugated nanovaccine by MR-expressing
APC. Accordingly, OVA protein may serve both as a source of antigen, and as an
APC-targeting molecule. The finding that BMDC incubated with DEX(OVA) remained
in an immature state (data not shown) indicates that MR engagement as such is not
sufficient to mediate DC activation. Many studies have demonstrated that
nanoparticles may exert immunomodulatory activity (Coffman et al, 2010). The
intrinsic immunomodulatory property of nanovaccines may determine the character of
an immune response in an unwanted manner, e.g. uncontrolled T cell polarization
(Peck et al., 2010). On the other hand, the lack of immunomodulatory activity of DEX
particles on BMDC clearly broadens their range of application because it may allow
shaping the nanovaccine-mediated immune response solely according to the
properties of codelivered adjuvants (Tacken et al., 2011). In this PhD study, LPS was
employed as a TLR4 ligand, well known to activate DC, which in turn evoke Th1-
biased immune responses (Agrawal, 2003). Indeed, LPS-containing DEX particles
readily activated BMDC to similar extent as LPS when applied directly, as reflected
by comparable upregulation of costimulatory markers. Interestingly, DEX particles
that contained LPS alone were not engulfed by BMDC at higher degree than empty
DEX (Fig. 26A). Interestingly, a study from Demento and his colleague (2009)
showed that PGLA-based nanoparticles were engulfed by murine DC at higher
efficiency when conjugated with LPS, which suggested that TLR4 engagement may

be sufficient for subsequent uptake of TLR4 ligand-coated nanovaccines. The
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discrepancy between the observations of Demento (2009) and the results of this
study may be explained at least in part by differences in particle-surface LPS

densities (Demento et al., 2009).

BMDC coincubated with DEX(OVA) subsequently induced robust CD4* T cell
proliferation to a higher extent than pretreatment at DC with soluble OVA protein (Fig.
27A). This observation is in full agreement with previous studies which reported on
strongly enhanced bioactivity of antigen when delivered in a particulate formulation
(Bolhassani et al., 2011). In accordance with the finding of specific targeting of
primary myeloid APC via the MR by OVA-containing DEX, codelivery of LPSin vivo
induced a robust OVA-specific CD4* T cell proliferation. In additional, DEX particles
loaded with OVA plus LPS (DEX[OVA+LPS]) evoked the strongest OVA-specific
CD8* T cell proliferation and IFNy production of all groups assessed (Fig. 28 A, B).
These observations are in full agreement with previous studies which reported on
strongly enhanced bioactivity of antigen when delivered in a particulate formulation
(Bolhassani et al, 2011). The strongest CTL response was obtained in mice
vaccinated with the DEX-based nanovaccine that codelivered OVA and LPS.
Therefore, DEX-based nanovaccines also served to mediate cross presentation of
OVA-derived peptides entrapped by APC after in vivo application (Amigorena et al.,
2010). These results demonstrate that DEX-based nanovaccines may constitute a
suitable platform for the development of vaccines against tumors and intracellular
pathogens, when CTL-mediated cell killing and CD4* T helper cellsare essential to

resolve the disease.

Besides mounting potent T cell responses, in line with the results obtained by
Schroder et al.,(1984), DEX-based nanovaccines also induced a humoral response:
In this regard, vaccination with DEX(OVA) induced a Th2-biased OVA-specific IgG
isotype pattern (IgG1>lgG2a). Coapplication of the adjuvant LPS (DEX[OVA+LPS])
resulted in enhanced antibody production (Fig. 29), while the Th2-biased character of
humoral response was retained. This finding suggests that in context with DEX-
derived nanovaccines other adjuvants than LPS are required to induce a pronounced

Th1-skewed pattern of antibody production.

As described above, the method of DEX-based particle preparation as adopted in
this PhD thesis was described more than 30 years ago. However, both the exact

structure of this type of nanoparticle and the character of particle binding of OVA and
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LPS are still unclear. Concerning the usability of dextran for the synthesis of
nanoparticles in general, it has been shown that acetalated dextran capsules loaded
with OVA can induce a stronger MHC | presentation than mediated by soluble OVA
protein (Broaders et al., 2009 & Bachelder et al.,2008).

Taken together, in this part of my Ph.D thesis it was shown that DEX-based
nanoparticles are biocompatible, biodegradable and rather simple to prepare. Due to
these favorable attributes, such nanoparticles may have significant advantages over
other more complex polymers or microparticles currently tested for their suitability to

mediate APC-specific delivery of antigen and adjuvant in vivo.
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4.3. Solid core nanoparticles inducean effective antitumor response

Due to their potent APC activity, DC are a natural focus for the development of
immunotherapeutic strategies. In clinical settings, for anti-tumor therapy, DC
differentiated from cancer patient-derived progenitor cells have been expanded in
culture, loaded with tumor antigens and re-administered into the patient (Tacken et
al., 2007).Such immunization strategies have produced some limited successes, but
so far have not emerged as an effective means of cancer treatment. In the last
decade, the use of nanoparticles as vaccine and adjuvants delivery systems has
been reviewed extensively: As a principal finding, a stronger immune response is
elicited when an antigen (Petros, 2010) and an adjuvant (Nembrini, 2011) are
codelivered by nanoparticles as compared with direct application of soluble antigen

and adjuvant directly delivery.

In this part of this PhD study, supramagnetic solid core nanoparticles coated with a
biocompatible polysaccharide shell (Fe-NP) were used as carriers for antigen,
adjuvant, and a DC-targeting antibody. Compared with DEX particle, the exact
structure of this type of nanoparticle and the character of binding of antigen and
adjuvants are better defined. Therefore, these supramagnetic solid core
nanoparticles were employed for a tumor immunotherapeutic model. In order to
determine the best strategy to enhance immune responses by delivering antigen plus
adjuvant rather specifically to DC in vivo, three issues were considered: The first was
the choice of the DC subset to be targeted. In this regard, CD8* DC were favored as
the most potent DC subset to induce of effective CTL responses, because of its
inherent ability to cross-present antigen of exogenous origin to effectively prime CD8*
T cells. As described in 2.2.4.2, by now several CLRs has been explored as target
receptors for antibody-mediated antigen delivery, including DEC205 (CD205)
(Bonifaz, 2002), DCIR2 (Meyer-Wentrup, 2008), Dectin-1 (Carter et al., 2006), MR
(Tacken, 2005), and DC-SIGN (Tacken, 2005). To specifically target CD8" DC,
DEC205 predominantly expressed by this DC subset (Jiang et al., 1995), was chosen
as an adequate target receptor. Targeted delivery of antigens to CLR was
demonstrated to lead to efficient induction of humoral and anti-viral as well as anti-

tumor immune responses (Robinson, 2006 & Tacken et al., 2007). However, while
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antibody-mediated delivery of antigens to DC may ensure antigen presentation and
tolerance (Singhet al., 2009), the presence of suitable adjuvants is required to ensure
appropriate activation of DC. Some studies have also proven that targeting DEC205
on DC in the absence of maturation signals results in T-cell tolerance (Bonifaz et al.,
2002), but when targeting DEC205 and coapplying maturation signals like anti-
CD40mADb T cell immunitywas improved (Bonifaz et al.,2004). Based on our finding
that DEC205-addressing NP were internalized by DC by receptor-mediated
endocytosis, indicative of endo/lysosomal localization, it was conceivable that NP-
released material may have direct access to TLRs 7/8, and 9 localized in this
compartment to recognize (pathogen-derived) nucleic acids (Takeda et al., 2003). To
prevent the induction of tolerance, as a third property, Fe-NP were engineered to
carry immunostimulatory CpG oligonucleotides as an effective ligand of
endo/lysosomal TLR 9 receptor, aimed to induce a Th1-promoting capacity in DC
after NP engulfment (Takeshita, 2001 & Diwan, 2002). Consequently, antigen-
delivering NP engineered to target DC via DEC205 engagement were functionalized
with CpG ODN to ensure coupled delivery of antigen and adjuvants specifically to the

same DC, and thereby avoid unspecific APC activation.

By confocal laser microscopy, it was shown that engulfment of Fe-NP by BMDC was
enhanced when these NP were conjugated with a DEC205-targeting antibody (Fig.
30 A,B). In correspondence, splenic CD8*CD11c* DC of NP-immunized mice
displayed an enhanced binding and uptake of aDEC205-antibody conjugated NP as
compared with control NP (Fig. 30C). In order to determine the qualitative advantage
of DEC205-mediated cellular binding of NP, blocking experiments employing soluble
DEC205-specific antibody were performed. Blocking of aDEC205-mediated binding
of p(OVA-aDEC205) to BMDCprevented acquisition of CD4* (OT-IlI) and CD8* (OT-I)
T cell proliferation in vitro (Fig. 31) as exerted by the differentially pretreated BMDC.
The finding of efficient proliferation of CD4* (OT-Il) and CD8* (OT-I) T cells in vivo
verified that OVA targeted to DEC205 was efficiently presented to either T cell
population. These results confirm that enhanced DC-specific endocytosis of particles
can be achieved through their conjugation with anti-DEC-205 antibody.SuchNP are

suitable for the transfer of protein antigen and DC-activating adjuvant.
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As shown in this PhD study, particulate OVA which may be engulfed by DC via the
mannose receptor (Mao et al., 2003), induced much stronger CD4* T cell proliferation
in vitro than direct application of the same amount of soluble OVA. Similarly, Fe-NP
which contained CpG evoked stronger DC activation in vitro than soluble CpG
applied at the same concentration, as assessed by expression of MHCII and
costimulatory markers (Fig. 33).Anyway, also in vivo codelivery of antigen plus CpG
as a particulate formulation yielded stronger proliferation of OT-I and OT-Il T cells
than soluble CpG (Fig. 34).

Although various types of APC can cross-present model antigens in vivo, most
studies indicate that murine CD8* DC are the main cross-presenting APC population
in vivo (Jung, 2002 & Oliver, 2012). Cross-presentation is defined by the ability of
certain types of DC to engulf exogenous antigens and to deliver derived peptides to
MHC class | molecules to be presented to CD8* T cells. This process ensures that
DC can develop CTL immunity against tumor cells and virus-infected cells other than
the APC themselves (Kurts, 2000 & Heath, 2001). The results of the in vivo cytotoxic
killing assay (Fig. 35) show that trifunctional NP induced astronger antigen-specific
CTL response as compared with NP conjugated only with antigen and DEC205-
specific antibody. In accordance with the CTL effect of the trifunctional NP
formulation, only mice immunized with this nanovaccine showed a sustained
production of the Th1/Tc1 cytokines IFNy.To my best knowledge, theNP used in this
study that codeliver a DC targeting antibody, a DC activation signal and a model
antigen are the first trifunctional formulation designed and evaluated for

immunotherapeutic use.

Based on the profound DC-activating and T cell stimulatory properties of this
trifunctional NP formulation, a further aim of this study was to investigate whether
these NP were suitable to induce a sustained antitumor response. For this, a
therapeutic melanoma model was established. C57BL/6 mice were injected withcells
of the B16-OVA tumor subline, and when the tumor was measurable (about 15mm3),

mice were vaccinated in parallel with various NP formulations.

Mice immunized with the trifunctional NP formulation developed a pronounced anti-

tumor response as reflected by an arrested tumor growth and a significantly higher

~127 ~


http://www.ncbi.nlm.nih.gov/pubmed?term=Meyer-Wentrup%20F%5BAuthor%5D&cauthor=true&cauthor_uid=18258799
http://www.ncbi.nlm.nih.gov/pubmed?term=Tacken%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=15878980

Limei Shen DISCUSSION

survival rate as compared with the other groups (Fig. 36). In a number of other
studies efficient cross-presentation and induction of potent antitumor responses by
employing NP formulations that contain antigen and adjuvant has been demonstrated
as well, but in virtually all of these studies a preventive experimental setting was
employed (Davis et al., 2008 & Klippstein et al., 2010, Haiyan et al., 2011), or mice
were immunized directly after tumor cell injection (Cho et al., 2011). Therefore, based
on their therapeutic efficacy, trifunctional NP formulations as evaluted in this work

may serve as a base for the development of therapeutically suitable cancer vaccines.

Closer analysis of the spleen cell populations of the differentially vaccinated mice
revealed that mice immunized with trifunctional NP formulations induced a significant
reduction of the frequency of tumor-expanded MDSC.On first sight, this finding may
be interpreted as a consequence of halted tumor growth and therefore impaired
tumor-mediated expansion of MDSC. However, the MDSC frequency was also
reduced in case of vaccination with the non-addressing NP formulation that
codelivered OVA and CpG. Since the letter NP formulation exerted no major anti-
tumor activity, another CpG-dependent mechanism may contribute to inhibition of
MDSC expansion, uncoupled from DC-dependently induced anti-tumor T cell
responses. In this regard, Shirota and coworkers (2012) have recently demonstrated
TLR9 expression by monocytic MDSC, which in response to soluble CpG
differentiated to macrophages that exerted anti-tumor activity. Therefore, further
studies are required to assess potential uptake of NP by MDSC, which may promote
MDSC differentiation. In this regard, most recently we have confirmed that NP
conjugated with CpG were taken up by MDSCin vivo and ex vivo (data not shown). It
is planned to analyze the effect of cpG-conjugated NP on the differentiation of
MDSCin vitro.
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4.4. Fe-NP that codeliver antigen and a TLR9 ligand induce a potent
humoral response

The aforementioned results suggest that DC-targeting NP are well suited to target
vaccine components to DC in vivo with high efficacy.As shown in this PhD thesis, t

DC argeting in vivo is necessary to induce an efficient antitumor response.

As shown in this PhD.study, DEC205-targeting Fe-NP that codelivered antigen and
adjuvant were engulfed by DC in vitro, and only this trifunctional NP formulation
induced a potent anti-tumor response. This finding suggested an essential role of DC
targeting in vivo to induce therapeutic effects. Surprisingly, however, NP of either
formulation which localized in spleen were apparent predominantly within the B cell
zone (Fig. 38). In accordance, control NP bound primary B cells in vitro in a serum-
dependent manner (Fig. 39), mediated by opsonization of complement factors and
subsequent binding to the B cell complement receptor CD21/CD35 (Fig. 41).
Confocal laser microscopy confirmed binding of NP to B cells, but not their cellular
engulfment. Immunohistochemical staining of spleen sections showed that many NP
colocalized with CD19* B cells(Fig. 38), but FACS analysis of splenic cells derived
from NP-injected mice demonstrated that only 3% CD19* cells were Cy-5" due to
binding of NP. These results suggest that binding of NP to B cells in vivo is not quite
strong, and it is possible that most of the cargo may be released in close vicinity of

the B cells rather than intracellularly.

In light of the intrinsic property of Fe-NP to specifically target B cellsin vivo, their
potential to induce an antigen-specific antibody response was evaluated. The finding
of a lack of antibody production in response to immunization with control NP
suggests that in vivo these NP exerted no profound AB production. Marked levels of
OVA-specific IgG2a antibodies were produced only in response to immunization with
NP functionalized with a TLR9 ligand, known to activate APC including B cells, but
also DC. NP conjugated with CpG and aDEC205 in addition in order to address DC,
elicited a markedly higher IgG2a antibody response (Fig. 43), which confirms the
essential role of activated DC to boost antibody production by "generating" T cell help
for B cells (San Romanet al., 2009).
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Due to the detection of a higher IgG2a/lgG1 antibody ratio, which suggested a Th1-
biased humoral response as induced byNPfunctionalized with CpG (Kline, 2007), we
investigated the suitability of Fe-NP to suppress Th2/IgE-driven allergic symptoms in
an anaphylactic shock model. In a therapeutic setting, OVA was administred prior to
vaccination with NP formulations, and subsequently mice were challenged with OVA.
NP-mediated codelivery of CpG and OVA resulted in a strongly enhanced
IgG2a/lgG1 ratio (0.03) as compared with the injection of PBS or the NP formulation
that contained OVA alone (each 0.0003). Since IgG1 production is driven by IL-4
(Th2), and IgG2a is induced by IFNy (Th1) (Tourney, 2002), an increase of the
IgG2a/lgG1 ratio after vaccination with appropriate NP formulations is indicative of a
Th1-biased humoral response. In accordance, NP formulations that contained CpG

prevented the upregulation of IgE, which initiates immediate hypersensitivity

reactions by triggering mast cell degranulation via FceRI (Yssel et al.,1998).

It is hypothesized that IgE have envolved in asthma development (Larché et al.,
2006). Increased IgE production initiates the activation of mast cells and
subsequently induces an allergy response (Maddox et al., 2002). In this study, in the
group of p(OVA-CpG), a suppressed IgE production was observed. In accordance,
the chaallgende induced decreased of body temperature was temporary and
returned to the baseline. According to these results, nanoparticles functionalized with
OVA and CpG appeared exert a therapeutic function in the anaphylactic reaction in
mice. Fot this, but DC targeting via aDEC205 is not necessary. To my knowledge this
the first study to show that functionalized nanoparticles directly target on B cells in a

therapeutic anaphylaxis model.

To confirm the therapeutic efficacy of functionalized Fe-NP in allergic diseases due to
their pronounced Th1 skewing and IgE suppressive potential, the therapeutic
suitability of these particles also in a model of acute asthma was assessed. As
observed in the anaphylaxis model, NP functionalized with CpG induced higher

IgG2a antibody production (Fig. 50A), a higher IgG2a/lgG1 ratioand lower IgE
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production (Fig. 49). Consequently, on functional level this group of mice showed
less bronchial hyper-responsiveness (Fig. 48) than control group. Asthma is a
chronic inflammatory disease in which several inflammatory cells and mediators
contribute to pathogenesis (Kikkawa et al., 2012).Eosinophils are the maijor cell type
associated with airway inflammation (van Oosterhout et al., 2000 & Luet al., 2010). In
this study, in lung lavage from the group immunized with NP that codelivered OVA
and CpG either in a non-addressing or DC-addressing manner the number of
eosinophils was significantly decreased as compared with no vaccinated group. This
result confirmed that NP fuctionalized with CpG are able to reduce asthma-
associated inflammation in lung. Besides eosinophils, neutrophlis can also induce
asthma, due to the release of diverse mediators (Monteseirin, 2009), like leukotriene
B4 (LTB4), and platelet-activating factor (PAF), myeloperoxidase and matrix
metalloproteinases (MMP-9) (Hamptonet al., 1998). However, vaccination with the
NP formulations employed in this study exerted no increase in the number of
neutrophils in lung lavage (data not shown). In correspondence, hematoxylin and
eosin (HE) staining of lung showed significant lower inflammation scores (Fig. 50).
Soluble CpGODN have been used in many studies for treatment of asthma and
allergic disease (Fonseca et al., 2009 & Gupta et al., 2010 & Kline, 2007). These
studies showed that CpG ODN efficiently suppressed Th2 cytokine production and
reduced airway eosinophilia and systemic levels of IgE in preventive and therapeutic
asthma models. The study of Martinez Gomez and his coworkers (2007) showed in a
preventive asthma model that a microparticle mediated codelivery of allergen and
CpG is an available strategy to improve the safety of conventional SIT. To my
knowledge, our study was the first to demonstrate that in vivo NPdirectly targeted on

B cells to induce a therapeutic immune response in therapeutic asthma model.

NP that contained no specific targeting molecule preferentially accumulated in the B
cell zone of lymphatic organs, and NP conjugated with CpG were indeed engulfed by
B cellsin vitro, as evidenced by confocal laser microscopy. Moreover, mice
immunized with Ag plus CpG-containing NP produced less IgE and significantly lower
disease scores in therapeutics models of anaphylactic shock and acute asthma.
Therefore, we investigated what might be the reason for this spontaneous B cell
affinity of the NP used here and whether these NP can be used for the allergy

immunotherapy. Concerning the data obtained in both anaphylaxis and acute asthma
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model, we observed no enhanced effect of NP functionalized with OVA, CpG and
aDEC205 as compared with NP conjugate with OVA and CpG only. These results
propose that there was no benefit when DC were targeted with aDEC205 in these
allergic disease models. The question whether DC play an important role in NP-
induced immune responses against allergic inflammation remains to be answered.
Anyway, the NP formulations used in this study may open the field for direct
modulation of B cells in terms of activationand switch of isotype, mediated by single

or combinations of adjuvants coupled to the Fe-NP.

4.5. Scavenger receptor mediated nanoparticle uptake

As shown in Fig. 34, we noted that in vivo particulate CpG induced stronger
activation of DC than soluble CpG. Likewise, DC incubated with particulate CpG
secreted the proinflammatory cytokines IL-6 and IL-12 at higher levels than induced
by soluble CpG in vitro (Fig. 33). However, these in vitro results may be
compromised in part by the fact that scavenger receptors (SR) may be responsible at
least in part for the preferential uptake of oligonucleotide-coated Fe-NP, as shown for
gold nanoparticles coated in a similar manner (Yi et al.,2012). SR are expressed
primarily on phagocytic cells of the immune system, including DC. DC use a
repertoire of pattern recognition receptors (PRRs), e.g., toll-like receptors (TLRs) and
SR, to constantly sample or sense their surroundings for the presence of stress or
“‘danger” signals, e.g., pathogens and cellular debris (Guo et al., 2012). Some studies
showed that the polysaccharide fucoidan and autologous serum can block binding of
ODN to the SRs (Thelen et al., 2010). In our study, when DC were preincubated with
serum or focoidan, the upregulated expression of costimulatory moleculesas induced
by coincubation with p(CpG) was reduced, and cytokine production was decreased
(data not shown). These results demonstrate that p(CpG) may be engulfed by DC
through the SR activity.

As described in 4.4, the binding of control NP (p[Cy5]) by B cells was serum
dependent and mediated by the complement receptor. However, when NP
conjugated with CpG were used, the NP binding to B cells in vitro was not serum-
dependent. By confocal laser microscopy it was shown that p(CpG) was exactly

internalized into B cells in contrast to p(Cy5) (Fig. 42A). Therefore, SR mediated NP
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uptake by B cells in vitro was analyzed too. In fact, both fucoidan and excess of

serum blocked uptake of p(CpG) by B cells can be detected in vitro.

Taken together, the Fe-NP formulations used in this study showed differentlially
binding activities in vivo and in vitro in a cargo-dependent manner. In vitro, NP
conjugated with aDEC205, preferentially bound to DC as intended. However, NP
decorated with OVA engaged the MR as well (data not shown). Moreover, CpG-
conjugated NP formulations were readily bound and engulfed by any cell type tested
via SR activity. The latter mechanism is blocked most probably in vivo due to the
presence of serum proteins binding to SR at higher affinity. aDEC-conjugated NP
engaged DC at low frequency, nonetheless decisive for the induction of a sustained
anti-tumor response. Rather unexpected, any NP formulation colocalized
predominatly with B cells via binding of complement factors, which facilitated
interaction with the B cell CD21/CD35 complement receptor. On functional level,
interaction of CpG-decorated types of NP with B cells was important to skew immune

responses towards Th1, which largely inhibited allergic reactions.

Altogether, these findings underscore the necessity to assess the characteristics of
nanoparticles both in vitro and in vivo, which may display altered binding
characteristics dependent both on the interaction of cargo components with soluble
mediators and surface receptors in a serum-dependent manner. Thorough testing of
such nanovaccines is an important prerequisite to determine their actual properties

with regard to their therapeutic suitability.
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5. Materials and Equipments

5.1. Expendable materials

Material

Canula, 23Gx1%4, 0.6x30 B.

Canula, 26Gx1%2, 0.45x12

Canula, 23Gx17%, 0.3x13

Cell culture bottle, 25 cm2

Cell culture bottle, 75 cm2

Cell culture plate 6 well, flat bottom
Cell culture plate 24 well, flat bottom
Cell culture plate 48 well, flat bottom
Cell culture plate 96 well, flat bottom
Cell culture plate 96 well, U bottom
Cell strainer, 40 um

Greiner Tubes, 15 ml

Greiner Tubes, 50 ml

MACS Cell separation column MS
MACS Cell separation column LS
Petridishes

Pipett-Tips, 0.1 — 10 pl

Pipett-Tips, 10 — 200 ul

Pipett-Tips, 100 — 1000 pl

Plastic Pipett 5ml,10ml,25ml
Syringe, 0.5 ml

Syringe, 1 mi

Manufacture

Braun, Melsungen

Braun, Melsungen

BD, Heidelberg

Greiner Bio-One, Frickenhausen
Greiner Bio-One, Frickenhausen
Greiner Bio-One, Frickenhausen
Greiner Bio-One, Frickenhausen
Greiner Bio-One, Frickenhausen
Greiner Bio-One, Frickenhausen
Greiner Bio-One, Frickenhausen
Falcon, Fisher Scientific, Schwerte
Greiner-One, Frickenhausen
Greiner-One, Frickenhausen
Miltenyi Biotec, Berg. Gladbach
Miltenyi Biotec, Berg. Gladbach
Greiner Bio-One, Frickenhausen
Carl Roth, Karlsruhe

Carl Roth, Karlsruhe

Carl Roth, Karlsruhe

Cellstar, Germany

Braun, Melsungen

Braun, Melsungen
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5.2. Buffers and Solution

5.2.1. Cell Culture Medium for Mouse Experiment

RPMI (complete Medium)

10% FCS

100U/mL Penicilin/streptomycin
2mM Glutamine

10mM HEPES

1mM sodiumpyruvate

50uM R-mercaptoethanol

Ad 500 ml RPMI 1640

RPMI (DC Medium)

5% FCS

2mM Glutamine

50uM R-mercaptoethanol

1X Non Essential Amino Acids (NEAA)
4ng/mL GM-CSF

Ad 500 ml RPMI 1640

Collagenase-Buffer

1% Penicilline /Streptomycine
0.1% Collagenase A

in sterile DMEM

5.2.2 Cell Culture Medium for Human PBMC Experiments

IMDM Medium

5% FCS

1% Glutamine

25 mM HEPES

1% Non Essential Amino Acids
0.1% R-mercaptoethanol

Ad 500 ml RPMI 1640
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5.2.3. Buffers

FACS-buffer

1% FCS
2mmol EDTA
in sterile PBS

Cell lysis buffer for subsequent mass spectrometric analysis

7 M Urea

2 M Thiourea
5mMDTT

In 1X PBS Buffer

ACK-lysis Buffer

NH4CL 4.145¢g
KHCO30.5¢g
EDTA 18.6mg
PH 7.27

Ad 500mL H20O
Sterile

5.2.4. Reagents and chemicals

Substance Manufacture

Ethanol (70%) Briggemann, Heilbronn,Germany
Acetone Sigma-Aldrich, Taufkirchen, Germany
Collagenase, Clostridiopeptidase A Sigma-Aldrich, Taufkirchen, Germany
CpG 1826 Sigma-Aldrich, Taufkirchen, Germany
DMEM w/o pyruvate Merck, Darmstadt, Germany

Dextran 500 Pharmacosmos A/S, Holbaek, Denmark
EDTA (Ethylendiamintetraacetat Sigma-Aldrich, Taufkirchen, Germany
FACS Clean Solution BD Pharmingen, Heidelberg, Germany
FACS Flow Sheath fluid BD Pharmingen, Heidelberg, Germany
FACS Rinse Solution BD Pharmingen, Heidelberg, Germany
Ficoll 400 Sigma.-Aldrich, Taufkirchen, Germany
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FCS, fetal calf serum

Forene (Isoflurane)

GM-CSF

L-Glutamin

LPS

HEPES Pufferan, 99.5%
Hydrochloride acid (HCI)
Isopropanol
R-mercaptoethanol, 99% p.a.
Ovalbumin

Paraformaldehyde
Recombinant murine GM-CSF
RPMI 1640 medium Biochrome, Berlin
Sodium azide (NaN3)
Sodiumchlorid (NaCl)
Trypanblau solution

Tween 80

Tris-Base

PAA Laboratories, Colbe, Germany
Abbott, Wiesbaden, Germany

R&D, Wiesbaden, Germany

Gibco, Life Technologies, Germany
Sigma-Aldrich, Taufkirchen, Germany
Gibco Life Technologies , Germany
Merck, Darmstadt, Germany
Hedinger, Stuttgart, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Natutec, Germany

Life Technologies , Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany

Sigma-Aldrich, Taufkirchen, Germany
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5.3. Antibodies

Antibody
specificity(clone)

CD 4 (GK1.5)

CD 8 (53.6.7)
CD11c (N418)
CD11b (M1/70)
CD19 (1D3)

CD25 (IL-2 receptor a
chain,p55 PC61)

CD40 (1C10)
CD45.1 (A20)
CD45R(B220)
CD68 (FA-11)
CD80 (B7-1)
CD86 (GL1)
MHCII (M5/114.15.2)
F4/80 (BM8)
Foxp3* (FJK-16a)
Gr1 (RB6-8C5)
Ly6-C (AL-21)
Ly6-G

Va-2 (B20.1)
INF-y (XMG1.2)

Fluorescence label

FITC, APC-Cy7,e-
Flour450

APC-Cy7,e-Flour450
PE-Cy7

PE-Cy7

APC-Cy7

PE

APC
PE-Cy5
Horizon450
FITC

PE

FITC
e-Flour450
e-Flour450
APC

PE

APC
e-Flour450
PE

APC

Manufacture

eBioscience, USA,
Biolegend

eBioscience, USA
eBioscience, USA
Biolegend, USA
Becton Dickinson,USA

Becton Dickinson,USA

eBioscience, USA
eBioscience, USA
eBioscience, USA
Biolegend, USA
Becton Dickinson,USA
eBioscience, USA
eBioscience, USA
eBioscience, USA
eBioscience, USA
eBioscience, USA
Becton Dickinson,USA
Becton Dickinson,USA
eBioscience, USA

eBioscience, USA
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5.4. Friend retrovirus

Friend virus (FV) is a retroviral complex comprised of 2 components: a
replicationcompetent helper virus called Friend murine leukemia virus (F-MuLV),
which is nonpathogenic in adult mice; and a replicationdefective but pathogenic
component called spleen focus-formingvirus (SFFV). The complex of Friend
retrovirus are kind of gift from Prof.Dr. Dittmer. In this study for the acute infection,
the susceptible mice model (BALB/c) was infected with 3000 spleen focus forming
units (SFFU)/mouse, for resistant mice model (C57BL/6) 12500 SFFU/mouse.

5.5. Cell culture

All tissue/cell culture reagents were from Gibco/BRL (Gaithersburg, Md.). All cells
(BMDC ,PBMCs, T-lymphocytes and B-lymphocytes )were cultured at 37°C and
5% CO. in RPMI media containing heat-inactivated fetal calf serum and
supplemented with 2 mM glutamine, 100 pg/ml streptomycin sulfate, 0.025 1g/ml
amphotericin B, 0.5-MEM nonessential amino acids, 1 mM sodium pyruvate and

50 uM 2-mercaptoethanol (RPMI Complete media).

5.6. B16-OVA melanoma cell line

B16-OVA is a B16 melanoma cell subline (H2b), that has been stably transfected
withan expression construct encoding chicken OVA as a model antigen (Kedl et al.,
2001). This cell line has been kindly provided by Prof.Sahin, University Medical
Center Mainz.). B16-OVA cells were grown in vitro as described above (6.2); for
injection into mice, the cells were trypsinized with 5 ml trypsin/ EDTA. After 5 mins,
the cells were collected and washed three times in PBS before counting and

dilution to the appropriate concentration in sterile PBS.
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5.7. Animals

Mouse strain Source

C57BL/6 Zentrale Versuchstiereinrichtung,Johannes
Gutenberg University, Mainz

BALB/c Zentrale Versuchstiereinrichtung,Johannes
Gutenberg University, Mainz

OT-IxLy5.1 Zentrale Versuchstiereinrichtung,Johannes
Gutenberg University, Mainz

OT-lIxLy5.1 Zentrale Versuchstiereinrichtung,Johannes
Gutenberg University, Mainz

DO11.10 Zentrale Versuchstiereinrichtung,Johannes
Gutenberg University, Mainz

All mouse strains used (C57BL/6, BALB/c, OT-IxLy5.1, OT-lixLy5.1, DO11.10)
were bred and maintained in the Central Animal Facilities of the University of
Mainz under specific pathogen-free conditions on a standard diet. The "Principles
of Laboratory Animal Care" (NIH publication no. 85-23, revised 1985) were
followed. DO11.10 mice on a BALB/c background expressing a transgenic T-cell
receptor (TCR), which recognizes ovalbumin peptide 323-339
(ISQAVHAAHAEINEAGR) in the context of I-Ad. CD4* T cells of OT-Il (C57BL/6
background) are transgenic for a apTCR specific for OVA323-339 peptide in
context of H-2 [|-Ab, respectively. CD8" T cells of OT-I (C57BL/6) mice are
transgenic for a apTCR specific for OVA257-264 peptide in the context of H-2Kb.
OT-l and OT-II mice were crossed with CD45.1* C57BL/6J congenic mice.

The S100A9 knockout mice were a gift from Dr. Thomas Vogl of the Institute of
immunology, Westfalische Wilhelms-Universitat, Munster. The TLR4 and TLR9
knockout mice were nice gifts from Prof. Dr. Hansjorg Schild of the Institute of

immunology, University of Mainz Medical Center.
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5.8. Electronic Equipments

Divice

Calliper, digital, 150 mm
Centrifuge Biofuge pico
Centrifuge Mutlifuge 3 L-R
CO2-Incubator

FACS LSR II, Flow Cytometer
Laser scanning microscopy
Realtime PCR 7300

Robsep

Shandon Cytospin centrifuge
Vortex

Water bath, type GFL-1003, 14 |

Manufacture

Rheinwerkzeuge, Mainz, Germany
Electron Coporation, Germany
Electron Coporation, Germany
Electron Coporation, Germany

BD, Heidelberg, Germany

Zeiss, Germany

Applied Biosystems, CA,USA

STEM CELL TechnologieR ,Germany
Thermo Electron, Langenselbold,
Merck Eurolab, Darmstadt, Germany

Gesellschaft fur Labortechnik, Germany
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6. Experimental procedures

6.1 Cell biology methods

6.1.1 Generation of murine bone marrow-derived dendritic cells

Bone marrow (BM)-derived dendritic cells (DC) were generated as previously
described (Sandra Balkowet.al2007) with some modifications. In brief, BM cells
were collected from murine tibias and femurs. In case BM cells were derived from
mice inoculated with FV, FV-infected BM cells were positively sorted (see 6.1.3.1).
BM cells were resuspended in RPMI 1640 medium (PAA Laboratories, Pashing,
Austria), supplemented with 5% FCS, 2 mM L-Glutamine, 0.1 mM nonessential
animo acids, 50 pg/ml gentamycin (all from PAA), 50 uM B-mercaptoethanol
(Sigma), 4 ng/ml recombinant murine GM-CSF (R&D, Wiesbaden, Germany), and
seeded into 6 well cell culture plates (BD, NJ) (3x10° cells/4ml). On day 3, 4 ml
fresh DC culture medium was added. After a total of 6 or 7 days of culture, non-
adherent and loosely adherent BMDC were collected and used in subsequent
experiments. For coculture experiments with T cells, DC were stimulated on day 7

for 24h with an appropriate stimulus (LPS: 100ng/ml, CpG: 0.5ug/ml).

6.1.2 Isolation of human PBMCs from whole blood

25 ml whole blood was transferred carefully from heparin syringe (or tube) to a
50mL falcon tube which was added 20ml Ficoll Hypaque solution. The sample was
spun down at 2000g for 20 min at RT without brake. Collect PBMCs were
collected from interphase of sera/ Ficoll with a transfer pipette and transferred to a

new 50mL tube.

6.1.3. Detection of Friend virus infected murine BMDC

6.1.3.1. Infection of mice with FV

Mice were injected i.v. with Friend murine leukemia virus (F-MuLV) and spleen
focus-forming virus (SFFV). In susceptible mice model (BALB/c), 3000SFFU FV
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complex were inoculated, whereas in resistant mice model (C57BL/J), 12500

SFFU were inoculated.

6.1.3.2. Detection of Friend virus infected cells

To detect FV-infected cells, either BM cells from FV-infected mice one week after
inoculation or or cultured BMDC were stained with tissue culture supernatant
containing monoclonal antibody (mAb) 34, which is specific for F-MulLV
glycosylated Gag protein that is expressed on the surface of infected cells.
(Dittmer U, J Virol. 2001) mAb 34 binding was detected with a goat anti-mouse
IgG2b-PE antibody(BD Pharmingen).

6.1.3.3. Enrichment of FV-infected DC

BM cells from FV-infected mice were isolated on day 7 after infection and stained
with anti-mAb 34 and a PE-conjugated secondary antibody. Infected cells were
isolated using anti-PE microbeads and magnetic-activated cell sorter (Stem cell)
sorting (Stemcell Technologies Koéln, Germany. EasySep mouse cell isolation kits).
Cells were cultured to generate BMDC as described above, and were used for

experiments.

6.1.4. DC isolation from the spleen

Splenic DC were obtained using a variation of the method described by Vremec et
al.,Briefly, spleens from mice were perfused with RPMI-FCS supplemented with
0.5 M ETDA, 5 mg/mL collagenase (Typ Ill; Worthington Biochemical,
CellSystems, St. Katharinen, Germany), and DNase | (1 mg/mL; AppliChem,
Darmstadt, Germany). Spleens were digested for 30 minutes at 37°C. After
centrifugation at 1,100 U/min for 10 minutes, erythrocytes were removed by
incubation with a hypotonic lysis buffer.Then, DC were further enriched to greater
than 90% purity by magnetic cell sorting as recommended by the manufacturer
(MACs Miltenyi Biotec GmbH, Germany).
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6.1.5. Endocytosis Assay in vitro

Quantitative analysis of macropinocytosis and mannose receptor-mediated
endocytosis was performed using FITC-labeled dextran, and phagocytosis was
analyzed using FITC-OVA. Day 6 BMDC were harvested and washed with FACS
buffer (PBS1% FCS, 0.5 mM EDTA). 5x10° BMDC were first equilibrated for 10
min in 50 yl DHB medium (DMEM, 25 mM HEPES, pH 7.4, 0.5% BSA) and
subsequently incubated with 1 mg/ml FITC-dextran (Molecular Probes,
Invitrogen,Life Technologies, Frankfurt, Germany ) or FITC-OVA at either 37°C or
4°C as a control. Endocytosis was stopped at the indicated time points by
rapidcooling of the cells on ice, followed by 3 washes with ice-cold PBS. Cells
were labeled on ice with an APC-labeled anti-CD11c-antibody (BD Pharmingen™,

Heidelberg, Germany) and examined by flow cytometry.

6.1.6. BMDCmigration within 3D collagen Gels

To prepare 100 pl of cell-loaded collagen matrices, first 5 pl of 7.5% Na>COs and
10 ul of 10XMEM (Invitrogen) were mixed and then added to 75 pl Purecol® bovine
collagen | (Vitrogen, Life Technologies, Frankfurt, Germany). 67ul of the mixture
was further mixed with 33 pl cell suspension (1.5x107 cells/ml) and placed into a
humindified incubator (37 °C) for 45 min to induce gelation.

Migration of BMDC was monitored in 3D collagen gels by time-lapse microscopy
using an Olympus BX61 microscope with an UAPO lens (Olympus, Frankenthal,
Germany) (20X/340, NA 0.75). Differential interference contrast (DIC) images

were capture every 1.5 min by a FView camera controlled by Cell*P software (SIS).

6.1.7. Isolation and proliferation of T-lymphocytes

6.1.7.1. Isolation of T-lymphocytes
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Spleens and LN of naive mice were harvested and resuspended by squeezing
with the hilt of a sterile syringe. The cell suspension was filtered through a 40 ym
cell strainer and washed with RPMI Complete Medium and centrifuged at 1,400
rom for 5 min. The pellet was resuspended in 5 ml ACK buffer to lyse erythrocytes
and incubated for 1 min. Afterwards, 10 ml RPMI complete were added, the cell
suspension was centrifuged again at 1,400 rpm for 5 min and the cells were
counted. CD4* and CD8'T cells were enriched to greater than 96% purity by
magnetic cell sorting as recommended by the manufacturer (Stemcell

Technologies, Koln, Germany EasySep mouse cell isolation kits).

6.1.7.2. Antigen specific T cell proliferation in vitro (:H-Thymidin)

Metabolic incorporation of tritium-labeld thymidine (*H-TdR) into cellular DNA is a
widely used protocol to monitor rates of DNA synthesis and thereby cell
proliferation. Cell suspensions containing DC and T cell subsets (CD4* or CD8")
were cultured in wells of round-bottom 96-well plates, and *H-Thymidin was added
in excess after 48 h, and cells were cultured for 16 hrs at 37°C. Afterwards,
cellular DNA was transferred onto a filter membrane that enriched solely intact
genomic DNA. The filter membrane was dried and the amount of mebmrane-

bound radioactivity was counted in a liquid scintillation counter.

6.1.7.3. Antigen specific T cell proliferation in vivo

The carvoxyfluorescein diacetate succinimudyl ester(CFSE) is an amine-reactive
reagent which can diffuse through cell membrane easily. The non-fluorescent
nature of CFSE turns into that of a fluorescent one upon cleavage of its acetate
groups by esterases in the cytoplasm. Due to its amine-reactivity, the succonimidyl
ester group can bind to amine-containing residues of intracellular proteins, thereby
retaining the product in cells even when they divided. As CFSE is halvened
between daughter cells during cellular division, CFSE labeling can be used to

follow proliferation of lymphocytes in vitro and in vivo by FACs. (Lyons, 2000).

To assess T cell proliferation in vivo, splenocytes derived from mice with

transgenic T cell receptor (OT-IxCD45.1, OT-11xCD45.1) were labeled with CFSE
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(0.5 uM, CFSE) (Life Technologies) for 5 min at 37°C, and then placed on ice for 5
min. The cells were washed twice with PBS. Afterwards, the spleen cells cells
were incubated with PBS+1% FCS at 37°C for 15mins. CFSE-labeled splenocytes
(107 in 200 I PBS) were transferred i.v. into mice. After 48h, 4 ug of OVA protein
or NP formulations at equivalent OVA dosage were injected i.v. into according
groups of mice. In some experiments, LPS (4ug/mouse or CpG (0.5ug/mouse)
were coapplied. Four days later, spleens and peripheral LNs were removed and
cell suspensions were analyzed for proliferation of CFSE-labeled T cells by flow

cytometry.

6.1.8. In vivo killing assay

Spleen cells derived from OT-IxLy-5.1 mice were resuspended in PBS (5X107 /ml)
and injected 107 (200uL i.v.) into mice via the tail vein. Two days later, groups of
mice were immunized with the model antigen OVA either as soluble protein or as
particulate formulation (each 4 uyg OVA/mouse), with an adjuvant in soluble or
particulate form (LPS: 4 yg/mouse or CpG: 0.5 pg/mouse).After 5 days, spleen
cells were isolated from Ly-5.1 mice. One fraction was pulsed with 1 ug/ml OVA2s7.
264 peptide (1 h, 37°C) to serve as the target cell population. Target cells were
labeled at a high concentration of CFSE (0.5 uM, CFSE"# cells). The other fraction
was left unpulsed and was labeled at lower CFSE concentration (0.05 pM, CFSE®»
cells) to serve as an internal control. Equal numbers of cells from both spleen cell
populations were mixed, and a total of 107 cells in 200 ul of PBS was injected i.v.
per mouse. 4 h after injection, splenocytes were derived from treated mice, and
the frequencies of CFSE* Ly-5.1* cells were assessed by FACS analysis to
determine the extent of in vivo kiling The level of specific cytotoxicity was

calculated according to the following calculation:

100%-CFSE ow/CFSEhigh *100%.

6.1.9. Isolation of B-lymphocytes

Spleens from naive mice were harvested and suspended by squeezing with the

hilt of a sterile syringe. The suspension was filtered through a 40 ym cell strainer,
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the resulting cell suspension was washed with RPMI Complete Medium and
centrifuged at 1,400 rpm for 5 min. The pellet was resuspended in 5 ml ACK buffer
to lyse erythrocytes and incubated for 1 min. Afterwards, 10 ml RPMI complete
were added; the cell suspension was centrifuged again at 1,400 rpm for 5 min.
The cells were counted and ready for following purification. B cells were enriched
to greater than 96% purity by magnetic cell sorting as recommended by the
manufacturer (Stemcell Technologies, Koéln, Germany EasySep mouse cell

isolation kits).

6.1.10. Cytospins

In order to quantify protein expression single cell level, cells were spun down on a
glass microscope slide using a cyto-centrifuge. 5x10° cells in 100ul PBS were
added to each slide and centrifuged for 5 min at 500 rpm. After centrifuge, the
slides were dry at room temperature for 2 hours,subsequently, were stained with

immunofluorescence antibodies

6.1.11. Laser Scanning Microscopy (LSM)

Day 6 BMDC were harvested and washed with FACS buffer (PBS1% FCS, 0.5
mM EDTA). Subsequently, the cells were transferred onto chamber slides (IBIDI,
Germany). Cells were incubated with antibodies (e.g. CD11c, CD19) as described
above, and nuclei were stained with DAPI (Life Technologies).
Immunofluorescence was analyzed by confocal laser scanning microscopy
(LSM510-UV, Zeiss, Germany) in core facility for confocal scanning laser

microscopy in medical centre of Johannes Gutenberg University, Mainz.

6.2. Immunological methods

6.2.1. Magenetic cell sorting (MACS)
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Specific target cells can be isolated from a mixture of different cell populations by
immunomagnetic sorting, using the MACS technique. For this, target cells are
incubated with ferromagnetic microbeads, labeled with antibodies specific for
molecules on the surface of the cells. The heterogenous cell suspension is loaded
onto a magnetic column, and all cells, which had not bound any microbeads were
washed off. After removing the column from the magnetic field, the purified fraction
of target cells was eluted. The MACS method was used in accordance with the

manufactures guidelines for isolation of CD4* and CD8* T cells, and of B cells.

6.2.2. Fluorescence Activated Cell Sorting (FACS)

Flow cytometry is a technique to count and characterize single cells within a cell
suspension in a stream of fluid, passing the cells by an electronic detection unit. A
beam of laser light of a single wavelength is directed onto the hydrodynamically-
focussed stream of the cell suspension,which stained with fluorescence-labeld
antibodies. Each cell with a diameter of 0.2-150 ym passes through the beam and
scatters the light. Fluorescent dyes attached to the cell due to detection of proteins
with fluorescence-labeld antibodies may be excited to emit light at a longer
wavelength than the original light source. The combination of scattered and
fluorescent light is analysed by detectors. The forward scatter correlates with the
cell volume and the SSC with the granularity of the cell.

For FACS analysis, cells were washed twice with FACS buffer, and free Fc-
receptors were blocked by incubation with Fc-blocking antibody (1:200) for 15 min
at RT. Further, cells were incubated in a 100 pl solution with fluorescent-labelled
antibodies (1:500) for an additional 15 min at RT. If more than one fluorescent dye
was used, cells were washed after the first incubation step twice with FACS buffer
before staining with the second antibody.

For intracellular detection of IFNy, cells were costained with anti-CD8, PE-
conjugated anti-Va2, and PE-Cy5-conjugated CD45.1, and fixed with 4%
paraformaldehyde. Fixed cells were permeabilized and stained with APC-
conjugated anti-INF-y. For intracellular detection of Foxp3*, spleen cells were first
stained with e-Flout450-conjugated CD8, FITC-conjugated CD4, PE-conjugated

CD25, and the cells were fixed and permeabilized with fixation / permeabilization
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buffer. (eBioscience, Sandiego, USA). After that, the cells were stained with APC-

conjugated anti-Foxp3.

6.2.3. Cytokine measurement

The cytokine production by BMDC was determined in cell culture supernatants
from CD11c¢c*DC or cocultures of BMDC and CD4* T cells using a cytometric bead
array (CBA Inflammation; BD Pharmingen). In a bead assay, one or more bead
populations (bead) with discrete and distinct fluorescence intensities are used to
stimulaneously detect multiple cytokines in a small sample volume. The beads
capture and quantify cytokines through a sandwich schema. Each capture bead in
the array has an unique fluorescence intensity and is coated with a capture
antibody specific for a single cytokine. A combination of different beads is mixed
with a sample or standard and afterwards with detection antibodies that are
conjugated to a reporter molecule (PE). Following incubation and subsequent

washing, the samples are acquired on a flow cytometer.
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BD flow cytometers are Class 1 Laser Products.
For Research Use Only. Not for use in diagnostic or therapeutic procedures.

Fig. 52: Overview of BD™ CBA assay principle. Ever capture bead in this array has
fluorescence intensity and is coated with a capture AB specific for a single analyte. A combination
of different beads is mixed with a sample or standard and a mixture of detection ABs that are
conjugated to detection molecule (PE). Following incubation and subsequent washing, the samples
are acquired on a flow cytometer. (from BD bioscience)

6.2.4. Bicinchoninic Acid (BCA) Protein Assay
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To determine protein concentrations, the BCA Assay was used, which combines
the protein-induced biuret reaction with the highly sensitive and selective
colorimetric detection of the resulting cuprous cation (Cu1*) by bicinchoninic acid
(BCA). Cu2* is reduced to Cu* due to proteins in alkaline solutions. Two BCA
molecules bind one Cu*-ion and a chelat complex is formed, which can be
detected at 562 nm. Herein, we used the BCA Protein Assay Reagent Kit to
determine protein concentrations of BMDC cells for Mass Spectory and Western
blot analysis. The assay was performed in accordance to the manufactures

guidelines

6.3. Nanoparticle Experiments

6.3.1. Preparation of dextran nanospheres

Dextran nanospheres (DN) were prepared as described by Schroder [12] with
some modifications. Briefly, 7.69 g Dextran 500 (Pharmacosmos A/S, Holbaek,
Denmark) was dissolved in distilled water (26% w/v). In some preparations, 20 mg
of chicken ovalbumine (OVA) protein (Sigma-Aldrich, Deisenhofen, Germany), and
125 pg lipopolysaccharide (LPS, Sigma) were dissolved in 400 pl of PBS, and
were subsequently added to the dextran solutionrespectively. Then, 30 ml of
customary vegetable oil pre-cooled to 4°C was added , and the mixture was
emulsified by magnetic stirring for 20 min at 4 °C, followed by sonification
(Bandelin electronic: BM70, Berlin, Germany) in an ice-bath for 40 s. The resulting
emulsion was slowly poured into 200 ml of 0.1 % (w/v) solution of Tween 80
(STRVA, Feinbiochemica, Heidelberg/New York) in acetone under constant
stirring to precipitate DN at room temperature. After 6 hr, DNs were filtered
through a cell strainer (40 ym diameter) to remove aggregates. DN were washed 3
times with 0.1 % Tween 80 in acetone solution and collected by centrifugation at
3,000 g for 5 min. DNs were resuspended in 2 ml of 1% (w/v) Tween 80-acetone
solution and air dried at room temperature. To prepare FITC-labeled DN, FITC-
conjugated dextran 500 (Sigma-Aldrich) was mixed with unlabeled dextran 500 at

a ratio of 1:1,000 (w/w) during the initial solubilization step.
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6.3.2. Iron oxide solid core nanoparticle

Iron particles coated with OVA, CpG-ODN, and anti-DEC205, either alone or in

combinations thereof, were provided by Miltenyi.
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6.3.4. BMDC viability

To assess potential cytotoxic effects of nanoparticles (NP), day 6 BMDC (2.5x10%)
were reseeded into wells of 96 well cell culture plates in a volume of 100 pul, and
NP were added at different concentrations as indicated. To assay cell viability,
tetrazolium substrate was added which is reduced to a chromogenic formazan
product by mitochondrial succinate dehydrogenase, correlating with the number of

metabolically active cells. The reaction was stopped by addition of an organic

~151 ~



Limei Shen Experimental Procedures

solvent, and the concentration of solubilized formazan was detected
spectrophotometrically in an ELISA reader according to the protocol provided by

manufacturer (Promega, Madison, WI, USA).

6.3.5. Cellular uptake of Nanoparticles by BMDCin vitro

BMDC (5x105 cells) or spleen cell suspensions (2x10° cells) derived from C57BL/6 mice were incubated
with fluorescence-labelled nanoparticles (6E+10 nanoparticle)in a volume of 200 ul at 37°C in 96 wells
of a cell culture plate for the indicated periods of time. To assess for MR-
dependent endocytosis of OVA-containing DEX by BMDC, cells (5x10° in 200 ul)
were preincubated with mannan (200 pg/ml; Sigma) for 30 min at 37°C. After
incubation, cells were harvested and stained for surface lineage marker
expression (e.g.CD11c*) as indicated for subsequent flow cytometry analysis as

described.

6.4. Tumor therapeutic models (Melanoma model)

B16 OVA cells were grown in RPMI medium with 10% FCS, 100U/mL
Penicilin/streptomycin, 2mM Glutamine, 10mM HEPES, 1mM sodium pyruvate
50uM R-mercaptoethanol and G418. OVA expression was analyzed by FACS

analysis before injection.

Naive C57BL/6 mice were injected s.c. with 10° B16-OVA cells. The mice were
observed every day. Palpable tumors started to appear between days 10 to14.
The tumor size was measured with vernier caliper and when the tumors were
palpable (15 mm?3), mice were assigned in 5 groups (8-10 mice per group). Mice
were vaccinated with different types of NP by i.v. application. Mice were
administered booster immunizations with the same formulations every two days for
a total of three times. The tumor volume was recorded as the product of two
orthogonal diameters (a: longest diameter, b: orthogonal with mm3). Animals were

observed every day, and were euthanized when the tumor size exceeded 600
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mm? or when ulceration of the tumors was observed. The animals were sacrificed,

sera, spleens and tumors were isolated for further analysis.

6.5. Anaphylaxis model

A therapeutic disease model of anaphylaxis was established as described (Roy,
1999).Briefly, mice were given s.c. administrations of 10 ug OVA at a weekly
interval (days 0, 7, and 14). After the last sensitization, mice were assigned in 5
groups and were injected i.v. with different types of NP. Mice were given booster
immunization with the same formulations every two days for a total of three times
(days 21, 23, and 25). On day 32, 25 pg OVA was administrated i.v. into the mice
(challenge). The anaphylactic score was evaluated as described (Finkelman |,
2007). The sera were collected on days 7, 14, 21 and 28 for detection of OVA-

specific immunglobulins.

dayO day7 dayl4 day21 day23 day25 day32

!

1.Sensitazition 2.Sensitazition 3.Sensibilization 1.NP 2.NP 3.NP OVA
OVAs.c OVAs.c OVAs.c

iv. i.v. iv. challenge

Tab. 6: Experimental design of anaphylaxis schock model.

6.6.Acute Asthma model

Asthma is a chronic respiratory disease characterized by bronchial inflammation
and airway hyperresponsiveness. To help researchers evaluate experimental
therapies, we offer the mouse ovalbumin (OVA) plus alu sensitization model of
acute asthma. Six to eight weeks female BALB/c mice were sensitized i.p with 10
mg OVA (grade VI) emulsified in1.5mg alum (Pierce, Rockford, IL, USA) in 200 mL
phosphate-buffered saline (PBS) on days 0 and 7. 3 days after sensitization, the
mice were immunized with NP by i.v. injection on day 10 and 12, followed by
20min 1% OVA (grade V) aerosol treatments on days 14, 15 and 16.
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S.c. injection was performed at the scruff ofthe neck and was verified by the
observation of a fluid bubble forming under the skin during injection. I.p. injection

was performed in the lower right quadrant of the abdomen.

day0 day7 dayl0 day12 dayl4 dayl5 daylé dayl8
1.Sensitazition 2.Sensitazition 1.NP 2.NP OVA OVA. OVA AHR
OVA +alumi.p OVA +alumi.p i.v. iv.

Tab. 7: Experimental design of acute asthma model.

Group Sensitization Challenge Immunization

Naive PBS OVA PBS

PBS OVA+Alum OVA PBS

pCy5 OVA+Alum OVA pCy5

pOVA OVA+Alum OVA pOVA

p(OVA-CpG) OVA+Alum OVA p(OVA-CpG)

p(OVA-CpG-aDEC205) OVA+Alum OVA p(OVA-CpG-
aDEC205)

Tab. 8: Group of acute asthma model.

6.6.1. Invasive measurement of AHR to MCh in mice.

In this PhD study, AHR is determined by invasive method directly measuring lung
resistance and dynamic compliance. The invasive measurement of the lung
function is a very sensitive and effective method, characterized by controlled
ventilation, bypassing the upper airways and a local delivery of the aerosolized
bronchoconstrictor via a tracheal tube.Four chambers of RC system were
calibrated and 50mg/ml stock solution of methacholine were prepared in PBS and
serially diluted in 25, 12.5, 6.25, 3.125 mg/mL. The mice were injected an

appropriate volume of Narcoren ® working solution intraperitoneally (75mg/kg
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body weight). Skin and muscle tissue covering the trachea were removed and a
medical yarn under the trachea were inderted, which will subsequently be used to
tie the trachea to the tracheal tube. 18 gauge tracheal tube was placed into the cut
and carefully pushes it in the airways. The mouse was aubsequently placed into
the chamber of the RC system. Record the baseline resistance and compliance for
60 s, aerosolized methacholine at the lowest concentration (3.125 mg/mL) were
delivered for 30 s. The change of resistance and compliance were measured for 5
min. Finally, the raw data were analyzed with the BioSystem XA Software.
Calculate the fold increase of resistance and compliance measured for each

concentration of methacholine in relation to baseline resistance and compliance.

6.6.2. Serum collection and detection of OVA specific IgE

Blood was collected by cardiac puncture immediately after the thoracic cavity was
opened and before BAL was performed. Blood was allowed toclot, then was
centrifuged, and aliquots of serum were stored at -80°Cbefore analysis. OVA
specific IgE, 1gG2a and IgG1 antibody concentration were measured by ELISA as

previously described.

6.6.3. Bronchoalveolar lavage (BAL)

Immediately after the administration of a fatal dose of avertin, the thoraciccavity
was opened by careful dissection. The trachea was then exposed, and a small
transverse incision made just below the level of the larynx. BAL was then
performed using two doses of 0.5 ml of PBS, ensuring that both lungs inflated
during the lavage process and that there was no leakage of lavage fluid from the
trachea. The lavage samples from each mouse were pooled and kept on ice until
processing. BAL was centrifuged at 400gfor 5 min, and the supernatant was

removed.

6.6.4. Lung histology

After BAL sampling had been collected, the lungs were removed from thethoracic

cavity. The lungs were inflated with 1 ml of 10% neutral-buffered Formalin and
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then fixed in 10% neutral-buffered Formalin. After fixation, the lung was dissected
free and embedded in paraffin, and 6um sections were cut. Sections were then

stained with H&E in histology corfacility in Department of Dermatology.

6.7. Statistical analysis and software

Statistical significance was determined using the unpaired Students-t-test using
StatView® for Windows. Results are expressed as meantSEM; statistically
significant differences are designated as *p<0.05, **p<0.005, and ***p<0.001.

All flow cytometry results were obtained by using a LSR Il (BD Bioscience) and
FlowJo®software. The cytokine quantification results were analyzed by using
FCAP Array Sorftware (BD Bioscience).
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