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Abstract

The human immune system represents a highly complex multi-cellular network that
protects the organism against the environment and disease. Within this system, dif-
ferent immune cell types communicate with each other, as well as with healthy and
diseased tissues, using an impressive network of immunoregulatory signals. This in-
herent complexity makes it rather difficult to mimic these processes in vitro. There-
fore, elaborate in vivo like test models are needed. The aim of this study was to
characterize a compartmentalized co-culture model of the human gut comprising
Caco-2 cells as a model for the gut epithelium and whole blood of different donors

representing the immune system.

The characteristics of Caco-2 cells upon treatment with proinflammatory mediators
were investigated in detail using immunohistochemistry and functional measure-
ments. The multiplexed analysis of intracellular signaling processes in Caco-2 cells
provided a closer look at the alterations that take place after treatment with proin-
flammatory cytokines. The co-culture system was then applied to analyze the inter-
cellular signaling processes in whole blood upon application of drugs and drug can-
didates. The test substances were applied onto the top of differentiated Caco-2
monolayers and their effect on the release of inflammatory mediators in the whole
blood was analyzed using multiplexed sandwich immunoassays. By using blood
from different donors, the individual variations in the immune system could be in-
cluded in the analysis. The immunomodulatory effects observed for well-
characterized substances as well as drug candidates were analyzed and interpreted
using bioinformatic database analyses. Among the 23 different analyzed immune

mediators 13 revealed concentration dependent changes upon drug treatment.

The combined usage of a human organotypic gut model with a multi-parametric read
out system facilitated the testing of drugs and drug candidates in an in vivo like envi-
ronment. This approach has the potential to fill the gap existing between currently
used cell culture systems, animal models and clinical trials and may therefore con-

tribute to the drug candidate selection process in future.






1. Introduction

1.1. Model systems in drug development

Despite the tremendous technological progress made in drug screening technologies
a large number of drug candidates fail during clinical phases I-1ll due to a lack of
overall activity or a problematic safety profile. This can mainly be traced back to the
fact that during the preclinical phase of drug development the test systems used do
not necessarily reflect the in vivo situation in the human body. Drug candidates origi-
nally intended to specifically interfere with a pathologic process often influence other
intra- and intercellular signaling pathways that are not available in currently used test

models.

Cell culture models, which are widely used in the preclinical phase of the drug devel-
opment process (figure 1) show excellent reproducibility and low assay-to-assay
variability. However, since cell lines are derived from modified, degenerated cells
they do not entirely reflect the in vivo conditions in the human body. Animal models
by contrast allow drug testing in a complex multi-cellular environment. However de-
pending on the species used e.g. rodent models, pigs or even apes, they exhibit
more or less similarity to the human system and although they can be genetically en-
gineered there are still intrinsic differences between animals and human. Moreover, a
distinct diversity among individual human beings further exacerbates the search for
appropriate model systems. In consequence a gap exists between currently used in

vitro models and clinical trials [1].

The immune system consists of a highly complex network of signaling events. The
different cells of the immune system communicate with each other, as well as with
healthy and diseased organs [2, 3]. This inherent complexity makes it extraordinary
challenging to find appropriate cell culture models that sufficiently mimic these condi-
tions. The most often used cellular test systems for the evaluation of drug effects on
the immune system are Peripheral Blood Mononuclear Cell (PBMC) preparations or
test systems using whole blood (e.g. [4]). In contrast to PBMCs, peripheral whole
blood consists of all cellular and sub-cellular components of the immune system and

exhibits the following benefits [1]:



Presence of erythrocytes, thrombocytes, granulocytes

Presence of sub-cellular plasma components

Individuality can be incorporated by using blood of different donors
Stress caused by preparation procedure is minimized

Cells remain in their natural environment

No serum supplements are necessary

N o ok~ oD R

Plastic adherence is minimized

However not all cells contributing to immune reactions are represented in peripheral
whole blood. The development of human organotypic co-culture systems (HOT)
therefore represents a further approximation to the in vivo conditions. The co-
cultivation of tissue specific cells with human whole blood allows establishing the
crosstalk between the immune cells represented by the whole blood and cells of the
adjacent organ. These approaches represent a valuable alternative to animal ex-
periments, have a considerably higher similarity to the in vivo situation and are very
important tools to bridge the gap between immune reactivity in animal models and
humans. Drugs interfering with the complex regulatory network of the immune sys-
tem lead to changes in the activities of the immune cells and this sometimes leads to
dramatic changes in the course of the immune reactions. By co-cultivating whole
blood and epithelial cells the entire range of immune-relevant elements can be in-
cluded [5].

Preclinical Clinical
Phase Phases I-llI

Figure 1: Phases of the drug development process



1.2. The co-culture model of the human gut

The organotypic co-culture model used in this study (figure 3 ) facilitates the testing
of drug effects that take place after passage of the intestinal barrier. Therefore, the
human Caco-2 cell line is used as a model for intestinal epithelium cells. These cells
are cultivated on the top side of membranous transwell® inserts (pore size 0.4uM),
fitting into carrier wells, which contain whole-blood. The differentiated Caco-2 cells
represent the physiological barrier to orally applied drugs or drug candidates added
on top of the epithelium, whereas whole blood of individual donors represents the
immune system. Drugs and drug candidates are added onto the Caco-2 monolayer,
and their effect on the cells of the immune system can subsequently be analyzed in
the whole blood [1, 5]. The addition of immune activating agents like for example
bacterial cell wall components (Lipopolysaccharide, Zymosan), superantigens
(Staphylococcal Enterotoxine B) and receptor targeting antibodies (anti-CD3, anti-
CD28) allows to trigger the immune response in the whole blood. Depending on the
stimulus used, different subsets of immune cells can be addressed.

The heterogeneous colorectal adenocarcinoma cell line Caco-2, first characterized
by Hidalgo et al. [6] is widely accepted across the pharmaceutical sciences as a in vi-
tro model of the human small intestine mucosa [7-9]. Cultivated as monolayers on
permeable filters these cells are routinely used to study the intestinal absorption and
transepithelial transport of orally administered drugs [10] in accordance with FDA and
EMEA guidelines [11]. Upon confluence Caco-2 cells become differentiated and po-
larized such that they display all major functional and morphological properties of
small intestine epithelial cells including the formation of intercellular adhesion com-
plexes, microvilli formation and the expression of small intestine-specific gene prod-

ucts e.g. transporter proteins and enzymes [12].

A schematic overview of the major types of cell junctions connecting intestinal epithe-
lial cells as well as their proteinous components is given in figure 2 . Tight junctions,
consisting of the transmembrane proteins Occludin, Claudin and JAMs and the
adapter proteins ZO-1 and Cingulin control the diffusion of many substances be-
tween the gut lumen and blood through the extracellular space. Gap junctions allow

the exchange of small molecules and ions between adjacent cells and are mainly



composed of connexins. Adherence junctions composed of the transmembrane pro-
tein Cadherin and the intracellular adapters Catenin and ZO-1 as well as des-
mosoms composed of Desmoglein, Desmocollin and Desmoplakin are important for

cell-cell and cell matrix adhesion and signaling [13].

Accomplishment of full differentiation of the Caco-2 cells can be assessed micro-
scopically by dome formation [14]. Thus these cells are perfectly suited for the gen-
eration of gut epithelial monolayers capable of all known active and passive absorp-
tion mechanisms [15], as well as the potential to respond to pathogens and to in-
flammatory mediators [7].
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Figure 2: Cell junction complexes of the intestinal epithelium.

Tight junctions control the diffusion of many substances between the lumen and blood. Gap
junctions allow the exchange of small molecules and ions between adjacent cells. Adherence
junctions and desmosoms are important for cell-cell and cell matrix adhesion and signaling.
Adapted from [13].

Proinflammatory mediators like IL-18, TNFa and IFNy which are up regulated during
chronic inflammatory conditions of the gut [16-18] have been reported to affect the in-
testinal barrier function by modulating tight junction permeability [3, 19-24]. In con-
trast EGF functions as a gastrointestinal mucosal protective factor preventing the
oxidant induced disruption of tight junctions [25, 26]. Treatment of Caco-2 monolayer
with these proinflammatory cytokines can be used to simulate the altered type of
regulation and organ function as it is related to inflammatory processes. Additionally
such treatment stimulates the production of immune-regulatory mediators by the
epithelial cells [27].



Caco-2 monolayer: optional pretreatment
with IL-1B/ITNFa or IFNy

Multiplexed Analysis

Figure 3: Experimental set up of the co-culture model.

Human CaCo-2 cells are cultivated on top of special culture vessels, fitting as inserts into carrier wells
of 24-well culture plates. A filter membrane allows a communication between the two compartments
via soluble signaling molecules. Pre-treatment of the Caco-2 cells with proinflammatory mediators al-
lows mimicking alterations in the epithelial barrier function. Drugs and drug candidates are added onto
the Caco-2 monolayer, and their effect on the immune response can be analyzed in the whole blood
using multiplexed sandwich immunoassays. The addition of immune activating agents like LPS, Zy-
mosan, Staphylococcal Enterotoxine B and receptor targeting antibodies (anti-CD3, anti-CD28) is
used to trigger the immune response in the whole blood. SEM picture adapted from www.edigmbh.de

1.3. Rezeptor Tyrosine Kinase associated signaling processes

Receptor Tyrosine Kinases (RTKSs) represent a class of cell-surface receptors that
regulate a plethora of cellular processes including cell proliferation and differentia-
tion, cell survival, migration, apoptosis and protein expression [13, 28]. On a struc-
tural basis RTKs can be divided into 20 subfamilies which share an intrinsic catalytic
tyrosine kinase domain. Examples include the ErbB family, the Insulin receptor family
and the PDGF, FGF, VEGF and HGF families [29]. Ligand binding to the extracellular
domain leads to receptor dimerization and the subsequent activation of the intrinsic
tyrosine kinase activity. This leads to the autophosphorylation of tyrosine residues
and the subsequent recruitment of adapter proteins to the receptor which in turn trig-
gers several intracellular signaling pathways e.g. the Ras/MAP-Kinase pathway or
the PLCy pathway. In addition the activation of other intracellular signaling pathways
can lead the phosphorylation/dephosphorylation of RTKs by intracellular kinases and

phosphatases.

The epidermal growth factor receptor (EGFR) is a member of the ErbB family of
RTKs. Changes in expression and aberrant activation of EGFR have been shown to
be associated with a variety of cancers [28]. Upon binding of its specific ligands e.g.

epidermal growth factor (EGF) and transforming growth factor alpha (TGFa), dimeri-



zation triggers the intrinsic tyrosine kinase activity. This results in the autophosphory-
lation of Tyrosine residues in the C-terminal domain and the subsequent activation of
various downstream signaling molecules. Phosphorylation of intracellular Serine and
Threonine residues is thought to represent a mechanism for attenuation of EGFR
kinase activity [30]. The EGFR receptor is subject to various intracellular interaction
partners regulating the phosphorylation status of intracellular Threonin, Serine and
Tyrosine residues with diverse biological effects [31]. Figure 4 schematically shows
the phosphorylation sites that were analyzed in this study as well as their potential in-

teraction partners and downstream effects.

Kinase phosphorylation
unknown
autophesphorylation
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CamkKlI ) P © aalld7 => receptor desensitization internalization, ubiquitination
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Figure 4: Phosphosites of the EGF-Receptor. Adapted from Oliver Poetz

1.4. Mediators of the immune response

The human immune system represents a highly complex cellular network that pro-
tects the organism against diseases. Within this network complex intercellular com-
munication processes are mediated via cytokines and chemokines, surface receptors
and antagonists, eicosanoids, complement factors, coagulation factors and even low
molecular weight mediators that control the fate and functions of immune cells. Main-
tenance of the delicate balance at the level of these mediators is essential for health
and disruption of homeostasis is implicated in the pathogenesis of a large variety of
diseases like for example Inflammatory Bowel Disease (IBD) [17, 32, 33] , Sepsis
[34], Rheumatoid Arthritis [35] and Arteriosclerosis [36]. Figure 5 gives an simplified



overview of the major subtypes of immune cells as well as the associated key regula-
tory signaling processes among them.

IL-1beta TNFalpha

Macrophages, Helper T-cells (Th1, Th2)
Dendritic
IFNgamma

Regulatory
T-cells
Treg,
Trl,
Th3

IL-8 Cytotoxic
T-cells
MCP-1

‘% IL-10 \
TGF-beta \

@ 0, radicals E ) Elastase

B-cells Granulocytes

Figure 5: The regulatory network of the immune system. Adapted from [1]

1.4.1. Cells of the immune system

A detailed description of the different subsets of immune cells is given by Murphy et
al. [37]. Leukocytes are the major players of the immune system. Macrophages are
the mature tissue-form of the blood circulating monocytes and can be found in almost
all tissues of the body. Both macrophages and monocytes are phagocytic, recogniz-
ing and killing invading pathogens. Moreover, they function as antigen presenting
cells (APC) thus contributing to the induction of the adaptive immune response. By
secreting soluble signaling molecules like cytokines and chemokines they can acti-
vate and recruit other immune cells.

Like the macrophages granulocytes are also responsible for the first line killing of in-
vading microorganisms at the site of infection. Three types of granulocytes - neutro-
phils, basophils and eosinophils can be distinguished of which the neutrophils are the
most numerous. They phagocytize invading microorganisms and destroy them using
degradative and antimicrobial substances. Eosinophils and basophils are thought to
participate in the defense against parasites which are to large for phagocytosis.
Mature Dendritic Cells are also tissue resident phagocytes. They are present in the
blood stream by their immature form. Both forms take up antigens by phagocytosis

and macropinocytosis and display these antigens on their surfaces upon degrada-



tion. They are specialized in presenting antigens to lymphocytes thus initiating adap-
tive immune responses. Macrophages, granulocytes and dendritic cells recognize
distinct pathogen associated molecular patterns (PAMPS) via specific pattern recog-
nition receptors. Examples are Toll-like receptors (TLR) or NOD-like receptors. The
activation through pattern recognition receptors is a prerequisite for the expression of
co-stimulatory molecules on the surface of antigen presenting cells and the subse-

quent complete activation of naive T-lymphocytes.

B-lymphocytes play an essential role in the humoral immune response. After binding
of a specific antigen to the B-cell receptor, the lymphocytes proliferate and differenti-
ate into plasma cells. These cells produce antibodies, which are the secreted form of
the B-cell receptor. However, for activation of the B-cell a co-stimulation provided by

a T-helper cell is required (except T-cell independent antigens).

T-lymphocytes play a central role in the cell mediated immunity. They can be classi-
fied into two major groups CD4 positive and CD8 positive cells. Upon activation by
antigen presenting cells CD8" T-cells differentiate into cytotoxic T-cells capable of di-
rectly killing pathogen infected cells. CD4" T-cells differentiate into diverse effector
types depending on the signals they receive during activation. In particular, the four
main subsets Thl, Th2, Th17 and Treg can be distinguished by their cytokine secre-

tion profile.

Th1 cells produce cytokines that activate macrophages, enabling them to destroy in-
corporated microorganisms more efficiently. In addition, they provide co-stimulatory
signals for B-lymphocytes and induce class switching to strongly opsonizing antibody
subclasses. Th2 cells carry out a similar function of activating B-cells and inducing
class switching to other antibody subclasses especially IgE. Th17 cells induce local
epithelial and stromal cells to produce chemokines that recruit neutrophils to the site
of infection. The regulatory T-cells Treg represent a heterogeneous subgroup that

suppresses T-cell activity thus limiting the immune response.



1.4.2. Cytokines/Chemokines

Cytokines are secreted or membrane-bound structurally diverse proteins with a mo-
lecular weight of approximately 25 kDa that are released by various cell types (e.g.
leukocytes, fibroblasts, epithelial cells, hepatocytes) usually in response to an activat-
ing stimulus. Cytokines induce responses through binding to their specific receptors.
They can act in a autocrine, paracrine and endocrine manner [37]. Cytokines play a
key role in the modulation of the immune cell activity. They are rapidly synthesized
and secreted by immune cells upon stimulation and induce the production of adhe-
sion molecules, oxygen metabolites, nitric oxide and lipid mediators such as pros-

taglandins, leukotriens and platelet-activating factor [17].

Cytokines are generally grouped in two categories proinflammatory and anti-
inflammatory cytokines, although several cytokines do not fit specifically into either
one of these categories. Many cytokines have pleiotropic functions and some act in a
synergistic manner. In addition they can also be grouped on a structurally basis [37]
or based on their main cellular source into Thl, Th2, Treg, Th17 and macro-
phage/monocyte derived cytokines. Table 1 shows the different immune mediators
analyzed in this study as well as their main cellular sources. Thl cytokines are com-
monly referred to as proinflammatory while Th2 cytokines mainly induce anti-
inflammatory responses [38]. However, the fact that many cytokines have overlap-
ping cellular sources and diverse biological functions hampers an exact classification.
Chemokines are a family of small cytokines with a size of 8-10 kDa released in the
early phase of an immune response. These chemo-attractant mediators induce di-
rected chemotaxis of susceptible immune cells mainly of monocytes, neutrophils, ba-

sophils and T-lymphocytes thus recruiting them to the site of infection [39-41].

Table 1: Immune mediators and their main cellular sources. Adapted from [5
M®

/Monocytes

IL-1B
IL-6
TNFa
IL-8
MCP-1

IFNy
IL-12p70
IP-10

IL-4
IL-5
IL-13

IL-17A

IL-10

TARC
TSLP
IL-1ra
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1.4.3. Soluble receptors and cell adhesion molecule s

In addition to the classical notion of cytokine receptors as transmembrane proteins,
many receptors have soluble forms that are released into the extracellular space.

They are produced through alternative mRNA splicing or cleavage from the cellular
surface (shedding) and released into the extracellular milieu. Due to their ability to

bind ligand they can modulate the balance between cytokines and their membrane-
bound receptors. On the other hand, soluble receptors can bind their ligands, stabi-
lize them, and may induce cellular responses by association with signaling receptor

subunits thus acting as a cytokine agonist [42].

There is evidence that receptor expression and shedding can be regulated by other
cytokines and that this plays an important role in the pathogenesis of human dis-
eases [2]. The exact role of the soluble cytokine receptors still remains unclear but it
is generally assumed that they are important regulators of inflammation and immunity
[43]. The TNF receptor-associated periodic syndrome which occurs in patients with
an impaired TNFRI receptor shedding demonstrates the importance of this immune-
regulatory mechanism [44] as well as the finding that sgp130 acts as a negative
regulator of the IL-6 induced acute phase response in hepatocytes [45]. Moreover the
role of soluble cytokine receptors as regulators of immune events is shown by slL-
2Ra which was used as biomarker for T-cell activation lymphoid neoplasms [46].

Cell adhesion molecules play an important role for the recruitment of leukocytes from
the blood to the site of inflammation. In addition, soluble forms of these endothelial-
derived adhesion molecules can be detected in circulating blood and may serve as
biomarkers of the extent of inflammatory response, and endothelial damage [47-49].
For example increased circulating concentrations of the adhesion molecules ICAM-1,
and VCAM-1 can be found in the sera of inflammatory bowel disease patients [50].
However, the exact role of soluble cell adhesion molecules remains unclear. It has
been suggested that they act as chemotaxins on monocytes [51] or as negative regu-
lators of cell-cell adhesion processes [52].
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1.4.4. In vitro activation of immune cells

In order to investigate drug effects on the in vitro secretion of inflammatory mediators
in whole blood it is necessary to elicit immune cell function by using stimulatory
agents. The use of antibodies, bacterial cell wall components, and mitogens is
hereby well established [53-55]. The immune stimulating agents applied in this study,
their cellular target, as well as their reported effect on mediator release are described
in detail in table 2.

Table 2: Immune stimulating agents

stimulus description Target receptor/cell type triggered mediators
Zymosan yeast membrane TLR2/complement, macrophages/ TNFa, IL-8 [56-59]
glycoprotein monocytes, granulocytes
membrane compo- | LBP/ CD14/ TLR4/ MD2, macro- IL-1B, IL-6, IL-8, IL-12,
LPS nent of gram- phages, monocytes, dendritic cells, | TNFa, TARC, IFNy [60-
negative bacteria epithelial cells, granulocytes 62]
. : IL-12p70 [63], IL-1B
SEB superantigene ('\:/'e'ﬁscgln g%’i‘e’ﬁ‘san“ge” presenting | 154], 1L-2, TNFa, IL-6,
IFNy, MCP-1 [65] IL-8
aCD28 anti-CD28 antibody | CD28 , co-stimulatory signal IFNy
aCD3 anti-CD3 antibody CD3 on T-lymphocytes IFNy
Polv |:C double stranded TLR3 on B-lymphocytes and den- IL-6, TNFa, IL-10 [66],
yi RNA dritic cells IP-10 [67]

1.5. Antiphlogistic drugs

1.5.1. Corticosteroids

Synthetic glucocorticoids like Prednisolone and Dexamethasone mimic natural glu-
cocorticoids and are widely used in the treatment of inflammatory disorders like for
example inflammatory bowel disease and rheumatoid arthritis [68, 69]. They are
known to systemically inhibit the entire immune response including T-cell activation,
adhesion molecule expression, effector cell activation and cytokine production [70].
After binding to the glucocorticoid receptor a pleiotropic range of interactions with in-
tracellular signaling pathways take place. Direct interaction with glucocorticoid re-
sponse elements (transactivation) leads to an upregulation expression of proteins
that are implicated in the resolution of inflammation e.g. Annexin 1, which in turn in-
hibits the release of arachidonic acid [71-73]. The glucocorticoid receptor can also di-
rectly interact with other transcription factors (transrepression) such as NFkB and
AP-1 [74] thus preventing the transcription of proinflammatory cytokines [75, 76].
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1.5.2. NSAIDs

Non-steroidal anti-inflammatory drugs (NSAIDs) like Diclofenac, Ibuprofen or Aspirin
act as inhibitors of cyclooxygenase isoenzymes COX-1 and COX-2 and are widely
used as analgesic, antipyretic and anti-inflammatory drug [77]. COX catalyzes the
conversion of arachidonic acid into prostaglandins and thromboxanes. Whereas
COX-1 is constitutively expressed in nearly all tissues the expression of COX-2 can
be induced in response to hormones, growth factors and proinflammatory cytokines.
In addition of the diverse physiologic and pathologic functions prostaglandins exert
various functions in the regulation of inflammation and immunity [78]. Prostaglandin
D, (PGD.,) is a proinflammatory mediator produced and released mainly by mast cells
during an allergic response. It has been demonstrated to be a potent chemoattractant
for eosinophils, and Th2 cells [79, 80]. Prostaglandin E, (PGE>) is the major pros-
taglandin involved in pain and inflammation. It is secreted by macrophages, mono-
cytes, and neutrophils upon treatment with inflammatory mediators, whereas lym-
phocytes do no produce any of the prostanoids [81, 82]. PGE; inhibits IL-2 and IFNy
production from T-lymphocytes as well as the release of IL-1 and TNFa by macro-
phages [83-85]. Prostacyclin (PGl,) is thought to exert anti-inflammatory action since
PGI; analogues inhibit IFNy/IL-6 induced MCP-1, IL-8, RANTES and TNFa produc-
tion in monocytes [86] and led to an increased IL-10 production in LPS stimulated
PBMCs [87].

1.5.3. Tacrolimus

Tacrolimus (FK506) is a macrolidic immunosuppressant drug used for the treatment
of graft rejection after allogenic organ transplantations. It has also been shown to be
effective in the therapy of ulcerative colitis [88, 89]. The immune suppressive effect of
Tacrolimus is facilitated through complex-formation with the immunophilin FKBP12
and subsequent inhibition of Calcineurin. This prohibits the dephosphorylation and
activation of NFAT thus inhibiting T-lymphocyte signal transduction [90-92]. T-cells
express low intracellular levels of Calcineurin and this renders them more susceptible
to inhibition of this pathway [37] . The inhibition of Calcineurin and its substrate NFAT

is a major component of the immunosuppressive effect of Tacrolimus, however im-
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mune suppression may also be accomplished through inhibition of other Calcineurin

substrates or Calcineurin-independent effects [93].

1.6. Multiplexed Sandwich Immunoassays

Protein microarrays have become important tools for large-scale and high throughput
applications. This technology enables the simultaneous detection and quantification
of multiple parameters in complex biological mixtures like for example plasma [94] or
tissue lysates [95]. Protein microarray technology is of major interest for proteomic
and diagnostic applications as well as for drug discovery. This technology has been

applied for the identification, quantification and functional analysis of proteins [96-99].

Roger Ekins [100, 101] initially described the basic principles of protein microarray
technology. According to his “ambient analyte theory” superior sensitivity can be
achieved with miniaturized ligand-binding assays. Because of the small number of
capture molecules in a microarray spot ligand binding does not significantly alter ana-
lyte concentration even in the case of targets of low concentrations and high affinity
binding reactions. Therefore, highest signal intensities per area and optimal signal to

noise ratios can be achieved.

1.6.1. Suspension-bead arrays

Bead based arrays (e.g. Luminex) employ a set of up to 500 color or size coated mi-
crospheres as solid support for the capture molecules. Beads are identified in a flow
cytometer and the amount of captured target molecules is quantified on each individ-
ual bead. In a first step, antigen-specific capture molecules are immobilized on the
individual bead set. Then different bead sets are combined and incubated with the
sample of interest. A labeled secondary antibody detects captured analytes and is
visualized with an appropriate reporter system. Sensitivity, reliability and accuracy
are similar to those observed with standard ELISA procedures. The preferred detec-
tion method for bound analytes is fluorescence. Using bead based technology hun-
dreds of samples can be screened within a short time. Throughput and sample vol-

ume is no longer a limiting factor [97, 102].
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The bead based xMAP® technology (Luminex, Austin, TX, USA) used in this study
has experienced rapid adoption across many fields of the life sciences in the past few
years. It is based on 100 distinct sets of color coded polystyrene beads, called micro-
spheres (& 5,6 ym) each coated with defined capture molecules. The mixture of two
internal red-fluorescence dyes in different ratios creates the color code. Within the
Luminex compact analyzer, a laser excites the internal dyes with 635 nm, and a sec-
ond laser excites any green fluorescent reporter dye captured during the assay with
532 nm (figure 6 ). The Luminex LX100 standard instrument allows multiplexing of up
to 100 unique assays with a single sample. For each bead set the fluorescence in-
tensity is detected and the median fluorescence intensity (MFI), is determined [103].
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Figure 6: The Luminex xXMAP® technology. Adapted from: [103]
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1.6.2. Bead arrays for signaling pathway analysis

Inflammation is characterized by a plethora of inter- and intracellular signaling
events. Each response arises from a dynamic network of thousands of molecules
that are subject to multiple influences [104]. Due to this complexity a complete set of
mediators is considered to be of more value than the single analysis of only one me-
diator [105]. To study these processes on a systemic level appropriate technologies
are needed. Suspension bead arrays are perfectly suited for the multiplex analysis of
signaling events and drug effects in an inflammatory context. Multiplexed sandwich
immunoassays are hereby the most frequently used assay format and they are con-

sidered to represent the gold standard.

Using the Luminex platform Hsu et al.[106] showed for example that it is possible to
discriminate between trauma an sepsis patients by measuring plasma concentrations
of 11 different soluble cytokine receptors and cell adhesion molecules. Van Erk and

colleagues studied the effect of Diclofenac in obesity associated inflammation [107].
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Mogensen et al. [108] evaluated the in vitro effect of Dexamethasone on the the se-
cretion of proinflammatory cytokines in stimulated PBMCs. Torrence et al. [109] iden-
tified biomarkers to monitor disease status in a mouse model of inflammatory bowel

disease.

In addition to the analysis of secreted signaling molecules, the same technology can
be used to study intracellular signaling events. In this context the determination of
MAP Kinase phosphorylation pattern in Leukocytes upon treatment with mediators of
inflammation [110] can be exemplified. Moreover Khan and co-workers [111] demon-
strated that suspension bead arrays can effectively be used for phosphoprotein
analysis in lymphatic cell lines. Poetz et al. [112] applied bead array technology for

profiling of EGF Receptor phosphorylation upon growth factor treatment.
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2. Research Objectives

Due to the complex nature of the human immune system the development of appro-
priate in vivo-like test models for the preclinical phase of drug development is chal-
lenging. Currently used test systems like PBMC preparations, whole blood cultures or
even animal models do not sufficiently mimic the in vivo conditions found in the hu-

man body. Therefore, elaborate in vivo like cell culture models are urgently needed.

Embedded in the BMBF funded HuCoCSys project the purpose of this study was the
detailed characterization and validation of a novel compartmentalized co-culture
model of the human gut. Comprising differentiated Caco-2 epithelial monolayers and
human whole blood to represent the immune system this in vitro model will be ap-

plied to mimic the intestinal resorption of drugs and drug candidates.

Initially the effect of a proinflammatory environment, as observed in the gut of in-
flammatory bowel disease patients, on the epithelial integrity of functionally differenti-
ated Caco-2 monolayer was investigated in detail using immunohistochemistry and
TEER measurements. Moreover, the impact on such proinflammatory treatment on
intracellular receptor tyrosine kinase signaling (RTK) will be interrogated using multi-

plexed phosphoprotein analysis.

Antiphlogistic drugs as well as primarily uncharacterized drug candidates were sub-
sequently added on top side of the epithelium and their differential effects on ex-
tracellular signaling processes in the whole blood were analyzed using multiplexed
protein microarray technology. For this purpose bead based sandwich immunoas-
says were developed on the Luminex platform, optimized and applied for the quanti-
fication of immune mediators in human plasma. The obtained multiparametric data-

sets should be analyzed and interpreted using bioinformatic tools.
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3. Materials and Methods

3.1. Materials

3.1.1. Sandwich Immunoassays

For the development of multiplexed sandwich immunoassays, commercially available
matched pair antibodies and recombinant standard proteins were used. For signal

generation commercially available Streptavidin-R-Phycoerythrin was applied.

3.1.2. Antibodies and proteins

Table 3: Antibodies and recombinant proteins

Antibody Vendor

rabbit-anti-human Claudin 5 Abcam, Cambridge, UK
mouse-anti-human Dsg 2 Acris Antibodies, Herford, Germany
goat-anti-human-E-Cadherin R&D Systems, Minneapolis, MN, USA
rabbit-anti-human Occludin Life Technologies, Darmstadt, Germany
mouse-anti-human ZO1 Life Technologies, Darmstadt, Germany

goat-anti-rabbit IgG-Alexa 488 Life Technologies, Darmstadt, Germany

goat-anti-mouse 1gG-Cy3 Jackson ImmunoResearch, Newmarket, Suffolk
donkey-anti-goat IgG-Cy3 Jackson ImmunoResearch, Newmarket, Suffolk
human IL-1B Miltenyi Biotec, Bergisch Gladbach, Germany
human TNFa Miltenyi Biotec, Bergisch Gladbach, Germany
human EGE Merck KGaA, Darmstadt, Germany

3.1.3. Expendable items

Table 4. Expendable items

96-well filter plate MultiScreen Millipore, Billerica, MA, USA

96-well microplate, half area (NBS) Corning, New York, NY, USA

Luminex xMap'™ carboxylated microspheres Luminex Corp., Austin, TX, USA

1.5 mL reaction tubes Starlab Ahrensburg, Germany

reagent reservoir, sterile Brand Wertheim, Germany

cell culture flask T75 Greiner Bio-One, Frickenhausen, Germany
96-well PCR plate Brand, Wertheim, Germany

96-well cell culture plate Greiner Bio-One, Frickenhausen, Germany
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3.1.4. Buffers

Table 5: Buffers

Chemical Components

Low Cross Buffer
Activation Buffer

Coupling Buffer

Candor Biosciences GmbH, Wangen, Germany
100mM Na,HPOy, pH 6.2
50mM MES, pH 5.0

Wash Buffer PBS + 0,05% (v/v) Tween 20

Roche Buffer 50mM Tris HCI; 150mM NaCl; 1% Gelatine (w/v)

Cell Culture Medium

MEM, 20% (v/v) FCS , 1% (v/v) Penicillin/Streptomycin, 1% (v/v) L-
Glutamin, 1% (v/v) NEA

RTK Extraction Reagent Merck KGaA, Darmstadt, Germany

3.1.5. Devices and Software
Table 6: Devices and Software
Device/ Software

Cell Counter & Analyzer Casy TT

Cell Culture Incubator

centrifuge C5415D, 5417R, 5810
centrifuge Universal 25

Luminex100

Luminex100 IS 2.2

multichannel pipette

Pipetus®

Roth Micro centrifuge

pipettors

sonification bath Sonorex

Thermo Mixer Comfort

Vacuum station

Vortex Genie 2

Confocal microscope LSM 510 META
Axiovision software

TIGR

IPA® web-based knowledge database
yEd Graph Editor

Masterplex 2010

Vendor

Innovatis AG, Reutlingen, Germany

Binder, Tuttlingen, Germany

Eppendorf, Hamburg, Germany

Hettich, Tuttlingen, Germany

Luminex Corp., Austin, TX, USA

Luminex Corp., Austin, TX, USA

Eppendorf, Hamburg, Germany
Hirschmann Laborgerate, Eberstadt, Germany
Carl Roth GmbH & Co, Karlsruhe, Germany
Gilson, Middleton, WI, USA

Bandelin Electronics, Berlin, Germany
Eppendorf, Hamburg, Germany

Millipore, Billerica, MA, USA

Scientific Industries, Bohemia, NY, USA
Carl Zeiss AG, Goéttingen, Germany

Carl Zeiss AG, Goéttingen, Germany
Dana-Farber Cancer Institute, Boston, MA, USA.
Ingenuity Systems, Redwood City, CA, USA
yWorks GmbH, Tiibingen, Germany
MiraiBio, San Fransisco, CA, USA
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Microsoft Office 2003
Endnote X1

Adobe Illustrator

Microsoft (Redmond, WA, USA)
Thomson Corp. (Philadelphia, PA, USA)
Adobe INC., San Jose, CA, USA

3.1.6. Chemicals and Reagents
Table 7: Chemicals and Reagents
Chemical

DMSO

EDC

sulfo-NHS

Tris-HCL

Horse Serum

Glycerol

FCS

Benzonase® Nuclease

Blocking reagent for ELISA

Complete Protease Inhibitor

L-Glutamine

PBS

Tween20

Penicillin/Streptomycin

Phosphatase Inhibitor Cocktail

Trypsin

MEM Biochrom AG/Berlin

HBSS-

PFA

LiquiChipTM System Fluid 10x concentrate
non-essential amino acids (NEA)
InhibitorSelect™ Kinase Inhibitor Library I1lI
KN62, KN93

Caco-2 adenocarcinoma cells

Mounting Medium
LPS
SEB

Vendor

Sigma Aldrich, St. Louis, MO, USA

Oxford GlycoSystems, Oxford, UK

Pierce, Rockford, IL, USA

Carl Roth GmbH & Co, Karlsruhe, Germany
Sigma Aldrich, St. Louis, MO, USA

Fluka (Sigma-Aldrich), St. Louis, MO, USA
Lonza, Basel, Switzerland

Merck KGaA, Darmstadt, Germany

Roche Diagnostics, Mannheim, Germany
Roche Diagnostics, Mannheim, Germany
Biochrom, Berlin, Germany

PAA Laboratories GmbH, Pasching, Austria
Merck KGaA, Darmstadt, Germany
Biochrom, Berlin, Germany

Sigma-Aldrich, St. Louis, MO, USA

PAA Laboratories GmbH, Pasching, Austria
Biochrom, Berlin, Germany

Biochrom, Berlin, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany

Qiagen, Hilden, Germany
Biochrom, Berlin, Germany

Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany

Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ) Order Number DSM ACC
169

Dianova, Hamburg, Germany
Calbiochem Schwalbach, Germany

Bernhard Notsch Institut, Hamburg, Germany
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Anti-CD28 Beckman Coulter GmbH, Krefeld, Germany
Anti-CD3 R&D Systems, Minneapolis, MN, USA

Zymosan Sigma-Aldrich, St. Louis, MO, USA

Poly I:.C Life Technologies, Darmstadt, Germany
Diclofenac-Sodium Sigma-Aldrich, St. Louis, MO, USA

Ibuprofen Biomol, Hamburg, Germany
Prednisolon-21-hydrogensuccinat MIBE GmbH Arzneimittel, Brehna, Germany
Dexamethasone Sigma-Aldrich, St. Louis, MO, USA

Tacrolimus Selleck Chemicals LLC, Houston, TX, USA
Dihydroxyguajaretic Acid Intermed Discovery GmbH, Dortmund, Germany

3.1.7. Whole blood donors

Blood donation was done at the project partner EDI GmbH by healthy volunteers
through venipuncture right before experimental usage. The ability of the individual
donors to respond to the used stimuli was assessed in advance. Non-responders to
the stimuli or individuals with chronic disorders, or a surgery in the past three month
were excluded as well as persons with infectious diseases in the past two weeks or a
Immunizations in the past six weeks. The usage of immunomodulating drugs in the
past two weeks also disqualified the donors. Blood samples were taken with a sy-

ringe prefilled with 1% Heparin. Blood was mixed and used within 30 min.

3.2. Suspension bead arrays

The bead based protein microarrays applied in this thesis were performed with the

Luminex*® microsphere array system.

3.2.1. Coupling antibodies to microspheres

For covalent immobilization of capture antibodies to Luminex carboxylated micro-
spheres 400 pl of the appropriate bead stock solution (1.25 x 10" beads/ml) were
transferred to a Ultrafree-MC filter unit and centrifuged for 1min at 3000 xg to remove
supernatant. Beads were washed twice with 300 pl of Activation Buffer followed by
vortexing and spinning. The bead surface groups were activated by addition of 150 pl
Activation Buffer supplemented with 50 mM EDC and 50 mM sulfo-NHS to each cou-
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pling reaction and 20 min of incubation at room temperature in the dark with agita-
tion. After spinning and removal of the flow through, beads were washed three times
with 400 ul Coupling Buffer, vortexed, and centrifuged briefly to remove activation re-

agents.

Subsequently a solution of capture antibody in Coupling Buffer was added to the
beads and incubated for 120 min at RT in the dark on a shaker. The coupling con-
centration varied between the different capture antibodies and had to be optimized
during assay development. After spinning and removal of flow through the capture
coated beads were washed three times with 400 pl of Wash Buffer, resuspended in
Roche Buffer +0.05% sodium-azide and transferred to an Eppendorf cup. The beads
were stored at 4 in the dark. To determine recove ry the antibody coated beads
were dilute 1:500 in Roche Buffer + 0.05% Tween20 and vortex for 10 seconds. 100
ML were transferred to a microtiter plate (NBS). After 30 min of incubation at RT read
out was performed using the Luminex 100 analyzer, Settings: Sample Size 50 pL,
time out 80 s, total beads 10,000. Bead concentration was calculated as follows:
beads per uL = number of beads divided by 30 and multiplied by a dilution factor of
500. The recovery is usually approximately 90%.

3.2.2. Multiplexed Assay Panels

For quality assurance and low inter- and intra-assay variability capture beads, detec-
tion antibodies and standard proteins had to be validated ahead of usage. All newly

purchased lot numbers were compared to already applied proteins and concentration
was adjusted if necessary.

3.2.2.1. Cytokine/Chemokine Panels I-1lI

Prior to usage of the established multiplexed cytokine/chemokine panels I-11l a 96-
well filterplate was blocked with 100 ul per well of Roche buffer for 30 min. The spe-
cific capture coated beads of different sets were diluted (1500 beads per well of each
bead type) and mixed in Low Cross buffer for the individual multiplexed panels. The
recombinant standard proteins were mixed and diluted in Low Cross buffer to 10000
pg/ml, followed by 4-fold serial dilutions in Low Cross buffer. Plasma samples were

diluted in Low Cross buffer and 25 pl of sample or standard were added to each well
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of the 96-well filter plate. The dilution factor was optimized and adapted according to
sample treatment. Then 25 pl of bead solution were added to each standard or sam-
ple well and incubated for 2 h at RT in the dark on a shaker. After washing twice with
100 pl per well of Wash Buffer, 30 pl of a detection antibody mixture (for antibody
concentration see table 8) in Low Cross buffer were added to each well, followed by
1 h of incubation at RT in the dark on a shaker.

Beads were washed twice with 100 ul of Wash Buffer and 30 pl of a 2 pg/ml Strepta-
vidin-PE solution in Low Cross buffer was added to each well. After 30 min of incuba-
tion at RT in the dark on a shaker two wash steps were performed wit 100 ul/well of
Wash Buffer and beads were resuspended in 100 ul per well of Roche Buffer. The
assays were analyzed using the Luminex100 analyzer. Settings: sample Size 80 L,
time-out 60 s, 50 events, bead gate 7000-15000. To convert MFI values in concen-
tration values a 5-parametric fitting of the standard curve was performed. Values be-
low the lower limit of quantification (LOQ) which is calculated by the blank + 10x sdv
of the blank were excluded from the analysis. Values exceeding the upper limit of de-

tection (ULD) were also not included.

Table 8: Concentrations of reagents applied in cytokine Panels I-ll|

Analyte IL-1B IL-6 IL-8 MCP-1 IFNy IP-10 TNFa
Standard [ng/ml] 10 10 10 10 10 10 10
Det.Ab [ug/ml] 0,1 0,2 0,1 0,1 0,1 0,5 1
Analyte IL-4 | TARC | IL-17A | TSLP IL-5 IL-10 | IL-lra | IL-13 | IL-12
Standard [ng/ml] 10 10 10 10 10 10 10 10 10
Det. Ab [ug/ml] 0.1 1 0.5 1 0.5 0.5 2 0.1 0.1
Streptavidin- PE 2 pg/ml

3.2.2.2. Soluble Receptor 8-plex Panel

The soluble receptor 8-plex assay used in this study was developed by Xiaobo Yu

and Hsin-Yun Hsu at the NMI [113, 114]. The assay procedure for the soluble recep-
tor panel basically is similar to procedure used for the cytokine/chemokin panels. Ex-
cept that instead of Low Cross buffer Roche buffer is used. The standard protein mix-
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ture is 3-fold diluted in Roche buffer supplemented with 10% horse serum. Addition-
ally the number of wash steps is raised to three after each incubation step and 5
pg/ml of Streptavidin-PE are used for signal generation. To convert MFI values in
concentration values a 5-parametric fitting of the standard curve was performed. Val-
ues below the lower limit of quantification (LOQ) were excluded from the analysis.
Values exceeding the upper limit of detection (ULD) were also not included. Table 9
gives an overview of the standard and detection antibody concentrations used for the

soluble receptor assays.

Table 9 : Concentrations of reagents applied in the soluble receptor panel
Soluble Receptor Panel

Analyte ICAM-1 | VCAM-1 | IL-2 Ra | gp130 | Fas | E-Selec. | TNF-RII | TNF-RI
Standard [ng/ml] 160 80 160 40 200 400 60 9
Det. Ab [pg/ml] 0,4 0,8 0,4 1 0,4 1 0,6 0,8
Streptavidin-PE 5 ug/ml

3.3. Cell culture methods

Caco-2 cells were thawed carefully, washed with 45 ml pre-warmed cell culture me-
dium, centrifuged at 500 xg for 5 min, resuspended in 4 ml medium and added to a
T75 flask containing pre-warmed medium. Cells were cultured at 37C and 5% CO »,.
80% confluence was reached after 3-4 days. For subculturing cells were washed with
20 ml HBSS™ and incubated for 5 min with 5 ml of 1x Trypsin-EDTA solution at 37<C.
The reaction was quenched by adding 10 ml of medium. After resuspension, cells
were centrifuged for 5 min at 500 xg and excessive supernatant was removed care-
fully. Cells were resuspended again, separated in medium, counted using a particle
counter and seeded at a density of 0.5x10° cells in a T75 culture flask containing 20

ml of pre-warmed medium.

3.3.1. Intracellular RTK-Signaling Analysis

For the stimulation experiments cells were used at passages 20-50. 20x10° cells per
well were seeded onto 96-well cell culture plate containing 200 pul medium per well.
After 8 days, differentiation was assessed microscopically. Hereby dome formation

was used as a measure for the full accomplishment of enterocyte differentiation.
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Cells were starved for 24 h with 180 ul per well of serum-free medium and treated for
different times with 20 ul per well of serum-free medium containing 10 ng/ml IL-13 or
EGF respectively. For the pretreatment of starved Caco-2 cells with InhibitorSelect™
Protein Kinase Inhibitor Library Ill, 20 ul of serum-free medium containing the predi-
luted inhibitors were added to the cells for 1 h, prior to stimulation with 10 ng/ml IL-13
for 30 min. Total DMSO concentration was 0.1%. For cell lysis, culture medium was
aspirated and the cells were rinsed twice with ice cold PBS following addition of 120
ul per well of pre-cooled RTK-Extraction Reagent. After incubation for 20 min at 4C
with agitation cells were solubilized by repeated pipetting until extracts were clear
and non-viscous. For further clearance, the lysates were transferred onto a pre-
wetted 96-well filterplate and centrifuged with 1500x g for 5 min at 4C. A 96-well
PCR-Plate was used to collect the lysates. Lysates were frozen immediately at -70C

and sent to the project partner Merck KGaA for the bead based analysis.

For RTK signaling analysis bead based multiplex immunoassays developed by
Merck KGaA were applied. The Widescreen™ RTK pTyr 7-plex kit enables the simul-
taneous determination of the EGFR, IGF-1R, HGFR, ErbB2, PDGFRpB, VEGFR2 and
Tie-2 phosphorylation status in cell lysates. In addition the Widescreen™ RTK total 7-
plex kit was used to detect the total amount of RTKs. The specific phosphorylation
pattern of EGFR was examined in detail with a phospho EGFR 9-plex profiler kit.
This kit enables the detailed analysis of EGFR phosphorylation at pT654, pT669,
pY845, pY1045, pS1047, pY1068, pY1086, pY1173 as well as the determination of
total EGFR protein.

3.3.2. Cell culture in transwell® Inserts

All cell culture experiments using membranous transwell® inserts were performed by
Kathrin Hefner and Michael Blum (EDI GmbH, Reutlingen, Germany). The Caco-2
cells were cultivated on top side of special transwell® vessels fitting as inserts into a
24-well cell culture plate. 20000 cells in 200 pl medium were seeded in the upper
compartment and grown for 8 days. The basal compartment was filled with cell cul-
ture medium. Medium was changed every other day. To assess the grade of differen-
tiation the transepithelial electric resistance (TEER) between the upper and lower

compartment was measured. This parameter is mainly determined by the formation
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of tight junctions and extracellular matrix. A TEER of 400 Q*cm? was set as a thresh-
old for further usage. In addition the quality of the monolayer in every well was
judged microscopically before further proceeding. Dome formation was used as a

measure for the full accomplishment of enterocyte differentiation.

3.3.3. Immunohistochemistry

In order to examine the effect of proinflammatory mediators on tight junctions, adher-
ence junctions and desmosoms, Caco-2 cells were grown for 8 days in transwell® in-
serts as described above and were subsequently stimulated by adding a mixture of
10 ng/ml IL-18 and 10 ng/ml TNFa or 50 ng/ml IFN-y in serumfree medium to the ba-
solateral compartment of the transwell® vessel. After 6 h (IL-18 and TNFa) or 24 h
(IFNy) cells were washed twice with 200ul PBS and treated for 10 min with 100 pl per
well of 2% PFA in PBS at RT. Following 15 min of incubation with 100 ul per well of
Triton-X 100 (0.1%) in PBS cells were washed three times with 100 pl/well of PBS
and incubation was performed with 100 pl per well of PBS + 3% BSA for 60 min to
block unspecific binding of the antibodies. Cells were then treated with 80 pl of pri-
mary antibody solution in PBS+ 3% BSA (a-Claudin 5 1:200, a-Dsg 2 1:50, a-E-
Cadherin 1:100, a-Occludin 1:100 and a-ZO 1 1:50) over night at 2-8 C. After three
wash steps with 200 pl PBS cells were incubated with 80 pl per well of the corre-
sponding fluorescent labeled secondary antibodies (diluted 1:600 in PBS™+ 3% BSA)
for 60 min at RT in the dark. Cells were washed three times and the filter-grown
monolayer were cut out of the inserts and placed together with 8 pl Mounting Medium
on top of a glass slide. The slides were stored at 2-8 C in the dark until microscopic

analysis.

3.3.4. Co-culture experiments

The experimental workflow of the co-culture experiments is schematically depicted in
figure 7 . Caco-2 cells were grown for 8 days in transwell® inserts and differentiation
was judged microscopically and by TEER measurements. If primed monolayers were
required 10 ng/ml IL-18 and 10 ng/ml TNFa were added to the basal compartment for
6 h. The dissolved test substance was applied on top side of the epithelium and the
transwell® inserts were transferred to a 24-well cell culture plate containing
heparinized whole blood of three different donors. Controls received either drug dilu-



ent (diluent control) or medium (stimulation control). After 1 h of incubation to allow
passage of the epithelium experimental inflammation was elucidated by application of
either LPS/SEB/anti-CD28 or Zymosan or Zymosan/anti-CD3/anti-CD28, or anti-
CDg3/anti-CD28 or Poly I:C in serumfree medium to the lower chamber of the com-

partmentalized model. Unstimulated controls received medium (cell control).

cultivation of Caco-2 cells
in transwells

optional: priming of Caco-2 cells with
IL-1BITNFa

addition of drugs onto the Caco-2
monolayers in five concentrations

co-cultivation of Caco-2 cells with whole
blood of three different donors

after 1h:stimulation of inflammation in the
whole blood

after 6h:end of co-culture, removal of
Caco-2 cells

cultivation of whole blood for additional
18h

multiplexed analysis of inmune mediators
in blood plasma

Figure 7: Experimental workflow of drug testing in the co-culture model

The co-culture was stopped after 6 h and the transwell® inserts were removed. The
stimulated whole blood was further cultivated for 18 h. After 24 h of total incubation,
the blood plasma of duplicate wells was pooled and stored at -20<C until multiplexed
analysis. Table 10 summarizes the control samples generated for each test sub-
stance and each blood donor. To enable a direct comparison of the dose response
curves obtained for different blood donors the determined analyte concentrations
were normalized to the concentrations found in the diluent control. The resultant ratio

is termed Stimulation Index .
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Table 10: Control samples for drug testing

designation Drug-Solvent Stimulating Agents
Stimulatory control - +
Solvent control + +
Cell control

3.3.5. Whole blood culture assays

For drug tests in whole blood cultures, the test substance was dissolved in DMSO
and diluted in medium supplemented with DMSO. Different concentrations were di-
rectly injected into heparinized whole blood of two different donors. Final DMSO con-
centration was 0.1 %. Control cells received the drug diluent (diluent-control) or me-
dium (cell-control and stimulatory-control). After 1h of incubation inflammation was
induced by addition LPS/SEB/anti-CD28 in medium. Unstimulated controls received
medium. After 24 h of incubation, blood plasma from duplicate wells was pooled and

stored at -20<C until further analysis.

3.4. Data analysis

3.4.1. The IPA® knowledge base

For the analysis of the generated intracellular and extracellular signaling data the
IPA® knowledge base developed by Ingenuity Systems was used. This web-based
software application utilizes on a highly structured database of literature-extracted
signal transduction pathways. This tool enables the analysis of already known path-

ways as well as the evaluation of uncharacterized pathways in a biological context.

3.4.2. Hirarchical Clusteranalysis

Cluster analyses was carried out using MultiExperiment Viewer (MeV Version 4.0
http://www.tm4.org) [115]. Analyte concentrations below the lower limit of quantifica-
tion (LOQ) cannot be determined with acceptable statistical confidence. For cluster
analysis these data were replaced by the concentration value of the LOQ. If the
measured value was above the upper limit of detection (ULD) these data points were

replaced by the value of the ULD. To scale the data ahead of cluster analysis the
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analyte concentrations were median centered and log2 transformed, to yield data val-
ues in the range of +/- 3. Subsequently the heatmap was generated (parameters:
Euclidean distance, complete linkage). Hirarchical clustering (HC) uses the distances
between different objects for forming subgroups (clusters). Euclidean distance is the
‘ordinary’ distance between two points in the multidimensional space. It can be de-
scribed as:

1

d(xy)=(% (¢ -y J)

The distance between any two objects is defined by the distance measure. However,
it is necessary to define a linkage function to specify how the distance between clus-
ters with more than one element is determined. For complete linkage clustering the
distance between two clusters, is computed as the distance between the two farthest
objects within these clusters. The linkage function is described by the following ex-

pression, where d(x, y) is the distance between objects x and y:
D (X,Y)=maxd(x y) xeX,yeY

For significance analysis the samples were assigned into 6 groups according to their
treatment and then multiclass SAM (significance analysis of microarray) analysis was
carried out to identify analytes which exert statistically different concentration levels.

4. Results

4.1. Sandwich Immunoassay Development

Prerequisite for the development and validation of multiplexed sandwich immunoas-
says is the compatibility of all assay components as well as the fact that the simulta-
neous measurement of multiple analytes in on test requires compatibility of analyte
dilutions. For this study, a panel of plasma parameters was selected based on their
known involvement in inflammatory processes. For each selected analyte commer-
cially available antibodies together with their corresponding recombinant antigens

were purchased. After an initial test in a singleplex assay format, cross reactivities
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among the proteinous assay components had to be determined. Antibodies which
were identified to cross react with other assay components had to be replaced or ex-
cluded since they critically impair the ability to multiplex the assays. Further important
quality parameters for the development process were dynamic range, sensitivity,
specificity, reliability and robustness as well as limits of detection (LOD) and quantifi-
cation (LOQ) [116]. Figure 8 gives an overview of the cytokine and chemokine as-

says developed in the context of this study.

4.1.1. Cross-Reactivity

Prerequisite for the simultaneous measurement of multiple parameters in one ex-

periment is the exclusion of cross-reactivities among:

» capture- and detection antibodies

A\

capture antibodies and analytes

» analytes and detection antibodies.

Multiplexed Sanwich Immunoassays

F‘

\7

Panel |

IL-1b

IL-6

IL-8

MCP-1

IP10

TNFa

IFNg

Panel Il

IL-4

TARC

IL-17A

TSLP

Panel lll

IL-5

IL-10

IL-12p70

IL-13

IL-1ra

Fas

E-Selectin

TNFRI

TNFRII

GP130

VCAM-1

ICAM-1

IL-2Ra

Figure 8 : Multiplexed sandwich immunoassays.

Assays for 16 cytokines and chemokines were developed, and grouped into three different multi-
plexed panels. In addition, an existing 8-plex panel targeting soluble receptors and cell adhesion
molecules was used for sample analysis.

Cross-reactivities between capture and detection antibodies were assessed by incu-

bation of all capture antibody coated beads with a mixture of all corresponding detec-
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tion antibodies in the absence of any standard protein. Cross-reactions between cap-
ture antibodies and analytes were determined by incubation of all capture beads with
separate standard proteins in the presence of all detection antibodies. Cross-
reactivities between standard proteins and detection antibodies were determined by
incubation of all beads with all analytes and separate detection antibodies. As shown
in table 11 no cross-reactivity occurred in Panel |. Cross-reactivities were evaluated
for Panel Il and Il in an analogous manner with comparable results (supplementary
table land I1).

Table 11: Analysis of cross-reactivities in Panel I.

Cross-reactivities were evaluated between capture and detection antibodies A, capture antibodies
and analytes B, analytes and detection antibodies C. Displayed are median fluorescence intensities
(MFI). All standard proteins were used at 10000 pg/ml. The cut off threshold was set to 40 MFI.

A: all beads, no analyte, separate detection antibodies

capture coated beads
detection IL-1B IL-6 IL-8 IFNy MCP-1 IP-10 TNFa
JiL-1g 3 2 2 2 3 3 R |
Ji-s 2 2 3 2 2 3 3
| ) 2 2 27 2 2 4 3]
JIFny 2 2 3 2 14 3 B |
Jmce-1 2 2 3 2 2 4 B |
IP-10 2 1 2 3 2 5 4

NFa 2 2 3 2 3 3 F |

B: all beads, separate analytes, all detection antibodies

capture coated beads
fanaiyte IL-1p IL-6 IL-8 IFNy MCP-1 1P-10 TNFa
JiL-1g 11137 19 28 3 17 4 5
L 6 15311 27 4 21 5 5
i 4 21 22477 4 21 5 5
JiFny 4 17 30 14356 23 4 5
Jmce- 4 19 29 4 10177 4 5
IP-10 5 20 29 4 22 20670 5

NFa 4 16 28 3 19 9 7036]

C: all beads, all analytes, separate detection antibodies

capture coated beads
detection IL-1B IL-6 IL-8 IFNy MCP-1 IP-10 TNFa
| T3 13476 2 2 2 2 4 B |
| [ 4 14437 4 9 3 7 E |
| ) 3 3 22465 3 3 6 3]
JIFny 3 9 2 13103 9 7 R |
Jmce-1 3 3 3 3 10656 6 4
Jir-10 2 5 6 4 3 20608 3|
[TNFa 3 5 35 2 2 5 6929]

4.1.2. Titration of detection antibody concentratio n

The optimal detection antibody concentration has a major influence on the sensitivity
of the assay. Usually antibody concentrations need to be increased with the level of
multiplexing. However to minimize unspecific binding and to optimize the signal to

noise ratio (S/N) the antibody concentration should be kept as low as possible. This
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is also financially important since consumption of detection antibody represents a

substantial cost factor.

IL-18 MCP-1
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Figure 9: Optimization of detection antibody concentration.

Shown are signal to noise ratios (S/N) calculated by dividing the obtained MFI signals by the meas-
ured blank value. Curves of the finally selected antibody concentrations are depicted in red. A IL-13, B
MCP-1, C IL-6, D TNFa, E IL-8, F IP-10, G IFNy.
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Figure 9 shows the obtained results from the titration experiments exemplarily for
Panel I. The results for the Panels IlI-1ll are depicted in supplementary figure 1-2.

4.1.3. Optimization of Assay-Recovery

It is necessary to adapt the standard dilution matrix to the sample type, in order to
yield the maximal possible accuracy and to avoid systematic errors. This is done by
spiking defined concentrations of analyte into a sample and determination of the re-

covery.

Recovery|[%)| = measure@mount., - .

addedamount

Measured values between 80-120% of the spiked concentration are considered of
sufficient accuracy. Different matrices were tested as standard diluent and scored
with respect to the analysis of human plasma samples. A comparison between
Roche buffer + 0.05% Tween20 and LowCross buffer is shown in figure 10 and
supplementary figure 3. Most of the obtained recovery values were in the accept-
able range of 80-120% when LowCross buffer was used as assay matrix. Therefore,

this buffer was selected as standard curve diluent for the Panels I-III.

Panel lin Low Cross Buffer B Panel | in Roche buffer + 0.05% Tween

—O—IL-1p ——IL-6 IL-8 INFg ——MCP1 —O0—~1P10 TNFa —0—IL-1B —=0—IL-6 IL-8 INFg —A—MCP1 -0~1P10 TNFa

150 1 150 1

100 A

100 4 &—”\»&s&wwﬁ

3 10 39 156 625 2500 10000 3 10 39 156 625 2500 10000
pg/mi pg/ml

% Recovery
% Recovery

Figure 10: Comparison of assay recovery for Panel I.

Standard proteins were spiked into human heparin plasma in the indicated concentrations. In parallel
standard curves were determined in LowCross buffer (A) and Roche buffer +0.05% Tween (B). The
measured MFI signals in human plasma were converted into concentration values using a 5-
parametric fitting of the detected standard curve and percental recovery was determined on the basis
of the initially added concentrations. Shown are the results obtained with Low Cross buffer and Roche
buffer +0.05% Tween used as standard dilution martrix.
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4.1.4. Assayperformance

After the development process was completed, the assays were applied for the mul-
tiplexed analysis of plasma samples generated in the co-culture model. In addition to
the newly developed cytokine and chemokine Panels I-1ll, an already established 8-
plex soluble receptor panel was used for plasma sample analysis over a time span of
2.5 years. Table 12 summarizes the corresponding assay specific quality parameters
[116] determined from the standard curves of 20 individual assays. Assay precision is
indicated by the coefficient of variation (%CV) which is the standard deviation
devided by the mean and expressed as a percentage. Whereas intra-assay variation
measures the variability between replicate measurements in the same experiment,

inter-assay variation expresses the variation between different experiments.

Table 12: Performance of multiplexed sandwich assays

Panel Analyte  LOD [pg/ml] LOG [pg/ml] detection Range [po/'ml]  Intra-CV [%] Inter-CV [%]
IL-1h 41 138 2.4-10000 4 23
[ 14 4.0 2.4-10000 4 20
[ 01 0.4 2.4-10000 4 14
IFMy 16 449 2.4-10000 3 19
THFa 18.45 Jog 2.4-10000 7 e
MCP-1 6.6 155 2.4-10000 g 15
IF-10 10 2h 2.4-10000 7 20
IL-4 47 144 2.4-10000 B 20
Il IL-17 18 47 2.4-10000 B 18
TSLP 21 6.5 2.4-10000 4 17
TARC 45 108 2.4-10000 B 9
IL-13 1.3 160.7 2.4-10000 3 16
IL-1ra 296 933 2.4-10000 B 24
] L5 0& 1.4 2.4-10000 B 15
IL-10 15 340 2.4-10000 4 14
IL-12p70 74 234 2.4-10000 12 17
IL-2Ra 616 7 300-200000 4 10
E-Selectin 4482 15345 500-400000 4 19
Fas 77 233 300-200000 3 14
Soluble Receptors [CAN-1 1652 4877 300-200000 8 18
THF-RI 41 9.1 10-2000 4 20
THF-RII a1 174 100-60000 4 15
WEANH 272 a4 100-30000 g 16
gp130 A0-40000 4 12

The intra-assay variation was calculated as the mean of the %CVs from duplicate

measurements over eight different concentrations in a single assay. The inter-assay
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variation is calculated by the mean of the %CVs from duplicate measurements
across eight concentrations and 20 different assays. For the detection of low abun-
dant analytes in complex biological samples it is crucial to accurately detect target
molecules even at low concentrations. The sensitivity of each individual assay is ex-
pressed by the lower limit of detection (LOD) and the lower limit of quantification
(LOQ). Whereas the LOD indicates the lowest accurately detectable amount of ana-
lyte in the sample, the LOQ refers to the lowest concentration of analyte that can be
quantified with statistical confidence. LOD and LOQ are calculated as described be-

low.

LOD = mearﬁlank + 3 |:SDDIank LOQ = mearl!lank + 10[SDDIank

The sensitivities of the majority of the analytes were in the lower pg/ml range except
for IL-1ra and IL-13. The intra-assay CV of all assays was below 10% and the inter-
CV below 20% for most of the measured analytes. In summary, the developed as-

says showed good intra- and interassay precision. These results demonstrate that a

constant assay performance over 2.5 years of measurements was achieved.

4.2. Caco-2 monolayer as a model of the intestinal  barrier

In this study Caco-2 monolayers were used as a organotypic model of the intestinal
epithelium. Cells were treated with IL-13, TNFa or IFNy to characterize the effect of
immune mediators on the epithelial barrier. The effect on the permeability of the
Caco-2 monolayer as well as the localization of cell junction molecules was assessed
by TEER measurements and immunohistochemistry respectively. In addition to its
role as physical barrier the gut epithelium also functions as a sensory organ against
intestinal pathogens and forms a regulatory unit with the cells of the immune system.
The required intercellular crosstalk is thereby established via the secretion of inflam-
matory mediators [1]. In order to analyze the capability of the differentiated Caco-2
monolayer to respond to inflammatory stimuli, cells were treated with IL-13, TNFa or
IFNy and the release of immune mediators was assessed using sandwich immuno-
assays. For a more detailed understanding of the cellular mechanisms that take
place after treatment with proinflammatory mediators, the effect of IL-13, TNFa and
IFNy on intracellular receptor tyrosine kinase (RTK) signaling was studied using mul-
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tiplexed bead arrays. Treatment with the gastrointestinal protective factor EGF was

thereby used in control stimulations [117].

4.2.1. Impact of proinflammatory cytokines on the e  pithelial barrier

Elevated levels of proinflammatory cytokines elucidate an increase in epithelial tight
junction permeability [19-21]. To validate this effect for differentiated Caco-2
monolayer cells were incubated with either 10ng/ml IL-13 and TNFa [20, 24] or 50
ng/ml IFNy [118, 119] for 6 h or 24 h in the lower compartment of transwell® culture
vessels and transepithelial electric resistance (TEER) was determined. Control cells
were handled identically and received serum free medium without the addition of cy-

tokines. Figure 11 shows the obtained results.
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Figure 11: Impact of proinflammatory mediators on TEER.

Differentiated Caco-2 monolayers were treated with either 10 ng/ml IL-13/TNFa or 50 ng/ml IFNy for 6
h or 24 h respectively from the basal side of transwell® vessels. Depicted are percental changes in
TEER of duplicate experiments, relative to the TEER values before treatment (= 400 Q*cm?). Control
cells received medium.

Incubation with IL-1B/TNFa lead to a decrease in TEER of 48.4% after 6 h with no
further reduction after 24 h. In comparison the control cells also revealed a 21.2%
decrease of the TEER value after 6 h and a slight increase of 24.6% after 24 h.

When cells were treated with IFNy no difference to controls after 6 h of incubation
was detected, however after 24 h of IFNy treatment the TEER values were clearly

lower than those of the control cells.
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4.2.2. Effect of proinflammatory cytokines on cell junctions

The impact of IL-18/TNFa and IFNy on the localization of cell adhesion molecules
was analyzed by immunohistochemistry. Therefore, Occludin, ZO-1, Claudin 5, Dsg 2
and E-Cadherin were selected as representatives of tight junctions, adherens junc-
tions and desmosomes. Differentiated Caco-2 monolayer were treated with either 10
ng/ml IL-1B/TNFa for 6 h or with 50 ng/ml IFNy for 24 h from the basal side of the
chambered set up and immunohistochemical analysis was performed using a confo-
cal laser-scanning microscope. As shown in figure 12 the tight junction proteins Oc-
cludin and ZO-1 were clearly located at the cellular borders. Whereas Occludin
showed up to be equally distributed along the plasma membrane ZO-1 appeared to
be concentrated at the interfaces of three adjacent cells. Incubation with IL-13/TNFa
or IFNy lead to a reduction of fluorescence signal for both proteins. Occludin and ZO-
1 were found to be co-localized (not shown). Dsg 2 was also found to be localized at
the cellular borders and both treatments reduced fluorescence intensity relative to the
untreated controls. Claudin-5 and E-Cadherin were found to be localized at the cellu-
lar borders. However, proinflammatory treatment did not alter fluorescence intensi-

ties.

E H
IL-1B/TNFa
= F
IFNy
Qccludin 1

ZO- Dsg 2 Claudin 5 E-Cadherin

Figure 12: Immunohistochemical analysis of cell junction proteins in Caco-2 cells.

Differentiated Caco-2 monolayers were treated with either IL-1B/TNFa for 6 h or with IFNy for 24 h
from the basal side of transwell® culture vessels. Controls received medium. Occludin (A-C), ZO-1 (D-
F), Claudin 5 (J-L), E-Cadherin (M-O) as well as Dsg 2 (G-I) were stained with specific primary anti-
bodies and visualized with the corresponding secondary antibodies.
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4.2.3. Effect of proinflammatory mediators on chemo  kine release

Proinflammatory cytokines are known to trigger the production of immunoregulatory
mediators by the epithelial cells [27]. Thus a crosstalk between the epithelial cells
and cells of the immune system is established. To study the ability of Caco-2 cells to
respond to proinflammatory cytokine treatment by the release of immune mediators,
differentiated monolayer were treated with either 10 ng/ml IL-1B/TNFa or 50 ng/ml
IFNy in the lower compartment of the compartmentalized model. Supernatant was
collected after 6 h or 24 h of incubation. In an additional experiment medium of the
lower compartment was exchanged and cells were further incubated for 18 h. Sub-
sequently the concentration of IFNy, TNFa, IL-18, IL-6, TSLP, IP-10, IL-8 and MCP-1
were measured in the cell culture supernatant of the lower chamber using multi-
plexed sandwich immunoassays. The results are listed in table 13. The measured
concentrations of IL-1B, TNFa and IFNy after treatment with these mediators re-
vealed that no significant passage effect occurred when medium was exchanged af-
ter 6 h.

Table 13: Effect of proinflammatory cytokines on chemokine release.

Differentiated Caco-2 cells were treated with the indicated concentrations of IL-18/TNFa or IFNy from
the basal side of transwell® vessels and IL-8 (A), IP-10 (B, D) and MCP-1 (C) were analyzed in cell
culture supernatant using multiplexed sandwich immunoassays. Supernatant was either directly ana-
lyzed after 6 h or 24 h, or medium was changed after 6 h of treatment and analyzed after additional 18

h of incubation.
concentration [pg/ml]

Treatment conc. [ng/ml] incubation IL-8 MCP-1 IP-10 IL-1b TNFa IFNg
w/o 6h+18h <LOQ 101 155 <LOQ <LOQ <LOQ
10 6h+18h 20 350 2030 <LOQ <LOQ <LOQ
w/o 24h <LOQ 36 68 <LOQ <LOQ <LOQ
IL-1B/TNFa 10 24h 105 5465 3245 15043 18076 <LOQ
w/o 6h <LOQ 19 33 <LOQ <LOQ <LOQ
10 6h 69 3990 2286 14172 22333 4
w/o 6h+18h <LOQ 101 155 <LOQ <LOQ <LOQ
50 6h+18h <LOQ 42 543 <LOQ <LOQ 6
IFNy w/o 24h <LOQ 36 68 <LOQ <LOQ <LOQ
50 24h <LOQ 149 1382 <LOQ <LOQ 8667
w/o 6h <LOQ <LOQ 33 <LOQ <LOQ <LOQ
50 6h <LOQ 23 115 <LOQ <LOQ 9052

Basal treatment of the Caco-2 monolayer with 10 ng/ml IL-1 and TNF-a resulted in
elevated IL-8 concentrations after 6 h and 24 h. Exchange of medium and further cul-
turing for 18 h yielded only low concentrations of IL-8. The concentration of IP-10
was significantly increased after treatment with IL-1/TNFa in all experimental set
ups with a concentration of 3245 pg/ml after 24 h. Treatment with IFNy lead to a con-
centration dependent increase of IP-10 secretion and the highest concentration
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(1382 pg/ml) could be found in the supernatant after 24 h. After 6 h the measured
concentrations were relatively low (115 pg/ml). Medium exchange and cultivation for
additional 18 h revealed that the main IFNy secretion takes place after medium ex-
change. IL-1B/TNFa stimulation induced a strong MCP-1 secretion. The measured
concentration was about 4000 pg/ml after 6 h and about 5500 pg/ml after 24 h. In
contrast to treatment with IL-1B /TNFa the Caco-2 cells showed no alterations in the
IL-8 and MCP-1 secretion levels after IFNy treatment. The concentrations of IL-6 und
TSLP were all below detection limit (not shown). Taken together secretion of the
chemokine mediators IL-8, IP-10 and MCP-1 could be measured upon treatment with
IL-18 and TNFa. The results indicate that treatment with IL-13/TNFa leads to clear
enhancement of chemokine release in the lower compartment during the first 6 h of
incubation. In comparison treatment with IFNy triggered IP-10 but not IL-8 and MCP-
1 secretion. After 24 h of incubation IP-10 level was significantly higher than after 6 h.

4.2.4. Intracellular signaling analysis

4.2.4.1. Multiplexed analysis of RTK phosphorylatio n

Differentiated Caco-2 monolayers were treated with 10 ng/ml of TNFa, IL-1p or EGF
respectively for different times. Cell lysates were analyzed using RTK pTyr and RTK
total 7-plex kits to determine the phosphorylation status of EGFR, IGF-1R, HGFR,
ErbB2, PDGFRB, VEGFR2 and Tie-2 as well as the total protein amount of each ana-
lyte. Supplementary figure 4 shows the distribution of average concentrations for
total RTK proteins across 15 independent cell culture experiments measured in tripli-
cates. Whereas significant levels of EGFR (974-1579 pg/ml), HGFR (1356-2106
pg/ml) and ErbB2 (1330-1867 pg/ml) could be detected in the cell lysates, relatively
low concentrations of IGFR (98-158 pg/ml were observed. PDGFR,VEGFR and Tie-2

could not be detected.

IL-18 and EGF treatment led to a time dependent alteration of EGFR and ErbB2
phosphorylation (figure 13 ) while all other measured RTKs revealed no signal altera-
tions compared to unstimulated controls. Stimulation with EGF led to maximum
EGFR phosphorylation after 5 min and 240 min whereas after treatment with I1L-1[3
signal increased steadily and reached the peak after 60 min followed by a decline.

ErbB2 phosphorylation showed only minor alterations after EGF treatement whereas
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after IL-13 treatment signal decreased from 10 min to 60 min, followed by an in-
crease at 240 min. No significant alterations in the phosphorylation status of all ana-

lyzed RTKs were detected after TNFa treatment (data not shown).
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Figure 13: Effect of IL-1B and EGF on RTK phosphorylation.

Differentiated Caco-2 monolayer were starved for 24 h and subsequently treated with 10 ng/ml EGF
(A) or IL-13 (B). Serum free medium was added to control wells. Cell lysates were analyzed using
RTK pTyr and total 7-plex kits. The graph shows averaged MFI values +sdv from triplicate meas-
surements normalized to total RTK signals.



40

4.2.4.2. Mapping of EGFR phosphorylation

Alterations in the stimulation dependent phosphorylation pattern of EGFR were ana-
lyzed in more detail using a phospho-EGFR 9-plex profiling kit. This kit enabled the
simultaneous analysis of 8 different phosphosites of the EGF receptor as well as the
total amount of EGFR protein.

Starved Caco-2 monolayers were treated for increasing time periods with 10 ng/ml of
either IL-18 or EGF, followed by cell lysis and multiplexed analysis. Control cells re-
ceived medium and were incubated for identical time intervals ahead of cell lysis.
Figure 14 shows the time dependent distribution of signal intensities for total EGFR
protein and the phosphosites pY845, pY1068 and pY1047 after IL-1pB or EGF treat-
ment. For each time point signals were referenced to the signals measured in the
corresponding control cells. When cells were treated with 10 ng/ml IL-1( alterations
in phosphorylation at Y845, Y1068 and S1047 were observed. Whereas Y845 and
Y1068 showed a comparably small range of fluorescence signals and no clear time

dependent tendency, a wide range of signal intensities was detected for S1047.
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1000 -

% of control
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100-;—3— =1 | —:—_4=é
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EGFRtotal pY845 pY1068 pS1047 EGFRtotal’ pY84% pY1068’

IL-1p treatment EGF treatment

Figure 14:; Effect of IL-1B and EGF on EGFR phosphorylation

Starved Caco-2 cells were treated with 10 ng/ml IL-18 or EGF for 0, 10, 20, 30, 40, 50, 60, 80, 100,
120, 240 min followed by cell lysis and multiplexed analysis using the Phospho-EGFR 9plex profiling
kit. Experiments were performed in biological duplicates. Measurements were performed in technical
duplicates. Mean signal intensities were calculated from all data and visualized in box blot diagrams.
Shown are signal intensities upon time dependent treatment relative to control stimulations without
stimulus application. Boxes indicate the median and the 25" and 75" percentile. The 5" and 95" per-
centiles are represented by whiskers. Additionally the mean (square) and the 1* and 99" percentiles
(crosses) are shown.
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When cells were treated with 10 ng/ml of EGF signals for Y845 and Y1068 were al-
most similar to those of the respective controls with only marginal time dependent al-
terations. No phosphorylation signal was detected for S1047 after EGF treatment and
for the phosphosites Y1045, Y1086, Y1173, Y654, and T669 after both treatments.
The time course of signal intensities for the phosphorylation of S1047 after IL-13 ap-
plication is shown in figure 15. [IL-1[ stimulation led to increasing signals from 0 min
to 30 min followed by steady decline reaching base level after 80 min and no further
increase in the period of observation. Based on these results focus was set on the
detailed analysis of the phosphorylation at S1047 and the identification of potentially
involved signaling pathways.

800 4

600 4

400 4
0'_- T T T T T T T . Y . Y - Y -_I
0 10 20 30 40 50 60 80 100 120 240

stimulation [min]

MFI [AU] normalized to total EGFR

Figure 15;: Time course of S1047 phosphorylation upon IL-1b treatment.

Differentiated Caco-2 monolayers were starved for 24 h and subsequently treated with 10 ng/ml IL-1]3
for the indicated time intervals. Control wells received serumfree medium. Shown are mean MFI sig-
nals +sdv averaged from two independen cell culture experiment each measured in duplicates. Sig-
nalls were normalized to total EGFR signal.

To identify the relevant intracellular pathways leading to the IL-1f induced phos-
phorylation of EGFR at S1047 the InhibitorSelect™ Protein Kinase Inhibitor library il
was used. This library consists of 84 inhibitors directed mainly against CMGC,
CAMK, AGC and STE families of protein kinases. In addition the library was com-
plemented with the two CamKIl inhibitors KN62 and KN93. A detailed list of the ap-
plied kinase inhibitors is shown in supplementary table 3 . Caco-2 cells were culti-
vated in 96-well cell culture plate until differentiation was reached. Cells were starved
and the prediluted 86 kinase inhibitors were added to each well to reach a final con-
centration of 10 pg/ml. Final DMSO concentration was 0.1%. After 1 h 10 ng/ml IL-13
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were added and cells were incubated for 30 min to trigger maximum S1047 phos-
phorylation. After that immediate cell lysis was performed. The experiment was done
in biological duplicates. Bead based analysis was done with the phospho-EGFR 9-

plex Kit.

The distribution of MFI signals across 86 independent cell culture experiments is
shown in figure 15 for total EGFR, pT845, pT1068 and pS1047. Whereas the signals
remained relatively constant for total EGFR, pT845 and pT1068, inhibitor treatment
lead to a wide range of MFI signals for pS1047 compared to control cells. Treatment
with four inhibitors of p38a (SB 239063, SB 203580, p38MAPK Inhibitor VI and VIII),
three inhibitors of IKK-2 (IKK Inhibitor XI, VI and VII), and one inhibitor of WEE1
(Weel Inhibitor) lead to a significant decrease of S1047 phosphorylation (figure 17) .
For data analysis a signal decrease of < 50% compared to control stimulations was
defined as cut off threshold. No phosphorylation signal could be detected for the
aminoacids Y1045, Y1086, Y1173, Y654, and T669.
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.I.
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Figure 16: Distribution of signal intensities upon inhibitor treatment.

Starved Caco-2 cells were treated with 86 different kinase inhibitors (10 pg/ml InhibitorSelect™ pro-
tein kinase inhibitors in DMSO) for 1 h followed by 30 min of stimulation with IL-1 (10 ng/ml). Cell
lysates were analyzed for total EGFR expression and 8 phosphorylation sites (Phospho-EGFR 9-plex
kit). Experiments were performed in biological duplicates. Measurements were performed in technical
duplicates. Mean signal intensities were calculated from all data and visualized in box blot diagrams.
Shown are signal intensities upon inhibitor treatment relative to control stimulations without inhibitor
application. Boxes indicate the median and the 25" and 75" percentile. The 5™ and 95" percentiles
are represented by whiskers. Additionally the mean (square) and the 1% and 99" percentiles
(crosses) are shown.
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Figure 17: Kinase-inhibitor screening in IL-1 stimulated Caco-2 cells.

Cells were cultured in 96-well plates upon differentiation was accomplished. After starvation for 24 h cells were treated with 10 pg/ml InhibitorSelect™

protein kinase inhibitors for 1 h followed by application of 10 ng/ml of IL-13 for 30 min to trigger maximum S1047 phosphorylation. Final DMSO concen-
tration was 0.1%. Medium + DMSO was added to control wells 1 h ahead of stimulation with IL-13. Cell lysates were analyzed using the phospho-EGFR

9-plex kit. Shown are percental signal intensities for S1047 phosphorylation upon inhibitor treatment relative to control stimulations. Data were normal-

ized to total EGFR signals. Each bar represents the average of two independent cell culture experiments and duplicate measurements. Specific inhibi-
tion of S1047 phosphorylation (red bars < 50% compared to control wells) were observed upon treatment with inhibitors of p38a, IKK-2 and WEEL1.
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4.3. In-vitro analysis of drug effects

In this study the initially described co-culture model of the human gut (see chapter
1.2), consisting of differentiated Caco-2 monolayers and heparinized whole blood
was used to analyze the biological activity of well characterized antiphlogistic drugs
and mainly uncharacterized natural products. An overview of the experimental setting

Is given in figure 18 .

Step 1: application of
antiphlogistic drugs

Caco-2 monolayer
Optionally pretreated with
IL-1BITNFa

whole blood —

Step 2: immune activation
e.g. with LPS/SEB/anti-CD28

Step 3: multiplexed analysis

] N

MdMonocytes Th1 cells Th2 cells Thi7 cells Treg cells Others
IL-18, TNFa, MCP-1, IP10, IFNy IL4, IL-5, IL-17A IL-10 TARC, TSLP, IL-1ra
IL-&, IL-8 IL-12p70 IL-13 Soluble Receptors

Figure 18: In-vitro analysis of drug effects.

Step 1 antiplogistic drugs are applied on Caco-2 epithelia in a co-culture set up with human whole
blood. Step 2 inflammation is induced by injection of immune activating agents into the whole blood
containing compartment. Step 3 immune mediators of different subgroups are quantified in blood
plasma using multiplexed sandwich immunoassays.

Differentiated Caco-2 cells were treated with five concentrations of the drugs Dexa-
methasone, Prednisolone, Diclofenac, Ibuprofen and Tacrolimus. Optionally the
Caco-2 epithelia were treated with IL-13 and TNFa ahead of drug application to
mimic inflamed conditions. Then the Caco-2 monolayers were co-cultivated with
heparinized whole blood. Three different healthy blood donors were tested in parallel
for each drug. Experimental inflammation was elucidated in the whole blood by the
application of the immune stimulating agents. After co-cultivation the Caco-2
monolayers were removed and the whole blood was further cultivated followed by
multiplexed analysis of immune mediator concentrations in blood plasma. In particu-
lar the macrophage/monocyte associated mediators IL-6, IL-8, IL-13, TNFa, MCP-1,
the Thl associated mediators IFNy and IP-10, the Th2 associated cytokines IL-4, IL-
5 and IL-13, the regulatory cytokine IL-10, the Th17 associated mediator IL-17A as
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well as soluble receptors, cell adhesion molecules and receptor antagonists were in-

cluded in the analysis.

Prior to the drug testing experiments different immune stimulating agents (described
in detail in section 1.4.4 ) were tested for their ability to induce immune response and
their resultant secretion profile. On this basis well-characterized anti-inflammatory
drugs and uncharacterized natural products should then be tested in the co-culture

model.

4.3.1. Addressing subsets of immune cells

Whole blood of different donors was stimulated with either one of the stimulatory
agents or mixtures LPS/SEB/anti-CD28, Zymosan, Zymosan/anti-CD3/anti-CD28,
Poly I:C and anti-CD3/anti-CD28 in a co-culture set up with differentiated Caco-2
monolayers but without drug application. The concentration of immune mediators
was subsequently measured in the blood supernatant. The obtained dataset was
analyzed using hierarchical cluster analysis (complete linkage clustering, Euclidian
Distance). Significance analysis was carried out using the SAM tool of the MeV 4.0
software. The underlying concentration data is shown in supplementary table 4
TSLP and IL-12p70 could not be detected in the test samples. These analytes were
therefore excluded prior to clustering.

As can be seen in figure 19 a clear distinction between the assigned treatment
groups and the untreated control group is possible. Whereas all measured cytokines
and chemokines were found to be differentially up regulated in the six sample groups
no significant difference between treated and untreated samples was found for the
soluble receptors and cell adhesion molecules. The tested samples clustered in ac-
cordance with their treatment, despite of the large differences between the individual
blood donors concerning the expression level of the measured analytes (supple-
mentary table 4 ). Moreover, the macrophage/monocyte associated analytes IL-6, IL-
8, MCP-1, IL-1B and TNFa are grouped together in the same cluster as well as the
Th2 associated Cytokines IL-4 and IL-13.
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Application of Zymosan leads to up regulation of the macrophage/monocyte associ-
ated mediators IL-6, IL-8, IL-13 and TNFa. Elevated secretion of T-cell associated
mediators could not be observed. In contrast stimulation with anti-CD3/anti-CD28 an-
tibodies activated the T-cell specific mediators IL-10, IFNy, IL-17A, IL-5, IP-10, TARC
and IL-4 but not the macrophage/monocyte specific cytokines and chemokines.
Treatment with Zymosan/anti-CD3/anti-CD28 effectively stimulated macro-
phage/monocyte and T-cell associated mediator secretion. This treatment led to an
increased IL-13 secretion whereas IP-10 could not be detected. IP-10 could be selec-
tively activated by Poly I:C treatment, however all other mediators could not be de-
tected after this treatment. Combined treatment with LPS/SEB and anti-CD28 re-
sulted in a broad immune activation including all macrophage/monocyte associated

and T-cell associated mediators.

The tested immune activators allow to selectively activate different immune cell popu-
lations regardless of the immunologic diversity of the individual blood donors. Based
on these results antiphlogistic substances can be tested in the co-culture model in
different experimental set ups. For the further experiments, LPS/SEB/anti-CD28 was
selected as stimulating agent. The stimulation of whole blood with immunoactivating
agents did not cause significant alterations in the level of soluble receptors and cell
adhesion proteins compared to the untreated controls. Therefore, these analytes

were not included in the analysis of drug effects.
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4.3.2. Effect of Dexamethasone on immune mediatorr elease

Dexamethasone was initially tested in the co-culture model. The resultant dose re-
sponse curves for each measured analyte are shown in figure 20 . Depicted are rela-
tive concentration data referenced to the concentrations measured in the diluent con-
trol samples (stimulation index). The underlying cytokine/chemokine concentrations
of the corresponding diluent controls are listed in supplementary table 5 together
with the basal levels of immune mediators measured in the unstimulated control

samples (cell control).

Application of Dexamethasone led to a strong concentration dependent inhibition of
the macrophage/monocyte associated mediators IL-1f3, IL-6, TNF-a and IL-8 for all
three tested donors with comparable curve shapes. For MCP-1 an initial induction at
low concentrations followed by a strong concentration dependent suppression could
be observed. The Thl associated mediators showed partially opposing curve
shapes. Whereas Dexamethasone treatment led to a concentration dependent de-
cline of IFNy concentrations for all tested donors, the concentration of IP-10 was
strongly induced for donor 128, inhibited for donor 135 and remained unaffected for
donor 143. IL-10, a Treg associated cytokine was also inhibited in a concentration
dependent manner. The Th2 associated cytokines IL-4, IL-5 and IL-13 revealed an
inhibitory effect of Dexamethasone. However, the magnitude of the IL-13 inhibition
varied between the tested individuals. The Th17 associated mediator IL-17A as well
as IL-1ra were strongly inhibited by Dexamethasone treatment for all three tested in-

dividuals. TARC showed heterogenous curve shapes.

In principle, comparable curve shapes could be observed when Caco-2 monolayer
were pre-incubated with 10 ng/ml of IL-18/TNFa ahead of usage in the co-culture
system. However, the stimulation indices of the macrophage/monocyte associated
mediators IL-1j3, IL-6, MCP-1, IL-8 and TNFa were elevated at low and medium drug
concentrations for donors 128 and donor 143 while for all other mediators no clear ef-
fect of the pretreatment with IL-13/TNFa could be found.
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Figure 20: Release of immune mediators after Dexamethasone application.

The indicated concentrations of Dexamethasone were applied on top of differentiated Caco-2
monolayers. Prior to usage Caco-2 cells were either primed (squares) with IL-13/TNFa for 6 h or used
unprimed (diamonds). Caco-2 cells in transwell inserts were transferred to culture vessels filled with
heparinized whole blood of three different healthy donors (indicated by their ID-numbers). After 1 h
LPS/SEB/anti-CD28 was injected in the blood containing lower compartment. After 6 h of co-cultivation
the Caco-2 monolayers were removed and the whole blood was further incubated for 18 h. 14 different
cytokines/chemokines were quantified in the blood plasma using sandwich immunoassays. Depicted
are stimulation indices of single experiments. A IL-1B, B IL-6, C IFNy, D MCP-1, E IL-8, F IP-10, G
TNFa, H IL-4, 1 IL-17A, J TARC, K IL-13, L IL-1ra, M IL-5, N IL-10.
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4.3.3. Effect of Prednisolone on immune mediator re lease

Prednisolone was tested under similar experimental conditions using both primed
and unprimed Caco-2 cells. The resultant dose response curves for each measured
analyte are shown in figure 21 . Depicted are relative concentration data referenced
to the concentrations measured in the diluent control samples (stimulation index).
The underlying cytokine/chemokine concentrations of the corresponding diluent con-
trols are listed in supplementary table 5 together with the basal levels of immune

mediators measured in the unstimulated control samples.

In the unprimed set up Prednisolone exhibited a concentration dependent inhibitory
effect on the release of the macrophage/monocyte associated mediators IL-1p3, IL-6,
TNFa and IL-8. However, the response pattern differed between the tested blood do-
nors. Whereas the donors 134 and 118 displayed clear inhibitory effects upon drug
treatment, donor 120 showed inconsistent curve shapes with no clear tendency. Only
a minimum inhibitory effect could be found for the IL-8 secretion of donor 118, while
high concentrations of Prednisolone induced MCP-1 secretion of this donor. The two

other donors showed minor alterations in the levels of MCP-1.

Prednisolone treatment led to a concentration dependent decline of the IFNy secre-
tion for the donors 134 and 118, whereas the release of IP-10 was induced for donor
118. No alterations were found for the IP-10 secretion of donor 134. Donor 120
showed a discrete curve shape with a decrease at low and medium drug concentra-
tions followed by an increase at higher concentrations for both Th1l associated ana-
lytes. The Treg associated mediator IL-10 did not show any dose dependent effect.
The measured concentrations of the Th2 associated mediators IL-4 and IL-5 showed
heterogeneous response curves upon corticosteroid treatment for the donors 134
and 120 whereas the release of IL-5 was tendencially inhibited for donor 118. Due to
its low secretion levels, IL-13 could only be quantified in the plasma of the donors
134 and 120. Whereas donor 134 showed an unsteady trend a concentration de-
pendent inhibition was measured for donor 120. With respect to the measured IL-17A
concentrations, Prednisolone was ineffective for the donors 134 and 118. Donor 120
showed a moderate inhibitory effect. IL-1ra was only measured in the plasma of two

donors with tendencially inhibitory effects.
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In contrast to the results obtained for Dexamethasone, priming of Caco-2 monolayers
with IL-13 and TNFa resulted in clear differences relative to the unprimed set up.
Priming of the epithelial cells led to an altered mediator release and differences in
curve shapes. For the donors 118 and 134 a clearly increased release of the media-
tors IL-183, IL-6, IFNy and TNFa in comparison to the unprimed set up could be de-
tected. Notably no inhibitory effect of Prednisolone could be found. Donor 120
showed lower analyte levels when primed monolayers were used. IP-10 was induced
by Prednisolone for donor 118 like in the unprimed set up but with a increased curve
slope. Clear differences between the two set ups were also measured for IL-8. Here
the chemokine levels were clearly decreased when primed monolayer were used.
Donor 118 exhibited elevated IL-4 concentrations in comparison to the unprimed set
up with no distinct drug effect. Elevated secretion levels were also found for IL-5 in
the blood of the donors 120 and 118. All other measured analytes revealed only mi-

nor difference between the primed and unprimed experimental set ups.

In accordance with the relevant literature [120] the measured inhibitory effect of

Prednisolon was remarkably lower than the effect Dexamethasone. Inhibitory effects
were maily observed for the macropage/monocyte associated mediators. In contrast
to the Dexamethason tests the use of primed Caco-2 monolayers led to alterations in

curve shapes and mediator concentrations for these analytes.
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Figure 21: Release of immune mediators after Prednisolone application.
The indicated concentrations of Prednisolone were applied on top of differentiated Caco-2 monolay-
ers. Prior to usage Caco-2 cells were either primed (squares) with IL-13/TNFa for 6 h or used un-
primed (diamonds). Caco-2 cells in transwell inserts were transferred to culture vessels filled with
heparinized whole blood of three different healthy donors (indicated by their ID-numbers). After 1 h the
whole blood in the lower compartment was stimulated by LPS/SEB/anti-CD28 injection. After 6 h the
Caco-2 cells were removed and the whole blood was further incubated for 18 h. Immune mediators
were quantified in plasma. Depicted are stimulation indices of single experiments. A IL-183, B IL-6, C
IFNy, D MCP-1, E IL-8, F IP-10, G TNFaq, H IL-4, | IL-17A, J TARC, K IL-13, L IL-1ra, M IL-5, N IL-10.
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4.3.4. Effect of Ibuprofen on immune mediator relea  se

Ibuprofen as a representative of NSAIDs was also tested in the co-culture model.

The dose response curves for each measured analyte are shown in figure 22 . De-
picted are relative concentration data referenced to the concentrations measured in
the diluent control samples (stimulation index). The underlying cytokine/chemokine
concentrations of the corresponding diluent controls are listed in supplementary ta-
ble 5 together with the basal levels of immune mediators measured in the unstimu-

lated control samples.

The macrophage/monocyte associated mediators IL-1(3, and TNF-a were stimulated
by Ibuprofen in a concentration dependent manner. Only the blood of donor 123 re-
sponded to Ibuprofen treatment with an increased IL-6 release while the two other
blood donors remained unresponsive. IL-8 was inhibited and MCP-1 showed hetero-

geneous curve shapes with a moderate inhibitory effect for donors 119 and 123.

The Th1l associated mediators IFNy and IP-10 were both induced by Ibuprofen for all
tested donors. The Treg associated cytokine IL-10 showed no clear alterations for
donors 128 and 123 in comparison to the untreated reference. For donor 119 a slight
inhibition was observed. The Th2 associated cytokines IL-4 and IL-5 were induced
upon drug treatment for all three blood donors whereas IL-13 showed inconsistent
curve shapes with no clear tendency. The release of the Th17 associated cytokine
IL-17A was clearly inhibited by Ibuprofen in a concentration dependent manner for all
three blood donors. TARC was inhibited in the blood of donors 128 and123 whereas
the TARC levels of donor 119 were below detection limit. No alterations could be de-

tected for IL-1ra in the plasma of two blood donors tested.

When primed Caco-2 cells were used comparable results were found with minor al-
terations in the shapes of the dose response curves. Whereas donor 123 responded
to Ibuprofen treatment with a strong TNFa induction in the unprimed set up the re-
sponse was more moderate when Caco-2 cells were primed before drug application.
For the same donor the concentrations of IL-17A and IL-8 decreased comparably
slow at low and medium drug concentrations with a sudden decrease when the high-

est drug concentration was applied.
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Figure 22: Release of immune mediators after Ibuprofen application.

The indicated concentrations of Ibuprofen were applied on top of differentiated Caco-2 monolayers.
Prior to usage Caco-2 cells were either primed (squares) with IL-1/TNFa for 6 h or used unprimed
(diamonds). Caco-2 cells in transwell inserts were transferred to culture vessels filled with heparinized
whole blood of three different healthy donors (indicated by their ID-numbers). After 1 h the whole blood
in the lower compartment was stimulated by LPS/SEB/anti-CD28 injection. After 6 h Caco-2 cells were
removed and the whole blood was further incubated for 18 h. Immune mediators were quantified in
plasma. Depicted are stimulation indices of single experiments. A IL-13, B IL-6, C IFNy, D MCP-1, E
IL-8, F IP-10, G TNFa, H IL-4, I IL-17A, J TARC, K IL-13, L IL-1ra, M IL-5, N IL-10.
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4.3.5. Effect of Diclofenac on immune mediator rele  ase

Next the immune modulating effect of Diclofenac was tested. The results are shown
in figure 23 . Depicted are relative concentration data referenced to the concentra-
tions measured in the diluent control samples (stimulation index). The underlying cy-
tokine/chemokine concentrations of the corresponding diluent controls are listed in
supplementary table 5 together with the basal levels of immune mediators meas-

ured in the unstimulated control samples (cell control).

Similar to Ibuprofen the macrophage/monocyte associated mediator IL-18 was con-
centration dependently stimulated by Diclofenac application but to a much lower ex-
tent. TNFa was stimulated for donor 128, whereas the measured concentrations for
the other donors exceeded the upper limit of detection and could therefore not be
quantified. IL-6 was tendentially stimulated for donors 119 and 128 and MCP1
showed small inhibitory effects for the donors 118 and 119. IL-8 was moderately in-

hibited for all three tested donors.

The Thl associated mediators IFNy and IP-10 were both induced in a concentration
dependent manner. As already observed for Ibuprofen the Treg associated cytokine
IL-10 showed no clear alterations in comparison to the untreated reference. How-
ever, for donor 128 a moderate induction could be observed. The Th2 associated cy-
tokine IL-4 was induced by drug treatment especially for donor 128. Donor 119
showed only a slight increase in IL-4 concentration. The same was true for IL-5. Here
donor 128 responded strongly whereas the two other donors showed heterogeneous
curve shapes. IL-13 could only be quantified in the blood of donor 128 with heteroge-
neous curve shapes. All three donors showed a strong concentration dependent in-
hibition of IL-17A release by Diclofenac. In contrast the mediators TARC and IL-1ra
showed no clear tendency. IL-1ra was induced by low drug concentrations whereas
higher drug levels led to a decrease. When Caco-2 cells were primed prior to usage

in the co-culture the results were in a similar range with slight modifications.
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Figure 23: Release of immune mediators after Diclofenac application.
The indicated concentrations of Diclofenac were applied on top of differentiated Caco-2 monolayers.
Prior to usage Caco-2 cells were either primed (squares) with IL-13/TNFa for 6 h or used unprimed
(diamonds). Caco-2 cells in transwell inserts were transferred to culture vessels filled with heparinized
whole blood of three different healthy donors. After 1h, the whole blood in the lower compartment was
stimulated by LPS/SEB/anti-CD28 injection. After 6 h, the Caco-2 monolayers were removed and the
whole blood was further incubated for 18 h. Immune mediators were quantified in plasma. Depicted
are stimulation indices of single experiments. A IL-13, B IL-6, C IFNy, D MCP-1, E IL-8, F IP-10, G
TNFa, H IL-4, 1 IL-17A, J TARC, K IL-13, L IL-1ra, M IL-5, N IL-10.
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4.3.6. Effect of Tacrolimus on immune mediator rele ase

Tacrolimus is a representative of the macrolide immune suppressants and was
tested in addition to the Corticosteroid or NSAID class of drugs. The results are
shown in figure 24 . Depicted are relative concentration data referenced to the con-
centrations measured in the diluent control samples (stimulation index). The underly-
ing cytokine/chemokine concentrations of the corresponding diluent controls are
listed in supplementary table 5 together with the basal levels of immune mediators

measured in the unstimulated control samples (cell control).

When unprimed Caco-2 monolayers were used, increasing concentrations of Tac-
rolimus clearly inhibited the release of IL-8, MCP-1, IL-6 and TNFa. The secretion of
IL-18 was slightly inhibited for donor 134 whereas the two other donors remained un-
responsive. The same donor showed only a weak response with respect to IL-6 re-

lease with a sudden increase at the highest concentration.

A clear inhibition could also be detected for the Th1l associated mediators IFNy and
IP-10 for all three donors. Moreover Tacrolimus application stimulated the release IL-
13 for all three donors. The release of IL-5 was induced for donors 128 and 134 in a
concentration dependent manner, while IL-4 showed heterogeneous curve shapes
and no clear tendency. Similar to the tested NSAIDs, Tacrolimus led to a strong de-
cline of IL-17A release. The Treg associated mediator IL-10 as well as TARC was
also inhibited by increasing Tacrolimus concentrations. Tendential inhibition could be
observed for the IL-1ra release of the two donors 128 and 134. Like for the other test
substances priming of the Caco-2 cells prior to use only partially affected the dose
response curves. Interestingly the IL-1B release of the donors 120 and 128 was

clearly affected when primed monolayer were used.
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Figure 24: Release of immune mediators after Tacrolimus application.
Tacrolimus was applied to IL-1B/TNFa pretreated (diamonds) or unprimed (squares) Caco-2
monolayer in the indicated concentrations. Caco-2 cells in transwell inserts were transferred to culture
vessels filled with heparinized whole blood of three different healthy donors (indicated by their ID-
numbers). After 1 h the whole blood in the lower compartment was stimulated by LPS/SEB/anti-CD28
injection. After 6 h the Caco-2 cells were removed and the whole blood was further incubated for 18 h.
Immune mediators were quantified in plasma. Depicted are stimulation indices of single experiments.
A IL-1B, B IL-6, C IFNy, D MCP-1, E IL-8, F IP-10, G TNFa, H IL-4, | IL-17A, J TARC, K IL-13, L IL-

1ra, M IL-5, N IL-10.
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4.3.7. The co-gut system as a test model for drug ¢ andidates

The presented co-culture model consisting of differentiated Caco-2 monolayer and
whole blood of different donors combined with a multi-parameter read out system is
perfectly suited to evaluate the immune modulating effect of biologically active sub-
stances such as drug candidates and entirely uncharacterized substances. In the
course of this thesis different natural products were tested in order to investigate ef-
fects on inflammation associated signaling processes. This was done for the purified
substance as well as for different crude plant extracts. All substances were provided
by the Intermed discovery GmbH. In particular Dihydroxyguajaretic acid (Guaiacum
Officinale), Harpagosid (Harpagophytum procumbens) as well as Glycyrrhizin and
Glycyrrhetin (Glycyrrhiza glabra) were tested. Here the focus should be on the results
obtained for purified Dihydroxyguajaretic acid since neither Harpagosid nor Glycyr-
rhizin and Glycyrrhetin exhibited significant immune modulating effects in the per-

formed experiments (data not shown).

For a more detailed understanding of the influence of Caco-2 monolayers on drug ac-
tivity, conventional whole blood assays were performed in parallel to the co-culture
experiments. This enabled a direct comparison between the two in vitro test systems.
Figure 25 shows the obtained results for the two tested blood donors 126 and 124.
Due to the poor solubility of the test substance in aqueous medium concentrations
>50 pg/ml could not be tested in the whole blood culture. Depicted are relative con-
centration data referenced to the concentrations measured in the diluent control
samples (stimulation index). The underlying cytokine/chemokine concentrations of
the corresponding diluent controls are listed in supplementary table 5 together with
the basal levels of immune mediators measured in the unstimulated control samples

(cell control).

The macrophage/monocyte associated mediator IL-13 was concentration depen-

dently inhibited by the test substance in both assay systems. IL-6 and TNFa showed
clear inhibitory effects in the co-culture set up while results differed between the two
donors in the whole blood assay. Whereas donor 124 responded in a similar manner
than in the co-culture model, an induction was observed for donor 126. The concen-
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tration of MCP-1 remained mainly unaffected. The chemokine IL-8 was induced by

increasing substance concentrations.

The two Th1l associated mediators IFNy und IP-10 were clearly inhibited by increas-
ing concentrations in both test-systems. The Th17 associated cytokine IL-17A was
moderately inhibited in a concentration dependent manner. The Th2 associated me-
diators IL-4 and IL-5 remained relatively unaffected. IL-13 was tendencially inhibited
at the highest concentration tested. IL-10 as a representative of Treg associated me-
diators was inhibited as well as IL-1ra. TARC showed heterogeneous curve shapes
with no clear tendency. The direct comparison of the two test-systems revealed
mainly similar response patterns with infrequent differences in the effective concen-
trations.
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Figure 25:; Effect of Dihydroxyguajaretic Acid on the release of immune mediators.

Guajaretic acid was tested in the co-culture model (squares) in the indicated concentrations. After
substance application Caco-2 cells in transwell inserts were transferred to culture vessels containing
heparinized whole blood of two donors (indicated by their ID-numbers). After 1 h, the whole blood was
stimulated by LPS/SEB/anti-CD28 injection. After 6 h Caco-2 cells were removed and the whole blood
was further incubated for 18 h. In parallel the test substance was applied to the whole blood cultures
(diamonds) followed by LPS/SEB/anti-CD28 injection after 1h and further incubation for 24h. Immune
mediators were quantified in plasma of both experimental set ups. Depicted are stimulation indices of
single experiments. A IL-183, B IL-6, C IFNy, D MCP-1, E IL-8, F IP-10, G TNFa, H IL-4, | IL-17A, J
TARC, K IL-13, L IL-1ra, M IL-5, N IL-10.
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4.3.8. Summary of drug effects

The five drugs Dexamethasone, Prednisolone, Diclofenac, Ibuprofen and Tacrolimus
were tested in the organotypic co-culture model of the human gut and their effects on
the release of a broad range of cytokines and chemokines was subsequently ana-
lyzed in whole blood. For each substance, five different concentrations were tested
using blood of three individual blood donors and the immune modulating effects were
measured using multiplexed sandwich immunoassays. Pretreatment of the Caco-2
monolayer with IL-1 and TNFa ahead of drug application enabled us to study the
impact of an altered barrier function on drug efficacy. Moreover, the compartmental-
ized co-culture model was used to investigate the effect of mainly uncharacterized

natural products. Table 14 summarizes the results of the measured drug effects.

Application of Dexamethasone led to a strong concentration dependent inhibition of
the macrophage/monocyte associated mediators IL-13, IL-6, IL-8, TNFa and a mod-
erate inhibition of MCP-1 for all three tested donors. IFNy was also inhibited whereas
the Thl associated mediator IP-10 was induced for one donor. The drug also led to a
broad inhibitory effect on the Th2 associated mediators IL-4, IL-5 and IL-13, the Th17
associated mediator IL-17A, the regulatory cytokine IL-10 and IL-1ra. In comparison,
the corticosteroid Prednisolone showed a much lower inhibitory potency in the co-
culture model. The macrophage/monocyte associated mediators were tendencially
inhibited, however the effect varied between the tested individuals. Moderate IL-13
and IL-6 inhibition was observed in the blood of two donors while IL-8 and TNFa
were only inhibited in the blood of one donor. No inhibition was detected for MCP-1.
IFNy and IL-5 were inhibited for two donors. All other analytes showed no response

or moderate inhibition for only one single donor.

The COX inhibitor Ibuprofen led to a strong to moderate increase in the concentra-
tions of the macrophage/monocyte associated mediators IL-13, and TNFa. IL-8 was
clearly inhibited and MCP-1 showed moderate inhibition in the blood of two donors
and no effect for one donor. IFNy was strongly induced and IP-10 showed moderate
induction in response to the drug. The Th2 associated analytes were moderately in-
duced with the exception of IL-13. IL-17A and TARC were clearly inhibited while IL-

10 and IL-1ra showed no effect. Comparable results were found for the second non-
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steroidal anti-inflammatory drug Diclofenac. However, effects were less distinctive.
IL-18 and IL-6 were both moderately induced as well as IFNy and IP-10. IL-4 was in-
duced for two donors and IL-5 for one donor. Concentration dependent inhibition was
observed for IL-8 and IL-17 and MCP-1. Moderate induction of TNFa could only be
detected for one donor since the concentration exceeded the upper limit of detection
in two donors. IL-5 was strongly induced for one donor.

The macrolide immunosuppressant Tacrolimus clearly inhibited the release of IL-8,
TNFa, and MCP-1 in a concentration dependent manner. IL-6 was inhibited moder-
ately and IL-13 was only inhibited in the blood of one donor. Both Thl associated
mediators IFNy and IP-10 were inhibited as well as IL-17A, IL-10 and TARC. IL-4
was tendentially inhibited for one donor and induced for a second donor. Moderate
induction was observed for IL-5 in the blood of two donors. IL-13 was strongly in-
duced by Tacrolimus. And this is in clear contrast to the other tested substances. IL-

1ra was inhibited for two donors.

Dihydrohyguajaretic acid moderately inhibited the cytokines IL-1(, IL-6, TNFa, IFNy,
IL-13, IL-17A, IL-10 and IL-1ra. IP-10 was strongly inhibited while IL-8 was moder-
ately induced by increasing substance concentrations. IL-4 was slightly inhibited for
one donor. TARC, MCP-1 and IL-5 showed no distinct effect.

With a few exceptions, priming of the Caco-2 monolayer with pro-inflammatory me-
diators did not significantly alter the effects of the tested substance. However, curve

shifts and altered curve shapes were observed in some occasional instances.
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5. Discussion

5.1. Multiplexed Sandwich Immunoassays

Immunity and inflammation is regulated via a highly complex network of signaling
events. Every immunological response arises from the dynamic interplay of thou-
sands of molecules that are subject to multiple influences. A set of mediators is con-
sidered to be more valuable compared to any single analysis of only one component
when the immune system has to be analyzed [104, 105]. For the analysis of low
abundant analytes like cytokines and chemokines in complex biological fluids sensi-
tive, accurate and reliable methods are required. This is usually accomplished using
solid phase sandwich immunoassays such as ELISA [121]. However, these methods
are characterized by low sample throughput, high reagent consumption, and the sin-
gle analysis of only one mediator per experiment. In contrast, suspension bead ar-
rays are perfectly suited to perform multiplexed sandwich immunoassays, allowing to
meassure several dozens of parameters requiring only a minimum amount of sample

material.

Appropriate capture and detection antibodies and recombinant standard proteins are
required to set up miniaturized and multiplexed sandwich immunoassays. The per-
formance of multiplexed sandwich immunoassays highly depends on these compo-
nents. The occurrence of cross-reactivities among the antibodies or between antibod-
ies and analytes can lead to non-reproducible assay results. Therefore, any analyte
which interferes with the overall performance of the multiplexed assay has to be ex-
cluded from the panel. In addition, the assay performance is crucially dependent on
the chemical properties of the sample material. The presence of interfering factors
like Human Anti Mouse Antibodies (HAMAS), heterophilic antibodies and rheumatoid
factors as well as unspecific binding or matrix effects in the tested specimen can lead
to imprecision or can cause false positive or false negative results [122]. Therefore,
the selection of a suitable assay matrix is of great importance. During inflammatory
conditions, cytokines and chemokines can be found in plasma over a wide concen-
tration range and with tremendous inter-individual variability. This span has to be
covered by the dynamic range of the applied assays. For that purpose, the sample
dilution needs to be carefully selected ahead of the analysis. Moreover, the composi-
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tion of the multiplexed assay panels has to be chosen in such a way that analytes
that require the same dilution are grouped together.

The statistical analysis of the standard curves and multiplexed data are critical for
proper interpretation [121]. This requires the choice of appropriate fitting models as
well as the long-term insurance of low intra and inter-assay variability. For each
measurement, the limit of detection (LOD) and quantification (LOQ) has to be calcu-
lated on the basis of the obtained data. The recommended read out parameter for
Luminex measurements are median fluorescence intensities (MFI). The fact that the
median represents a data selection method and does not incorporate outliers conse-
guently leads to low intra-assay variability and therefore favors low detection and
quantification limits. However, the theoretically calculated LOD and LOQ values have

to be judged individually ahead of each data analysis

Selection of Target Analytes

v

Identification of Antibodypairs and Rec. Standards | «——

Test in a Singleplex Set Up

v

Evaluation of Cross Reactivities

Test in a Multiplexed Set Up

Optimization of Reagent Concentration

v

Optimization of Spike-in-Recovery in Different Matrices

v

Assay Validation

Figure 26: The assay development process

In this thesis multiplexed bead based sandwich immunoassays were developed on
the Luminex platform to analyze the concentration of 16 different cytokines and
chemokines in parallel. Figure 26 illustrates the different steps of the assay devel-

opment process. After the selection of relevant target analytes commercially avail-
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able matched pair antibodies and recombinant standard proteins were identified and
initially tested in a singleplex set up. In a second step, cross-reactivities between the
different antibodies and analytes were assessed. Finally this process, together with

the necessity that the analytes had to be grouped together according to the required

sample dilution, led to the establishment of the following three multiplexed panels.

» Panel | consisting of IL-18, TNFa, IL-8, IL-6, MCP-1, IFNy and IP-10,
» Panel Il consisting of IL-4, TSLP, TARC and IL-17A,
» Panel lll consisting of IL-5, IL-10, IL-1ra, IL-12p70 and IL-13

LowCross buffer was chosen as assay matrix since experiments revealed a spike re-
covery between 80%-120% in human heparinized plasma. Moreover LowCross
buffer efficiently reduced cross-reactivities among the assay reagents as well as ma-
trix effects and unspecific binding. In addition to the three cytokine/chemokine panels
developed in this study soluble receptors and cell adhesion molecules were sepa-

rately measured using a 8-plex panel established at the NMI [106, 113].

Most assays showed a linear curve shape over 2-3 orders of magnitude. Assay sen-
sitivity -indicated by the respective LOD and LOQ were in the lower pg/ml range and
thus comparable to standard solid phase ELISA assays. All applied multiplexed as-
says showed excellent repeatability and reproducibility. The intra-assay CV was be-
low 10% and the inter-assay CV range was between 10-25% during a 2.5-year pe-
riod. In summary, the developed sandwich immunoassays were well suited for detec-
tion of immune mediators in stimulated whole blood. The ability to determine multiple
analytes in parallel with minimal sample consumption enables the efficient screening
of thousands of samples with drastically reduced hands on time and constant quality.
Therefore, this technology represents a perfect tool for the analysis of drug effects on
the inter-cellular communication via cytokines and chemokines in organotypic cell-

culture systems.

5.2. Caco-2 cells as a model of the intestinal barr  ier

The colorectal adenocarcinoma cell line Caco-2 is widely used across the pharma-

ceutical sciences to study the intestinal absorption and transepithelial transport of
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orally administered drugs in accordance with FDA and EMEA guidelines [10, 11]. To
investigate whether an “inflamed gut epithelium” can be simulated in vitro, function-
nally differentiated Caco-2 monolayers were treated with either IL-18/TNFa or IFNy
for 6 h or 24 h respectively and the transepithelial electric resistance was used as an
indicator of epithelial permeability. The results demonstrated that in vitro treatment
with pro-inflammatory mediators clearly affects the barrier function of Caco-2 cells.
Combined treatment with IL-18/TNFa lead to a decrease in TEER after 6 h or 24 h
compared to control cells. In contrast, after incubation with IFNy no difference to con-
trols cells could be measured during the first 6 h of incubation. Interestingly the con-
trol cells also exhibited a decrease in TEER after 6h, probably because of stress
caused by cell handling. After 24 h, an increase in TEER could be detected in the
control cells, which most likely results from further cell differentiation. However, this

increase in TEER was not observed when the cells were treated with IFNy for 24 h.

An intact intestinal epithelial barrier is a crucial factor for preventing paracellular per-
meation of harmful luminal agents. In this context a “leaky” intestinal barrier function
Is considered a central pathogenic factor for the onset and flare up of Inflammatory
Bowel Disease [123, 124]. The cytokines IL-13, TNFa and IFNy, which are frequently
found to be up regulated in the intestinal tissue of IBD patients [16-18] have been
reported to affect the intestinal barrier function by modulating tight junction perme-
ability [3, 19-24].

In addition to alterations in TEER, immunohistochemical analysis revealed a signifi-
cantly altered localization of the tight junction proteins Occluding and ZO-1 after
treatment with IL-1B/TNFa or IFNy respectively. Whereas in untreated cells Occludin
and ZO-1 were located at the cellular borders both treatments significantly reduced
fluorescence signal for these proteins. Dsg 2 was also found to be localized at the
cellular borders and both treatments affected localization. In contrast both treatments
did not affect the localization of the tight junction protein Claudin 5 and the adherence

junction protein E-Cadherin.

These observations are in accordance with literature findings. Al-Sadi et al. [19] for
example showed that treatment of Caco-2 monolayer with IL-1 leads to a concentra-

tion and time dependent decrease in TEER between 6 h and 24 h after treatment.
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The maximum drop in TEER was thereby observed at a concentration of 10 ng/ml
with no further decrease at higher concentrations. Moreover, they found that IL-13
causes a significant reduction of Occludin expression as well as disturbance in Oc-
cludin junctional localization. Ma and coworkers [20, 24] showed that treatment of
Caco-2 monolayer with TNFa significantly decreases TEER in a time and concentra-
tion dependent manner. Similar to IL-13 a concentration of 10 ng/ml was thereby
most effective and caused a significant drop in TEER between 12 h and 48 h. The in-
crease in cellular permeability was thereby accompanied by an alteration in ZO-1 ex-

pression and junctional localization upon TNFa treatment.

In the present study, the combined treatment with TNFa and IL-1 resulted in a drop
in TEER values during the first 6 h of incubation and this might point to a synergistic
effect of the two pro-inflammatory cytokines. Additionally this treatment significantly
altered the subcellular localization of Occludin, ZO-1 and Dsg 2. In T84 colonic ade-
nocarcinoma cells Brewer et al. [125] showed that treatment with IFNy results in a
decreased TEER together with an internalization of Occludin, and Claudin-1. Accord-
ing to them the localization of ZO-1 and E-Cadherin were not significantly changed
upon cytokine treatment. In another study combinatorial treatment with TNFa, IFNy
and IL-1f was shown to cause a decrease in ZO-1 and Occludin protein expression
and an increase in the expression of Claudin-1 in Caco-2 cells together with altera-
tions in the subcellular localization of these proteins [126]. Wang et al. [119] demon-
strated that the single treatment of Caco-2 monolayer with either 10 ng/ml IFNy or
2.5 ng/ml TNFa did not cause significant alterations in TEER values. However if both
cytokines were combined a significant drop in TEER could be detected. They also
found that this treatment resulted in an altered subcellular localization of ZO-1, Oc-
cludin and Claudin-1. In the present study, a small drop in TEER was observed after
24 h of IFNy treatment. Moreover, this treatment prevented a further increase in
TEER in comparison to untreated controls. In addition this treatment clearly affected
the junctional localization of Occludin, ZO-1 and Dsg 2. The localization of Claudin-5
and Cadherin was not found to be changed proofing the integrity of the epithelial

layer.

Gut epithelial cells are known to actively participate in extracellular communication

processes via secreted mediators thus forming a regulatory unit with cells of the im-
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mune system. They function as a sensory organ and are capable of producing im-
munoregulatory mediators upon activation signals e.g. cytokines or bacterial stimuli
[127, 128]. To analyze the secretion profile of Caco-2 cells in response to pro-
inflammatory cytokine treatment, a broad range of immune mediators was measured
in cell culture supernatant upon incubation with IL-13/TNFa or IFNy in the basal
chamber of the compartmentalized model. In particular, the concentration of IFN-y,
TNF-a, IL-18, IL-6, TSLP, IP-10, IL-8 and MCP-1 were determined using sandwich
immunoassays. Elevated concentrations of the chemokines IL-8, IP-10, MCP-1 were
found upon combined stimulation with IL-13/TNFa. A large proportion (= 70%) of the
secretion occurred during the first 6 h of stimulation. Treatment with IFNy effectively
triggered the release of IP-10 but not IL-8 and MCP-1. After 24 h of incubation IP-10
level was 12-fold higher than after 6 h indicating a slower response to IFNy than to
IL-1B3/TNFa. No detectable concentrations of IL-6 and TSLP were found in both set

ups.

These findings confirm previous studies. Sunil et al. [129] reported an elevated IL-8
and IP-10 production by intestinal epithelial cells upon treatment with IL-1[3.
Schuerer-Maly et al. [130] investigated the IL-8 release in Caco-2 cells after IL-18,
TNFa or IFNy treatment and found that only IL-1f3 induced IL-8 production. Warhurst
and collegues [131] found an increased release of MCP-1 by Caco-2 cells upon
stimulation with IL-1p and TNFa whereas neither the expression of IL-8 nor MCP-1
was influenced by IFNy treatment. Yeruva et al. [132] assessed the expression of IP-
10 in Caco-2 cells in response to IL-13, TNFa or IFNy. They found that both IL-1[3
and TNFa effectively induced IP-10 expression. According to them IFNy also trig-

gered the production of this chemokine however with delayed kinetics.

Taken together treatment with the proinflammatory mediators IL-13/TNFa or IFNy ef-
fectively altered the barrier function of functionally differentiated Caco-2 monolayers
including enhanced permeability and an altered localization of cell junction proteins. It
was clearly shown that Caco-2 cells respond to proinflammatory cytokine treatment
by the release of chemokines and thus are able to establish a crosstalk with cells of
the immune system. These results for the first time demonstrate that the in vitro treat-

ment of Caco-2 monolayer with proinflammatory cytokines can be utilized to mimic
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the altered epithelial characteristics that can be found in inflammatory bowel disease

patients.

5.3. Analysis of RTK signaling in Caco-2 cells

During inflammatory conditions of the gut, proinflammatory cytokines are released
into the mucosa and submucosa propagating and sustaining the inflammatory re-
sponse. In this context, increased concentrations of IL-13 and TNFa were found to
modulate epithelial barrier permeability through the activation of NFkB signaling [19,
24]. In addition, it was found that EGF prevented oxidative stress induced disruption
of tight junctions and that this process is mediated through ERK [25, 26]. Moreover, it
is known that a crosstalk exists between MAPK and NFkB associated signaling
pathways [133]. In this study the effect of the proinflammatory cytokines IL-138, TNFa
and the growth factor EGF on Receptor Tyrosine Kinase signaling in differentiated

Caco-2 monolayer was investigated in detail using multiplexed bead array technol-

ogy.

In a first step, the expression levels of the Receptor Tyrosine Kinases EGFR, IGFR,
HGFR, PDGFR, ErbB2, VEGFR2 and Tie-2 were determined together with altera-
tions in their tyrosine phosphorylation status in response to cytokine and growth fac-
tor treatment. EGFR, HGFR and ErbB2 were found to be present in the cell lysates.
IGFR was present at very low levels and PDGFR, VEGFR and Tie-2 could not be de-
tected. Treatment of Caco-2 cells with EGF and IL-1f3 led to time dependent altera-
tion of EGFR and ErbB2 tyrosine phosphorylation. In contrast no alterations in tyro-
sine posphorylation could be detected upon treatment with TNFa. This was not ex-
pected since Murthy et al. [134] described that treatment with TNFa lead to rapid
(30min) phosphorylation of EGFR in Caco-2 cells and this event is completely EGFR-
ligand independent. Treated cells were no longer susceptible to EGFR ligands and it
was assumed that this had an impact on EGF-induced proliferation and migration key

processes that promote healing in inflammatory bowel diseases [135, 136].

In further experiments, profiling of eight different phosphorylation sites of EGFR re-
vealed that IL-1 leads to reproducible time dependent increase in EGFR phosphory-

lation at Serine1047 over a time span of 30 min followed by a steady signal decline.
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This site was not found to be phosphorylated upon EGF treatment. Moreover, treat-
ment with IL-1[3 lead to alterations in the phosphorylation at Y845, Y1068 however
with no clear and reproducible time dependent pattern. When cells were treated with
EGF signals for Y845 and Y1068 were almost similar to those of the respective con-
trols with only marginal time dependent alterations. This was not expected since both
sites have been reported to be phoshorylated upon EGF treatment at least in A431
cells [112, 137]. No increase in phosphorylation could be detected for the phospho-
sites Y1045, Y1086, Y1173, Y654, and T669 after both treatments. As indicated by
the measured total EGFR signals, a very low variability between the different cell cul-
ture experiments could be achieved. This clearly demonstrates that the observed

signal alterations are the result of ligand induced processes.

In order to identify the intracellular signaling mechanisms that are responsible for the
observed S1047 phosphorylation Caco-2 monolayer were treated with 86 different
protein kinase inhibitors ahead of stimulation with IL-13 for 30 min. It was found that
the time dependent phosphorylation of the S1047 residue of EGFR could be selec-
tively depleted by four inhibitors of p38a MAPK and three inhibitors of IKK-2. Signal
intensities for the measurement of total EGFR, pT845 and pT1068 remained rela-
tively constant across the 2x86 cell culture experiments. One inhibitor targeting
WEE1 was also effective in this regard, however two other compounds targeting the

same kinase revealed no effect.

Based on these results extensive literature mining was performed using the Ingenuity
pathway analysis platform. In the generated pathway model (figure 27 ) IL-1 binding
to its specific receptor IL-1RI leads to recruitment of MyD88 and Tollip with subse-
quent addition of IRAK to the receptor complex [138, 139]. IRAK is phosphorylated
and interacts with the adaptor TRAF6. IRAK-1 and TRAF6 dissociate from the recep-
tor and form a complex with TAK1, TAB1 and TAB2. This leads to activation of TAK1
which in turn phosphorylates IKK-complex consisting of IKK-a, IKK- and IKK-y via
NIK [140] resulting in the degradation of I-kB, and the subsequent activation of NFkB.
Importantly TAK1 also stimulates the activation of the MAP kinases JNK and p38a
via the activation of MKK3/MKK6 or MKK4 [140-146]. p38a in turn has been reported
to phosphorylate EGFR at S1047 in response to TNFa stimulation [133]. Although no
information linking IKK-2 with the observed phosphorylation of EGFR could be identi-
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fied, IKK-2 recently has been found to directly interact with p38a thus giving rise to
speculations [147]. Countaway et al. [117] reported that S1047 is substrate to CAM
Kinase Il and phosphorylation leads to desensitization and internalization of the re-
ceptor. However, in our experiment none of the applied CAMK Inhibitors significantly
depleted the IL-13 induced phosphorylation of S1047. Recently it has also been sug-
gested that phosphorylation at this site might be involved in TNFa induced antiapop-
totic signaling [133, 148, 149]. In summary the particular role of the IL-1f induced
EGFR phosphorylation at S1047 is still unclear and further effort is required to iden-

tify the relevant downstream effects.
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Figure 27: Pathway model of the crosstalk between IL-1RI and EGFR.

Relevant pathway information was identified using the IPA® web-based knowledge database (Inge-
nuity systems). IL-1f3 binding to IL-1RI leads to recruitment of MyD88, and IRAK to the receptor. IRAK
interacts with TRAF6 forms a complex with TAK1. Activated TAK1 phosphorylates either IKK complex
via NIK resulting in the activation of NFkB or activates JNK and p38a via MKK3/MKK6. p38a in turn
phosphorylates EGFR at S1047.
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5.4. Analyzing biological activity of drugs

Anti-inflammatory drugs, like corticosteroids and non-steroidal anti-inflammatory
drugs are widely used in treatment of inflammation nowadays. Drugs administrated
via the gastrointestinal tract have to pass different tissue types before entering the
blood stream and reaching their final target location. Alteration in pharmacokinetics
and the desired drug effect can be the consequence. In this study a organotypic co-
culture model consisting of Caco-2 gut epithelial cells and human whole blood (see
chapter 1.2 ) was used to study the immune modulating characteristics of antiphlogis-
tic drugs and drug candidates. The substances of interest were applied onto differen-
tiated Caco-2 monolayers in different concentrations and their effect on the secretion
of immune mediators was analyzed in the whole blood after activation with immune
stimulating agents. In parallel experiments Caco-2 cells were pretreated with IL-13
and TNFa ahead of drug application in order to mimic the altered epithelial barrier
function found during inflammatory conditions of the gut. Table 15 summarizes the
tested substances and the measured read out parameters. The obtained dose re-
sponse curves for each immune mediator were interpreted on the basis of published
observations. Therefore the IPA® Knowledge Base provided by Ingenuity Systems

was applied.

Table 15: Summary of test substances and measured immune mediators
test substance

immune mediators

M®/Monocytes Thl Th2 Th17 Treg Others
IL-18, IP-10, IL-4, IL-17A IL-10 TARC, TSLP,
TNFa, IFNy IL-5, IL-1ra,
MCP-1, IL-12p70 IL-13 Sol. Receptors
IL-6,

IL-8

5.4.1. Specific activation of immune cells

In preliminary experiments, immune activating substances were added to human
whole blood of different donors in a co-culture set up with Caco-2 cells without drug

application. The observed release of immune mediators in blood plasma was quanti-
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fied using multiplexed sandwich immunoassays. Hirarchical cluster analysis showed
that different subgroups of immune cells in whole blood can be selectively activated

by application of different stimuli across all blood donor tested.

Zymosan has been reported to trigger TNFa and IL-8 secretion in macrophages,
monocytes and granulocytes [56-59]. In addition to these cytokines, Zymosan aug-
mented the production of IL-6, MCP-1 and IL-18 in this study. Stimulation of T-
lymphocytes with CD3- and CD28-receptor targeting antibodies stimulated the secre-
tion of T-cell related mediators IL-10, IFNy, IL-17A, IL-5, IP-10,TARC and IL-4. As
expected the combined application of Zymosan and anti-CD3/anti-CD28 triggered

macrophage/monocyte as well as T-cell specific mediators.

LPS is an effective immune stimulus and can be used to trigger the production of IL-
1B, IL-6, IL-8, TNFa, TARC, IFNy by macrophages, monocytes, and granulocytes
[37, 60-62]. The superantigene SEB stimulates the secretion of IL-12p70 [63], IL-1
[64], TNFa, IL-6, IFNy, MCP-1 [65] by T-cells and antigen presenting cells. Here
these two stimuli together with a anti-CD28 antibody most effectively triggered a
broad range of macrophage/monocyte and T-cell specific cytokines and chemokines.
Therefore, this mixture was selected for immune activation in the context of drug test-
ing experiments. Although Poly I:C has been reported to stimulate IL-6, TNFa, IL-10,
IP-10 [66, 67] in B-cells and dendritic cells only secretion of IP-10 could be observed
in whole blood. None of the measured soluble receptors and cell adhesion molecules
allowed a clear distinction between stimulated samples and non-stimulated controls.

This finding led to the exclusion of these analytes from further experiments.

5.4.2. Analyzing biological drug activity: Corticos teroids

Dexamethasone is one of the most potent synthetic members of the glucocorticoid
family of drugs. It is 20-30 times more potent than Cortisone and 4-5 times more po-
tent than Prednisolone [120]. Therapeutic dosages of gucocorticoids vary according
to their therapeutic application and drug potency and are between 250-1000 mg
Prednisolone aquivalent for pulse therapy and 5 mg/day Prednisolone aquivalent for
long term usage [150]. Standard oral Prednisolone doses for the treatment of active

inflammatory bowel disease range from 40-60 mg/day [68] . The bioavailability of
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Dexamethasone has been reported to be approximately 80% after oral administration
[151]. Oral application of 0.5 mg, or 1.5 mg respectively resulted in plasma levels of
approximately 8 ng/ml and 15 ng/ml (0.02 uM, 0.04 uM) after 2 h followed by a
steady decline with a half life of 4.2-6.6 h [152]. The bioavailability of Prednisolone af-
ter oral administration has been reported to be almost 100%. 10 mg Prednisolone
orally resulted in a mean peak plasma concentration of 300 ng/ml (0.8 uM) after 30
min and a mean half-life of 3-4 h [153]. In the context of this study, concentrations of
10-0.001 pM Dexamethasone and Prednisolone were tested in the co-culture model

to cover the relevant in vivo plasma levels.

Dexamethasone strongly inhibited the release of the macrophage/monocyte associ-
ated mediators IL-1, IL-6, IL-8 and TNFa. Moderate inhibition was found for MCP-1.
The Th1/Th2 associated mediators IFNy, IL-4, IL-5, IL-13, the TH17 associated me-
diator IL-17A, the regulatory cytokine IL-10 and IL-1ra were inhibited in a concentra-
tion dependent manner. In comparison, Prednisolone showed a much lower inhibitory
potency in the co-culture model. The macrophage/monocyte associated mediators
were tendencially inhibited. Moderate IL-13 and IL-6 inhibition was observed while IL-
8 and TNFa were only inhibited in the blood of one donor. IFNy and IL-5 were inhib-
ited for two donors. All other analytes showed no response or moderate inhibition for
only one single donor. Based on these results a model of potentially involved signal-
ing pathways was generated using the Ingenuity pathway analysis platform (figure
28).

The immune modulating effects of corticosteroids and their synthetic homologues are
facilitated upon binding to the glucocorticoid receptor (GR). The unbound receptor is
located in the cytosol. Upon ligand binding the GR-complex exerts its function either
by gene regulation in the nucleus or by direct interference with other transcription fac-
tors [154]. The transcriptional regulation of anti-inflammatory genes is mediated
through binding of the GR to glucocorticoid responsive DNA elements -GREs. For
example the enhanced expression of Annexin | inhibits cytosolic phospholipase A,
thus blocking the release of arachidonic acid, the precursor molecule for the synthe-
sis of eicosanoids [155, 156]. The expression of MAPK phosphatase 1 (MPK-1) is
also induced by glucocorticoids [157, 158]. MPK-1 dephosphorylates and inactivates
Jun N-terminal kinase thereby inhibiting c-Jun mediated transcription [159].
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Figure 28.: Signaling pathways of glucocorticoid action

In addition MPK-1 also inactivates all members of the MAPK family including ERK
and p38a kinase [154] thus blocking MAPK mediated inflammatory signaling proc-
esses. Direct protein-protein interaction with other transcription factors such as NFkB
[155] and AP-1 (composed of c-jun and fos) leads to a decreased transcription of
proinflammatory genes e.g. cytokines [75, 76, 156, 157]. Although it was shown that
inhibition of NFKB can also occur through the transcriptional activation of its cyto-
plasmic inhibitor IkBa [158] protein-protein interaction most likely accounts for the
majority of the inhibitory effects of glucocorticoids on NFkB signaling [159, 160]. The
glucocorticoid receptor also physically interacts with members of the STAT family of
transcription factors such as STAT3 and STATS [161].

NFkB and AP-1 are essential regulators of several cytokine and chemokine genes
and inhibition through corticosteroids lead to down regulation of IFNy [162], IL-8
[155], TNFa [163, 164], IL-6 [73], IL-1B [161, 165, 166] and MCP-1 [167]. It has also
been published that corticosteroid treatment leads to a decrease of IL-17A release in
PBMCs and rat lymphocytes together with a decrease in jun phosphorylation [168,
169]. However the exact molecular mechanism underlying this observation is un-
clear. Conflicting reports were found for the Th2 and Treg associated cytokines. Ra-
mirez et al. reported that glucocorticoids lead to enhanced production of IL-4, IL-10
and IL-13 mRNA [170] in rat CD4" lymphocytes. According to Wu et al. and Byron et
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al. [171, 172] the production of IL-4 by human lymphocytes and PBMCs is markedly
decreased by hydrocortisone treatment. In mast cells Sewell et al. [173] showed that
Dexamethasone treatment markedly inhibited IL-4 and IL-5 mRNA production. Agar-
wal and coworkers [174] reported that Dexamethsone treatment leads to an in-
creased production of IL-4 and IL-10 in tetanus toxoid stimulated PBMCs and that the
found Dexamethasone mediated induction of Th2 associated cytokines are primarily
the result of the down regulation of Thl associated cytokines IL-12 and IFNy. Similar
to IL-1 secretion glucocorticoids also down regulate IL-1ra production in LPS stimu-
lated monocytes [175, 176] thus implicating a complex regulatory interplay between
corticosteroids and the IL-1 family members [177].

Heterogeneous results were found in the co-culture model concerning the secretion
levels of IP-10. One donor responded to Dexamethasone treatment with a strong
concentration dependent increase whereas a second donor showed only moderate
inhibition. The third tested donor remained relatively unresponsive. IP-10 is a proin-
flammatory Thl associated chemokine expressed mainly in lymphocytes, neutro-
phils, monocytes, fibroblasts, and endothelial cells upon IFNy treatment and it has
also been found to be inducible by IL-13, TNFa and LPS [178-181] . Sunil et al. and
Tudhope et al. reported that Dexamethasone did not down-regulate the expression of
IP-10 in Caco-2 gut epithelial cells [129] and bronchial epithelial cells [182]. However,
no report was found concerning the effect of corticosteroids on the IP-10 secretion of

immune cells.

In this study a broad concentration dependent inhibitory effect of Dexamethasone on
the macrophage/monocyte associated mediators IL-1pB, IL-6, IL-8, TNFa, MCP-1,
IFNy, IL-4, IL-13, IL-5, IL-10 as well as IL-17A, IL-10 and IL-1ra was observed. These
findings are mainly in accordance with the relevant literature. The experimental de-
sign consisting of differentiated Caco-2 epithelial monolayers in co-culture with whole
blood of three individual donors incorporated all major cellular components, pharma-
cokinetic drug properties and the individuality of the immune system in one analysis.
All glucocorticoids and their synthetic analogues exert their immune modulating effect
through binding to the glucocorticoid receptor. However, the obtained results for
Prednisolone demonstrate that there are indeed differences in drug potency and that

these could be visualized in the presented co-culture model. Since the bioavailability
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of Prednisolone has been reported to be almost 100% we expected that the drug can
pass the epithelial barrier and target the immune cells in the whole blood. However
the direct comparison with previous experiments performed in conventional whole
blood cultures with the same blood donors [183] showed that direct injection of Pred-
nisolone leads to a strong inhibitory effect on macrophage/monocyte as well as
Th1/Th2 associated mediators. These findings suggest that the relatively weak anti-
inflammatory effect of Prednisolone is not only caused by the in comparison to Dex-
amethasone 4-5 fold lower drug potency [120] but also by alterations in bioavailabil-
ity. In this context, it would be interesting to analyze the concentration of Predniso-
lone in the whole blood compartment after passage of the epithelium.

In the beginning of this study we showed that pretreatment of the epithelial cells with
the proinflammatory mediators IL-13 and TNFa led to a reduced transepithelial elec-
tric resistance, alterations in the localization of cell adhesion proteins and chemokine
expression by the Caco-2 epithelial cells. However, with a few exceptions the pre-

sented data demonstrated that pretreatment with these cytokines did not significantly

alter the dose dependent effect of the tested drugs.

5.4.3. Analyzing biological drug activity: NSAIDs

Non-steroidal anti-inflammatory drugs like Ibuprofen and Diclofenac act as non selec-
tive inhibitors of cyclooxygenase isoenzymes COX-1 and COX-2 and are routinely
used in the clinics to treat pain, fever and inflammatory conditions [77]. Dosages of
NSAIDs are routinely adapted to the therapeutic requirements. Daily doses of 500-
2000 mg for Ibuprofen and 50-150 mg for Diclofenac are recommended [184]. Ibu-
profen is rapidly absorbed, and peak plasma concentrations are reached within 1-2 h
depending on the drug formulation. Oral bioavailability has been reported to be ap-
proximately 100% [185]. Administration of 400 mg per oral resulted in maximum
plasma concentrations of 32 pg/ml (155 uM) after 90 min followed by a steady de-
cline with a half life of 3-4 h [186]. Diclofenac shows preferential inhibition of the
cyclooxygenase-2 (COX-2) enzyme [187, 188]. Due to first pass metabolism, the
bioavailability of Diclofenac is limited to 50-60% [189, 190]. Application of 50 mg per
oral resulted in peak plasma concentrations of 1.7 pg/ml (5.7 uM) after 1.5-2.4 h fol-

lowed by a steady decline with a mean half-life of approximately one hour in 20
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healthy volunteers [191]. In the context of this study, a concentration range of 10-
0.016 pM Dexamethasone and 500-0.8 uM Ibuprofen were tested.

Interestingly application of both drugs led to a concentration dependent increase in
IL-18, TNFa, IP-10 and IFNy in the co-culture model. MCP-1 was tendentially inhib-
ited in the blood of two donors. Ibuprofen led to increasing concentrations of IL-4 and
IL-5 for all tested donors, whereas Diclofenac enhanced mediator release only in two
and one individuals respectively. No significant alterations of IL-13 could be meas-
ured. In contrast the mediators IL-8 and IL-17 were clearly inhibited by increasing
drug concentrations. IL-10, and IL-1ra showed no clear drug effect and TARC was
slightly inhibited. These findings were analyzed using the IPA-knowledge base (Inge-
nuity Systems). Figure 29 shows the generated pathway model of NSAID action.

NSAIDs
cox il
PGE2 IL-8
A
TNFa IFNg IL-1b IL-4 IL-17
_| I Y
IP10 IL-6

Figure 29: Effects of NSAIDs on immune mediator secretion

PGE; which is produced from arachidonic acid via COX mediated catalysis is the ma-
jor prostaglandin involved in pain and inflammation. It is secreted by macrophages,
monocytes, and neutrophils upon treatment with proinflammatory cytokines. PGE; in-
hibits IFNy and IP-10 production of T-lymphocytes as well as the release of IL-13,
and TNFa by macrophages [78, 83-85, 192]. PGE:; is widely viewed as a immune
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suppressant and the enhanced release of PGE, by macrophages may act as a nega-
tive feedback control mechanism, reducing further immune activation [82]. In LPS
treated mice, it was shown that inhibition of COX enzymes by Ibuprofen augments
the levels of TNFa [193].

These findings strengthen the notion that the observed concentration dependent in-
hibition of COX enzymes by NSAIDs under inflammatory conditions leads to de-
creased PGE:; levels and thus causes an increase in the above mentioned proin-
flammatory mediators. This again might trigger the release of IP-10 and IL-6 [178,
180, 194-197]. Elevated levels of PGE, have been reported to decrease IL-4 release
and exhibit a slightly stimulating effect on IL-5 [198]. In this study Ibuprofen induced
inhibition of COX isoenzymes exhibited a clear stimulating effect on these mediators.
The observed inhibitory effects of Ibuprofen on IL-17A secretion are confirmed by re-
ports showing that PGE; leads to an enhanced release of IL-17A in CD4" T-cells and
monocytes [199, 200]. Since COX-2 was found to mediate IL-8 production by acti-

vated neutrophils [201] the same might be true for this chemokine.

While corticosteroids are routinely used to control symptoms of inflammatory bowel
disease there is increasing evidence that non-steroidal anti-inflammatory drugs
(NSAIDs) are associated with the onset or the flare-up of IBD [202]. In order to im-
prove the understatement of the relationship between treatment with this drug class
and IBD it is necessary to consider the possible pathologic mechanisms involved in
the adverse effects of non-selective NSAIDs. This can be done by the use of sophis-
ticated co-culture models. Like for the corticosteroids pretreatment of Caco-2
monolayer with proinflammatory mediators like IL-13, TNFa only resulted in minor al-

terations in the dose response curves of the measured mediators.

5.4.4. Analyzing biological drug activity: Tacrolim us

Tacrolimus (FK506) is a macrolide and mainly used to prevent graft rejection after al-
logenic organ transplantations. Due to its immunosuppressive effect it can also be
used for the treatment of ulcerative colitis [88, 89]. The pharmacokinetic parameters
of Tacrolimus vary strongly among individuals. Although rapidly absorbed in the gas-

trointestinal tract, Tacrolimus has a poor oral bioavailability of approximately 25%
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[203, 204]. Peak concentrations in whole blood occur at 0.5-2 h after oral administra-
tion [203, 205] followed by drug clearance with a half life between 3.5-40.5 h. Rec-
ommended dosages vary among therapeutic applications and are between 0.1 and
0.3 mg/kg/day with target blood concentrations between 5-20 ng/mL (0.02 uM) (re-
viewed in [206]). In the present study, a concentration range of 16-0.004 ng/ml was

tested in the co-culture experiments.

Tacrolimus application strongly inhibited the production of the macrophage/monocyte
associated mediators IL-8, TNFa, and MCP-1. IL-6 was inhibited moderately whereas
IL-18 was inhibited in the blood of only one donor. The Thl associated mediators
IFNy and IP-10 were inhibited as well as IL-17A, IL-10 and TARC. IL-4 was slightly
inhibited for one donor and induced for a second donor. Moderate induction was ob-
served for IL-5 in the blood of two donors. Remarkably IL-13 was strongly induced by
Tacrolimus. IL-1ra was inhibited for two donors. Based on the relevant literature fig-
ure 30 summarizes the known effects of Tacrolimus on immune mediator production

and release.

Tacrolimus/FKBP12
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Figure 30 : Effects of Tacrolimus on the release of cytokines and chemokines.
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The potential target genes for NFAT proteins in diverse cell types as well as addi-
tional information about the effect of Tacrolimus or Cyclosporin are reviewed by Rao
et al. [207]. NFAT plays an essential role in the expression of IL-2. Moreover, binding
sites for NFATs have also been found within the promoter regions of several other
cytokine genes, including IL-4, IL-5, IL-8, IL-13, TNFa and IFNy [93, 208]. Since Tac-
rolimus was shown to decrease the production of IL-1, IL-2, IL-4, IL-5, IFNy, TNFa
in PBMCs [209-211] this suggest the participation of calcineurin and NFAT in the ex-
pression of these mediators. In addition, it seems likely that the inhibited production
of IFNy and TNFa leads to a reduced release of IP-10 [180, 194, 196, 197].

Tacrolimus also inhibits IL-17A, IL-1p, MCP-1, IL-6 and IL-10. However, the impli-
cated signaling pathways are not fully characterized yet. Sakuma et al. [212] reported
that Tacrolimus potently inhibited IL-6 production from PBMCs stimulated with anti-
CD3 and anti-CD28 monoclonal antibodies. More recently, it was shown that Tac-
rolimus inhibits the expression of IL-17A in murine Th17 cells [213] as well as in IL-15
activated PBMCs [214]. In a rat allograft model, Jiang et al [215] showed that Tac-
rolimus efficiently decreases IL-10 serum levels thus prohibiting graft rejection. With
respect to the observed strong increase in IL-13 concentrations Dumont [216, 217]
reported augmented IL-13 production by anti-CD3/anti-CD28 stimulated T-cells after
Tacrolimus treatment and suggests an inhibitory effect of NFAT on IL-13 expression.
Pahl et al. [218] showed that Tacrolimus inhibits IL-13 production in TPA/lonomycin
stimulated PBMCs whereas in anti-CD3/anti-CD28 treated cells cytokine production
was augmented, thereby giving rise to speculations about the possible mechanistic
background of these observations. In activated neutrophils Kohyama et al. [219] re-
ported that Tacrolimus suppressed the production of IL-8 and MCP-1. Sasakawa et
al. [220] showed that Tacrolimus inhibits IL-8 production in activated PBMCs. Oka-
moto and coworkers [221] showed that AP-1 and kB-like sites of the IL-8 gene were
targets of Tacrolimus sensitive pathways in Jurkat T-cells and suggest that other
transcriptional elements besides NFAT sites may be controlled by Tacrolimus sensi-

tive mechanisms.

In summary, it was demonstrated that the immunosuppressive effect of Tacrolimus
can be reproduced effectively in vitro using the presented co-culture model. Espe-

cially for drugs with poor oral bioavailability it is of great importance to use sophisti-
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cated test models which are able to mimic intestinal drug absorption mechanisms.
For future experiments it would be interesting to test other calcineurin inhibitors e.g.
Cyclosporin. Priming of the epithelium with IL-18/TNFa had only minor effects on

drug potency and overall effectiveness thereby confirming previous findings.

5.4.5. Effects of drug candidates on the release of  immune mediators.

Within the scope of this study the presented co-culture model of the human gut con-
sisting of differentiated Caco-2 cells and whole blood of different donors combined
with a multi-parametric read out system was applied to evaluate the immune modu-
lating effect of mainly uncharacterized biologically active substances. Different natu-
ral products were tested in order to investigate their effects on inflammation associ-
ated signaling processes. The tested substances were kindly provided by the Inter-

Med Discovery GmbH.

Among the tested substances Dihydroxyguajaretic Acid revealed significant immune-
modulating effects. In contrast Harpagosid as well as Glycyrrhizin and Glycyrrhetin
were ineffective in this regard. This is interesting since anti-inflammatory activity has
already been reported for extracts from Guajacum Officinale [222] and the plant was
traditionally used for the treatment of inflammatory disorders such as rheumatoid ar-
thritis.

Dihydroxyguajaretic acid effectively inhibited the production of IL-13, IL-6 and TNFa
in stimulated blood of two donors. Remarkably, it was found that the Th1 associated
mediators IFNy und IP-10 were also clearly inhibited whereas only moderate inhibi-
tion could be detected for IL-17A. No clear effect was found for IL-4 and IL-5 whereas
IL-13 was slightly inhibited at high concentrations. The regulatory cytokine IL-10 and
the IL-1 receptor antagonist IL-1ra were inhibited by increasing concentrations. The
observation that not all mediators were inhibited at high concentrations confirms the
conclusion that the effect is not caused by toxicity. This is demonstrated by a concen-
tration dependent increase of IL-8. In addition to experiments performed in the co-
culture set up Dihydroxyguajaretic acid was simultaneously tested in whole blood cul-
tures using blood of the identical donors. The comparison of the two test systems re-

vealed mainly similar response patterns with infrequent differences in the effective
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concentrations. In parts, weaker responses could be observed in the co-culture set
up. This can be explained by the altered drug absorption and metabolic processes

due to the presence of the epithelial barrier.

In comparison to the results obtained for the well characterized drugs Dexa-
methasone, Prednisolone, Ibuprofen, Diclofenac and Tacrolimus, the response pat-
tern observed for Dihydroxyguajaretic acid is rather unique. Inhibition of macro-
phage/monocyte associated mediators IL-13, TNFa and IL-6 and the T-cell associ-
ated mediators IFNy, IL-4, IL-13, IL-10 and IL-17A resembles the effects observed for
Dexamethasone. Together with the inhibitory effect on IL-1ra this might point to re-
lated signaling pathways. However inhibition of IP-10 secretion was only observed for
Tacrolimus and the induction of IL-8 suggests independent mechanisms of action. To
date signaling pathways and drug targets for Dihydroxyguajaretic acid have not been
identified and this might be an interesting starting point for future projects.

6. Summary and Outlook

The human immune system comprises a highly complex network of immuno-
regulatory signals, which not only involves cells of the immune system but also cells
of the surrounding tissues and organs. This inherent complexity together with a dis-
tinct diversity among different individuals exacerbates the problems of developing
appropriate in vitro test systems. Cell lines are the workhorses in the preclinical
phase of the drug development process. However since they originate from degener-
ated cells they can only partially mimic the in vivo situation. In contrast animal models
allow drug testing in a multi-cellular environment with the limitation that they also dif-
fer considerably from the human body. In practice the most often used cellular test
systems for the evaluation of drug effects on the immune system are PBMC prepara-
tions or test systems using whole blood. However since not all cells contributing to
Immune reactions are represented in these models the development of more elabo-
rate organotypic co-culture systems represents a closer approximation to the in vivo

conditions in the human body [5].



92

Embedded in the BMBF funded project HuCoCSys, the goal of this thesis was the
detailed characterization and validation of an established organotypic co-culture
model of the human gut. Consisting of differentiated Caco-2 gut epithelial cells and
human whole blood this in vitro model facilitates the testing of orally applied drugs or
drug candidates in an in vivo-like environment.

In initial experiments the effect of the proinflammatory mediators IL-13, TNFa and
IFNy on the epithelial barrier, was studied using TEER measurements and immuno-
histochemistry. It was shown that treatment with proinflammatory mediators leads to
an increase in epithelial permeability and that this is accompanied by changes in the
sub-cellular localization of cell junction proteins. It was demonstrated that Caco-2
cells are capable of secreting the chemokines IL-8, MCP-1 and IP-10 upon treatment
with IL-1/TNFa and IFNy. These results indicate that Caco-2 cells can be set to an
“inflamed state” in order to mimic the altered barrier function found during inflamed

conditions of the gut.

In additional experiments the effects of such a proinflammatory treatment on intracel-
lular Receptor Tyrosine Kinase associated signaling was investigated using multi-
plexed sandwich immunoassays. It was found that treatment of the Caco-2 cells with
IL-1B leads to a time dependent increase in the phosphorylation of EGFR at Serine
1047. By using a library of protein kinase inhibitors and database mining p38a and

IKK2 could be identified as potential S1047 targeting kinases.

In the context of this thesis three multiplexed sandwich immunoassay panels were
developed on the Luminex platform and optimized for the quantification of cytokines
and chemokines in human plasma. These assays were applied for the quantification
of immune mediators in multiple plasma samples derived from co-culture experi-
ments. Various test substances were added to the top side of Caco-2 epithelial
monolayer in different concentrations and their immunomodulatory properties subse-
quently analyzed in whole blood upon stimulation with immune activating agents. By
using blood of different donors the individual variability of the immune response was
incorporated in the overall analysis. The combined usage of a multi-parameter read-
out system with a sophisticated co-culture model of the human gut enabled the de-

tailed in vitro analysis of drug effects.
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The comparison of dose response curves obtained for five well characterized drugs
Dexamethasone, Prednisolone, Ibuprofene and Tacrolimus with those of the unchar-
acterized substances allowed to draw conclusions on potential modes of action. This
was shown for Dihydroxyguajaretic Acid. In contrast to our expectations, pretreat-
ment of the epithelial monolayer with IL-13/TNFa ahead of drug application did not
significantly alter the dose dependent effects of the tested substances in the co-
culture experiments. Although the Caco-2 monolayers showed an increase epithelial
permeability and an altered cell adhesion protein localization the observed impact on

drug efficacy was low.

In summary this study showed that the presented co-culture system can be used to
evaluate the effects of drugs and drug candidates after passage of the intestinal bar-
rier in a highly standardized in vivo like situation. This model has the potential to de-
liver a more detailed preclinical characterization of desired and undesired drug ef-
fects. The large data set generated in the course of this study will provide the basis

for the future analysis of the immunomodulary effects of drug candidates.

7. Zusammenfassung und Ausblick

Das menschliche Immunsystem stellt ein komplexes Netzwerk aus einer Vielzahl
verschiedener Zellen und regulatorischen Signalen dar. Neben den Immunzellen sind
auch Zellen benachbarter Gewebe an regulatorischen Prozessen beteiligt. Diese in-
harente Komplexitat erschwert die Entwicklung von in vitro Testsystemen die in der

Lage sind diese Komplexitat mit hinreichender Genauigkeit abzubilden.

Immortalisierte Zellinien und Tiermodelle werden routinemaRig in der préklinischen
Phase der Medikamentenentwicklung eingesetzt. Beide Systeme weisen jedoch
deutliche Unterschiede zu den in vivo Verhaltnissen im menschlichen Kérper auf.
Das in der Praxis am haufigsten eingesetzte System fur die Untersuchung der Wir-
kung von Medikamenten auf das Immunsystem stellen PBMC Pré&parationen und
Vollblut-Kulturen dar. In diesen Systemen sind jedoch nicht alle an der Immunreakti-

on beteiligten Zelltypen reprasentiert. In diesem Zusammenhang stellt die Entwick-
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lung komplexer organotypischer Co-Kultursysteme eine weitere Naherung an die in

vivo Verhaltnisse dar.

Diese Dissertation entstand im Rahmen des BMBF gefdrderten Verbundprojekts
HuCoCSys. Ziel war die detailierte Charakterisierung und Validierung eines bereits
etablierten organotypischen Co-Kulturmodels des menschlichen Darmes. Die Co-
Kultivierung von Caco-2 Kolonkarzinomzellen als Model des menschlichen Dinn-
darmepithels und Vollblut von verschiedenen Spendern sollte dabei die Untersu-
chung der Wirkung oral applizierter Medikamente auf das Immunsystem ermaogli-
chen.

In einleitenden Experimenten wurde der Effekt der proinflammatorischen Zytokine IL-
1B, TNFa und IFNy auf die Integritat der epithelialen Barriere mittels TEER Messun-
gen und immunohistochemischen Analysen untersucht. Dabei konnte gezeigt werden
dal3 die Behandlung der Caco-2 Zellen mit proinflammatorischen Zytokinen zu einer
erhohten Permeabilitat des Epithels sowie zu einer gednderten Lokalisation von Zell-
adhasionsproteinen fuhrt. Weiterhin konnte gezeigt werden, das die Caco-2 Zellen in
der Lage sind auf die Behandlung mit IL-13/TNFa sowie IFNy mit der Ausschuttung
der Chemokine IL-8, MCP-1 und IP-10 zu reagieren. Diese Ergebnisse zeigen, dal}
Caco-2 Zellen in einen ,entzindlich veranderten* Zustand versetzt werden kénnen
um die veranderten Eigenschaften der intestinalen Barriere unter entziindlichen Be-

dingungen in vitro nachzubilden.

In weiteren Experimenten wurde die Wirkung proinflammatorischer Zytokine auf in-
trazellulare Rezeptor-Tyrosin Kinase vermittelte Signalwege untersucht. Hierflr wur-
den multiplexe Sandwich Immunoassays eingesetzt. Dabei konnte beobachted wer-
den, dal3 die Behandlung von ausdifferentieren Caco-2 Zellen mit IL-18 zu einer zeit-
abhangigen Phosphorylierung des EGF-Rezeptors an Serin 1047 fuhrt. Uber die
Verwendung einer Kinase Inhibitor Library und einer anschlieBenden Literaturdaten-
bank Recherche konnten p38a und IKK2 als potentielle Serin1047 phosphorylierende

Kinasen identifiziert werden.

Im Rahmen dieser Arbeit wurden drei unterschiedliche Luminex basierte Sandwich

Immunoassay Panel entwickelt und fur die Quantifizierung von Immunmediatoren in
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humanem Vollblut optimiert. Diese Assays wurden fur die quantitative Analyse von
Immunmediatoren in einer Vielzahl humaner Plasmaproben aus Co-Kultur-

experimenten verwendet.

Dabei wurden in der Co-Kultur unterschiedliche Konzentrationen der Testsubstanzen
auf differenzierte Caco-2 Monolayer gegeben und deren Wirkung in zuvor stimulier-
tem Vollblut mittels multiplexen Sandwich Immunoassays untersucht. Durch die Ver-
wendung von Blut unterschiedlicher Spender konnte die Individualitat des Immunsy-
stems in die Analyse integriert werden. Die Kombination eines komplexen Co-
Kultursystems mit der multiplexen Analyse von Immunmediatoren ermdglichte dabei
die detailierte Beschreibung der immunmodulierenden Effekte verschiedener Antiph-
logistika und noch uncharakterisierter Naturstoffe. Der Vergleich der Dosis-
Wirkungskurven von Dexamethason, Prednisolon, Ibuprofen, Diclofenac und Tacro-
limus mit Dihydroxyguajaretsdure ermdglichte es dabei Ruckschlisse of potentielle
Wirkmechanismen zu ziehen.

Entgegen unserer Erwartungen ergaben sich durch die Behandlung der Caco-2 Zel-
len mit IL-13 und TNFa vor Medikamentenaplikation keine signifikant veranderten
Dosis-Wirkungskurven obwohl in den vorrangegangenen Experimenten eine erhéhte
Durchlassigkeit des Epithels sowie eine veranderte Lokalisation von Zelladh&sions-

proteinen nachgewiesen werden konnte.

Dal’ im Rahmen dieser Studie eingesetzte in vitro Model des menschlichen Darmes
ermoglichte die standardisierte Untersuchung der Wirkung oral applizierter Medika-
mente und Medikamentenkandidaten unter in vivo dhnlichen Verhaltnissen. Das be-
schrieben Model stellt eine interessante Erganzung zu den routinemafig in der
préaklinischen Phase eingesetzten PBMC Praparationen, Vollblutassays und Tiermo-
dellen dar. Die im Rahmen dieser Studie generierten Datenséatze bilden die Basis fur

die zukinftige Analyse der immunmodulatorischen Effekte weiterer Wirkstoffe.



96

8. References

10.

11.

12.

13.

14.

15.

Schmolz, M.Functional drug candidate profiling using complaxian organotypic
cell culture models: a promising way to reduce icihdrug failure.Expert Opinion
in Drug Discovery, 20072: p. 1-13.

Gustot, T., et alRrofile of soluble cytokine receptors in Crohn'saediseGut, 2005.
54(4): p. 488-95.

Papadakis, K.A. and S.R. Targ®ale of cytokines in the pathogenesis of inflamma-
tory bowel diseaseAnnu Rev Med, 200(1: p. 289-98.

Laufer, S., et alHuman whole blood assay for rapid and routine testf non-
steroidal anti-inflammatory drugs (NSAIDs) on cyokygenase-2 activitynflam-
mopharmacology, 20086(4): p. 155-61.

Schmolz, M., Joos, THOT Cell-Culture ModelsDiscovery Technology, 2008: p. 18-
21.

Hidalgo, 1.J., T.J. Raub, and R.T. Borcha@haracterization of the human colon
carcinoma cell line (Caco-2) as a model systemrftastinal epithelial permeability.
Gastroenterology, 19896(3): p. 736-49.

Resta-Lenert, S. and K.E. Barr&ttpbiotics and commensals reverse TNF-alpha-
and IFN-gamma-induced dysfunction in human intes@pithelial cells Gastroen-
terology, 2006130(3): p. 731-46.

Walter, E., et alHHT29-MTX/Caco-2 cocultures as an in vitro modeltfo intestinal
epithelium: in vitro-in vivo correlation with perrability data from rats and humang.
Pharm Sci, 199@5(10): p. 1070-6.

Sambuy, Y., et alThe Caco-2 cell line as a model of the intestiratier: influence
of cell and culture-related factors on Caco-2 dalictional characteristicell Biol
Toxicol, 2005.21(1): p. 1-26.

Artursson, P., K. Palm, and K. Luthm&aco-2 monolayers in experimental and
theoretical predictions of drug transpoAdv Drug Deliv Rev, 200146(1-3): p. 27-
43.

Bock, U., Kottke, T., Gindorf, C., Haltner, ¥alidation of the Caco-2 cell monolayer
system for determining the permeability of drugssabces according to the Biophar-
maceutics Classification System (BC3D03 [cited; Available from:
www.acrossbarriers.de

Engle, M.J., G.S. Goetz, and D.H. Alp&agco-2 cells express a combination of
colonocyte and enterocyte phenotypke€ell Physiol, 1998L74(3): p. 362-9.

Lodish, H., Berk, A., Kaiser, C., Scott, M. eBcher, A., Ploegh, H., Matsudaira, P.,
Molecular Cell Biology Sixth Edition ed. 2007, New York: W.H. Freemar &om-
pany.

Schreider, C., et alntegrin-mediated functional polarization of Cac@@ls through
E-cadherin--actin complexed.Cell Sci, 2002115(Pt 3): p. 543-52.

Haltner, E., et al[ln vitro permeability studies as a substitute fiovivo studies--
which requirements have to be met®LTEX, 2001.18(1): p. 81-7.



97

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ligumsky, M., et alRole of interleukin 1 in inflammatory bowel diseasehanced
production during active diseas@ut, 199031(6): p. 686-9.

Rogler, G. and T. Andu€ytokines in inflammatory bowel disea¥¢orld J Surg,
1998.22(4): p. 382-9.

Stallmach, A., et alGytokine/chemokine transcript profiles reflect meslanflamma-
tion in Crohn's diseasént J Colorectal Dis, 20049(4): p. 308-15.

Al-Sadi, R.M. and T.Y. Md|.-1beta causes an increase in intestinal epitheight
junction permeabilityJ Immunol, 2007178(7): p. 4641-9.

Ma, T.Y., et al.Mechanism of TNF-{alpha} modulation of Caco-2 itites epithelial
tight junction barrier: role of myosin light-chakinase protein expressioAm J
Physiol Gastrointest Liver Physiol, 20@83(3): p. G422-30.

Utech, M., et alMechanism of IFN-gamma-induced endocytosis of jigidtion pro-
teins: myosin ll-dependent vacuolarization of tpecal plasma membran#lol Biol
Cell, 2005.16(10): p. 5040-52.

Cobrin, G.M. and M.T. Abrelpefects in mucosal immunity leading to Crohn's dis-
easelmmunol Rev, 2005206: p. 277-95.

Ko, J.S., et alLLactobacillus plantarum inhibits epithelial barrietysfunction and in-
terleukin-8 secretion induced by tumor necrosisdaalpha. World J Gastroenterol,
2007.13(13): p. 1962-5.

Ma, T.Y., et al.TNF-alpha-induced increase in intestinal epithetight junction
permeability requires NF-kappa B activatiohm J Physiol Gastrointest Liver
Physiol, 2004286(3): p. G367-76.

Basuroy, S., et aMAPK interacts with occludin and mediates EGF-ingllipreven-
tion of tight junction disruption by hydrogen peiae Biochem J, 2006393(Pt 1): p.
69-77.

Rao, R., R.D. Baker, and S.S. Bakelnjbition of oxidant-induced barrier disruption
and protein tyrosine phosphorylation in Caco-2 cetinolayers by epidermal growth
factor. Biochem Pharmacol, 199597(6): p. 685-95.

Cario, E., G. Gerken, and D.K. Podolsior whom the bell tolls!” -- innate defense
mechanisms and survival strategies of the inteképdhelium against lumenal
pathogensZ Gastroenterol, 20020(12): p. 983-90.

Herbst, R.SReview of epidermal growth factor receptor biolop¢.J Radiat Oncol
Biol Phys, 200459(2 Suppl): p. 21-6.

Zwick, E., J. Bange, and A. UllricReceptor tyrosine kinase signalling as a target for

cancer intervention strategieEndocr Relat Cancer, 2008(3): p. 161-73.

Cell-Signalling-TechnologyhosphoSitePlus2011 [cited 2011 16.08.2011]; Avail-
able from:http://www.phosphosite.org

Schulze, W.X., L. Deng, and M. Mari*hosphotyrosine interactome of the ErbB-
receptor kinase familyMol Syst Biol, 20051: p. 2005 0008.

Mizoguchi, A. and E. Mizoguchinflammatory bowel disease, past, present and fu-
ture: lessons from animal modelsGastroenterol, 20083(1): p. 1-17.

Nakamura, M., et alGytokine production in patients with inflammatoge! dis-
easeGut, 199233(7): p. 933-7.



98

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Cavalillon, J.M., et alCytokine cascade in seps&cand J Infect Dis, 20035(9): p.
535-44.

Lubberts, E. and W.B. van den Beggtokines in the pathogenesis of rheumatoid ar-
thritis and collagen-induced arthritiAdv Exp Med Biol, 2003520: p. 194-202.

Tedgui, A. and Z. MallaCytokines in atherosclerosis: pathogenic and retpria
pathwaysPhysiol Rev, 20086(2): p. 515-81.

Murphy, K., Travers, P., Walport, Maneway s Immunobiology ed. 2008, New
York: Garland Science. 885.

Budhu, A. and X.W. Wanghe role of cytokines in hepatocellular carcinordd.eu-
koc Biol, 2006.80(6): p. 1197-213.

Ono, S.J., et alGhemokines: roles in leukocyte development, tkaffg; and effector
function.J Allergy Clin Immunol, 2003111(6): p. 1185-99; quiz 1200.

Yoshie, O.Role of chemokines in trafficking of lymphocytes dendritic cellsint J
Hematol, 200072(4): p. 399-407.

Zlotnik, A. and O. Yoshi€Zhemokines: a new classification system and tlodér in
immunity.Immunity, 200012(2): p. 121-7.

Heaney, M.L. and D.W. Gold8pluble receptors in human disea3é.eukoc Biol,
1998.64(2): p. 135-46.

Levine, S.JMechanisms of soluble cytokine receptor generatidmmunol, 2004.
173(9): p. 5343-8.

Hull, K.M., et al.,The TNF receptor-associated periodic syndrome (TRAEmerg-
ing concepts of an autoinflammatory disorddedicine (Baltimore), 200B1(5): p.
349-68.

Lemmers, A., et alAn inhibitor of interleukin-6 trans-signalling, sg§p0, contributes
to impaired acute phase response in human chrovec tliseaseClin Exp Immunol,
2009.156(3): p. 518-27.

Junghans, R.P. and T.A. WaldmaMetabolism of Tac (IL2Ralpha): physiology of
cell surface shedding and renal catabolism, andpsegsion of catabolism by anti-
body bindingJ Exp Med, 1996183(4): p. 1587-602.

Boldt, J., et alDo plasma levels of circulating soluble adhesiorienales differ be-
tween surviving and nonsurviving critically ill pants?Chest, 1995107(3): p. 787-
92.

Klimiuk, P.A., et al.Soluble cell adhesion molecules (SICAM-1, sVCAMRL, SE-
selectin) in patients with early rheumatoid artigitScand J Rheumatol, 20@&(5):
p. 345-50.

Ridker, P.M., et alPlasma concentration of soluble intercellular adlbesmolecule
1 and risks of future myocardial infarction in appatly healthy mernLancet, 1998.
351(9096): p. 88-92.

Jones, S.C., et ahdhesion molecules in inflammatory bowel dise&ag, 1995.
36(5): p. 724-30.

Tokuhira, M., et alSoluble vascular cell adhesion molecule 1 mediadiomonocyte
chemotaxis in rheumatoid arthritiéwthritis Rheum, 200043(5): p. 1122-33.



99

52.

53.

54.

55.

56.

S57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Abe, Y., et al.Soluble cell adhesion molecules in hypertriglycennia and potential
significance on monocyte adhesiédmterioscler Thromb Vasc Biol, 19983(5): p.
723-31.

Bloemena, E., et alyhole-blood lymphocyte culturesimmunol Methods, 1989.
122(2): p. 161-7.

Swaak, A.J., H.G. van den Brink, and L.A. Aardeytokine production in whole
blood cell cultures of patients with rheumatoidhaitis. Ann Rheum Dis, 1997.
56(11): p. 693-5.

Schmolz, M., Eisinger, Olrueculture: a simple whole blood collection andture
system for quantifying physiological interactioriglee human immunesystem in the
clinic. Volume,

Sato, M., et alDirect binding of Toll-like receptor 2 to zymosamd zymosan-
induced NF-kappa B activation and TNF-alpha seoretire down-regulated by lung
collectin surfactant protein Al Immunol, 2003171(1): p. 417-25.

Sanguedolce, M.V., et aLymosan-stimulated tumor necrosis factor-alpha pmd
tion by human monocytes. Down-modulation by phogstédr.J Immunol, 1992.
148(7): p. 2229-36.

Underhill, D.M., et al.The Toll-like receptor 2 is recruited to macrophage
phagosomes and discriminates between pathodsatare, 1999401(6755): p. 811-5.

Ezekowitz, R.A., et allnteraction of human monocytes, macrophages, ahgdro-
phonuclear leukocytes with zymosan in vitro. Rékyme 3 complement receptors and
macrophage-derived complemed(Clin Invest, 1985/6(6): p. 2368-76.

Muzio, M., et al.Toll-like receptor family and signalling pathweaiochem Soc
Trans, 200028(5): p. 563-6.

Pugin, J., et alLipopolysaccharide activation of human endothediatl epithelial
cells is mediated by lipopolysaccharide-bindingtpno and soluble CD14roc Natl
Acad Sci U S A, 199320(7): p. 2744-8.

Beutler, B. and E.T. Rietschi&ipate immune sensing and its roots: the storynef e
dotoxin.Nat Rev Immunol, 2003(2): p. 169-76.

Lauw, F.N., et alRole of endogenous interleukin-12 in immune respomstaphylo-
coccal enterotoxin B in micénfect Immun, 200169(9): p. 5949-52.

Krakauer, T.Coordinate suppression of superantigen-inducedkiyéoproduction

and T-cell proliferation by a small nonpeptidic ibtor of class Il major histocom-
patibility complex and CD4 interactiodntimicrob Agents Chemother, 20084(4):
p. 1067-9.

Krakauer, T.Induction of CC chemokines in human peripheral Blownonuclear
cells by staphylococcal exotoxins and its preventip pentoxifyllineJ Leukoc Biol,
1999.66(1): p. 158-64.

Gandhi, R., et allpfluence of poly I:C on sickness behaviors, plasgtakines, corti-
costerone and central monoamine activity: moderaby social stressor&rain Be-
hav Immun, 200721(4): p. 477-89.

Lundberg, A.M., et alKey differences in TLR3/poly I:C signaling and &yte in-
duction by human primary cells: a phenomenon abBent murine cell systems.
Blood, 2007110(9): p. 3245-52.



100

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Irving, P.M., et al.Review article: appropriate use of corticosteroidsCrohn's dis-
ease Aliment Pharmacol Ther, 20026(3): p. 313-29.

O'Dell, J.R.Therapeutic strategies for rneumatoid arthritié Engl J Med, 2004.
350(25): p. 2591-602.

Morand, E.F. and M. LeecBJucocorticoid regulation of inflammation: the plot
thickensInflamm Res, 199%8(11): p. 557-60.

Flower, R.J. and N.J. Rothwalipocortin-1: cellular mechanisms and clinical rele
vance.Trends Pharmacol Sci, 199%(3): p. 71-6.

Yao, X.L., et al.Dexamethasone alters arachidonate release from hugpéhelial
cells by induction of p11 protein synthesis andhition of phospholipase A2 activity.
J Biol Chem, 199274(24): p. 17202-8.

Ray, A. and K.E. Prefontainehysical association and functional antagonism be-
tween the p65 subunit of transcription factor Nfpa B and the glucocorticoid re-
ceptor.Proc Natl Acad Sci U S A, 19981(2): p. 752-6.

Besedovsky, H.O. and A. del R&egulating inflammation by glucocorticoidgat
Immunol, 20067(6): p. 537.

Newton, R.Molecular mechanisms of glucocorticoid action: wisatmportant?Tho-
rax, 200055(7): p. 603-13.

Jonat, C., et alAntitumor promotion and antiinflammation: down-méaion of AP-
1 (Fos/Jun) activity by glucocorticoid hormorgell, 1990.62(6): p. 1189-204.

Rao, P. and E.E. Knausyolution of nonsteroidal anti-inflammatory drug$éJAIDs):
cyclooxygenase (COX) inhibition and beyohdharm Pharm Sci, 20QBL(2): p. 81s-
110s.

Laufer, s., Gay, S., Brune, K., éaflammation and Rheumatic Disease -The molecu-
lar basis of novel therapie2003, Thieme: Stuttgart, New York.

Shiraishi, Y., et alRrostaglandin D2-induced eosinophilic airway inflaration is
mediated by CRTH2 receptarPharmacol Exp Ther, 2008.2(3): p. 954-60.

Hirai, H., et al.Prostaglandin D2 selectively induces chemotaxit irelper type 2
cells, eosinophils, and basophils via seven-tramshrane receptor CRTH2. Exp
Med, 2001193(2): p. 255-61.

Pablos, J.L., et alCyclooxygenase-1 and -2 are expressed by humalsT Ckn Exp
Immunol, 1999115(1): p. 86-90.

Simmons, D.L., R.M. Botting, and T. Hlayclooxygenase isozymes: the biology of
prostaglandin synthesis and inhibitidAharmacol Rev, 20086(3): p. 387-437.

Kunkel, S.L., S.W. Chensue, and S.H. PRaastaglandins as endogenous mediators
of interleukin 1 production Immunol, 1986136(1): p. 186-92.

Kunkel, S.L., et alRegulation of macrophage tumor necrosis factor paidn by
prostaglandin E2Biochem Biophys Res Commun, 19887(1): p. 404-10.

Betz, M. and B.S. FoRrostaglandin E2 inhibits production of Th1 lympimas but
not of Th2 lymphokines.Immunol, 1991146(1): p. 108-13.



101

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

Strassheim, D., et aProstacyclin inhibits IFN-gamma-stimulated cytokexg@res-
sion by reduced recruitment of CBP/p300 to STATA 3DCS-1-independent manner.
J Immunol, 2009183(11): p. 6981-8.

Luttmann, W., et alModulation of cytokine release from mononuclealscey
prostacyclin, IL-4 and IL-13Cytokine, 199911(2): p. 127-33.

Baumgart, D.C., J.K. Macdonald, and B. Feaganrolimus (FK506) for induction of
remission in refractory ulcerative coliti€ochrane Database Syst Rev, 2008(3): p.
CDO007216.

Baumgart, D.C., et allacrolimus is safe and effective in patients wihese steroid-
refractory or steroid-dependent inflammatory bodskease--a long-term follow-up.
Am J Gastroenterol, 200601(5): p. 1048-56.

Hogan, P.G., et allranscriptional regulation by calcium, calcineuriamnd NFAT.
Genes Dev, 2003.7(18): p. 2205-32.

Liu, J., et al.Calcineurin is a common target of cyclophilin-cysporin A and FKBP-
FK506 complexeCell, 1991.66(4): p. 807-15.

Tocci, M.J., et alThe immunosuppressant FK506 selectively inhibisession of
early T cell activation gened.Immunol, 1989143(2): p. 718-26.

Kiani, A., A. Rao, and J. Arambuianipulating immune responses with immuno-
suppressive agents that target NFANTMunity, 200012(4): p. 359-72.

Punyadeera, C., et & biomarker panel to discriminate between systeniiamma-
tory response syndrome and sepsis and sepsis tyevydfimerg Trauma Shock, 2010.
3(1): p. 26-35.

Beidler, S.K., et alMultiplexed analysis of matrix metalloproteinasesdg ulcer tis-
sue of patients with chronic venous insufficienefple and after compression ther-
apy.Wound Repair Regen, 200B5(5): p. 642-8.

Zhu, H. and M. SnydeProtein chip technologyCurr Opin Chem Biol, 200F(1): p.
55-63.

Templin, M.F., et alRrotein microarrays and multiplexed sandwich immassays:
what beats the bead€omb Chem High Throughput Screen, 2008): p. 223-9.

Kramer, S., T.O. Joos, and M.F. TempiRnptein microarraysCurr Protoc Protein
Sci, 2005Chapter 23: p. Unit 23 5.

Schmohl, M., et alRrotein-protein-interactions in a multiplexed, natirized format
a functional analysis of Rho GTPase activation arabition. Proteomics10(8): p.
1716-20.

Ekins, R.P Multi-analyte immunoassay.Pharm Biomed Anal, 198%(2): p. 155-68.

Ekins, R.PLigand assays: from electrophoresis to miniaturin@droarrays.Clin
Chem, 199844(9): p. 2015-30.

Stoll, D., et alMicroarray technology: an increasing variety of eening tools for
proteomic researchlargets, 20043(1): p. 24-31.

Luminex-Corp.The Luminex Corporation Homepage, 16 June 2008
<http://www.luminexcorp.com(16 June 2008)2008.




102

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Gardy, J.L., et alEnabling a systems biology approach to immunoldggus on in-
nate immunityTrends Immunol, 20080(6): p. 249-62.

de Jager, W., et abimultaneous detection of 15 human cytokines inglessample
of stimulated peripheral blood mononuclear celéin Diagn Lab Immunol, 2003.
10(1): p. 133-9.

Hsu, H.Y., et alSuspension microarrays for the identification af tesponse pat-
terns in hyperinflammatory diseasééed Eng Phys, 20080(8): p. 976-83.

van Erk, M.J., et alnsight in modulation of inflammation in responeeliclofenac
intervention: a human intervention stuMC Med Genomics3: p. 5.

Mogensen, T.H., et aMechanisms of dexamethasone-mediated inhibitidrollike
receptor signaling induced by Neisseria meningstiaind Streptococcus pneumoniae.
Infect Immun, 200876(1): p. 189-97.

Torrence, A.E., et aBerum biomarkers in a mouse model of bacterial<dedun-
flammatory bowel diseastflamm Bowel Dis, 200814(4): p. 480-90.

Yamamura, K., et alntracellular protein phosphorylation in eosinophénd the
functional relevance in cytokine productidnt Arch Allergy Immunol, 2009149
Suppl 1: p. 45-50.

Khan, I.H., et alMultiplex analysis of intracellular signaling patlays in lymphoid
cells by microbead suspension arraykl Cell Proteomics, 200&(4): p. 758-68.

Poetz, O., et aSequential multiplex analyte capturing for phosplodgin profiling.
Mol Cell Proteomics9(11): p. 2474-81.

Yu, X., et al.Protein microarrays: effective tools for the stuafyinflammatory dis-
easesMethods Mol Biol, 2009577: p. 199-214.

Hsu, H.Y.Suspension Microarrays For The Identification G fResponse Patterns
In Hyperinflammatory Diseasem Faculty of Biology 2008, Eberhard Karls Univer-
sity Tubingen: Tubingen. p. 98.

Saeed, A.l., et alfM4 microarray software suitddethods Enzymol, 200@11: p.
134-93.

Tonseth C. P., D., LHuidelines For Validation Of Analytical Methad993,
NYCOMED. p. 35-58.

Countaway, J.L., A.C. Nairn, and R.J. DaMschanism of desensitization of the epi-
dermal growth factor receptor protein-tyrosine k&gal Biol Chem, 1992267(2): p.
1129-40.

Wang, F., et allFN-gamma-induced TNFR2 expression is requirediféF-
dependent intestinal epithelial barrier dysfuncti@astroenterology, 200631(4): p.
1153-63.

Wang, F., et allnterferon-gamma and tumor necrosis factor-alphaesgize to in-
duce intestinal epithelial barrier dysfunction by-tegulating myosin light chain
kinase expressio®m J Pathol, 2005.66(2): p. 409-19.

Henzen, CTherapie mit Glucocorticoiden: Risiken und Nebekuamgen.Schweiz
Med Forum., 200319(7): p. 442-6.

de Jager, W. and G.T. Rijkegglid-phase and bead-based cytokine immunoassay: a
comparisonMethods, 200638(4): p. 294-303.



103

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Politke, T., Rauch, PAffinity discrimmination to avoid interferencesassays!VD
Technology, 200915(2).

Ma, T.Y.Intestinal epithelial barrier dysfunction in CrolndiseaseProc Soc Exp
Biol Med, 1997 214(4): p. 318-27.

Korzenik, J.RRPast and current theories of etiology of IBD: toudiste, worms, and
refrigerators.J Clin Gastroenterol, 20089(4 Suppl 2): p. S59-65.

Bruewer, M., et alRroinflammatory cytokines disrupt epithelial barrfenction by
apoptosis-independent mechanisthnmunol, 2003171(11): p. 6164-72.

Han, X., M.P. Fink, and R.L. Delud@rpoinflammatory cytokines cause NO*-
dependent and -independent changes in expressioealization of tight junction
proteins in intestinal epithelial cellShock, 200319(3): p. 229-37.

Parlesak, A., et aModulation of cytokine release by differentiatedCIi2 cells in a
compartmentalized coculture model with mononucleacocytes and nonpathogenic
bacteria.Scand J Immunol, 20080(5): p. 477-85.

Saegusa, S., et &ytokine responses of intestinal epithelial-likecG& cells to non-
pathogenic and opportunistic pathogenic yeasth@presence of butyric aciBiosci
Biotechnol Biochem, 20071(10): p. 2428-34.

Sunil, Y., G. Ramadori, and D. Raddatafluence of NFkappaB inhibitors on IL-
1beta-induced chemokine CXCL8 and -10 expressiabslén intestinal epithelial cell
lines: glucocorticoid ineffectiveness and paradakigffect of PDTCInt J Colorectal
Dis. 25(3): p. 323-33.

Schuerer-Maly, C.C., et &oplonic epithelial cell lines as a source of in&rkin-8:
stimulation by inflammatory cytokines and bacteligbpolysaccharidelmmunology,
1994.81(1): p. 85-91.

Warhurst, A.C., S.J. Hopkins, and G. Warhumsgrferon gamma induces differential
upregulation of alpha and beta chemokine secranarolonic epithelial cell lines.
Gut, 199842(2): p. 208-13.

Yeruva, S., G. Ramadori, and D. Radddi-kappaB-dependent synergistic regula-
tion of CXCL10 gene expression by IL-1beta and ¢fayma in human intestinal
epithelial cell linesInt J Colorectal Dis, 20023(3): p. 305-17.

Nishimura, M., et alTAK1-mediated serine/threonine phosphorylationpadiermal
growth factor receptor via p38/extracellular sigragulated kinase: NF-{kappa}B-
independent survival pathways in tumor necrosisofaalpha signalingMol Cell
Biol, 2009.29(20): p. 5529-39.

Murthy, S., S.N. Mathur, and F.J. Fieldmor necrosis factor-alpha and interleukin-
1beta inhibit apolipoprotein B secretion in CaCadlls via the epidermal growth fac-
tor receptor signaling pathway. Biol Chem, 200@275(13): p. 9222-9.

McElroy, S.J., et allumor necrosis factor inhibits ligand-stimulated [E@ceptor
activation through a TNF receptor 1-dependent madrm.Am J Physiol Gastro-
intest Liver Physiol, 2008295(2): p. G285-93.

Bird, T.A. and J. Saklatvalk-1 and TNF transmodulate epidermal growth faater
ceptors by a protein kinase C-independent mechadismmunol, 1989142(1): p.
126-33.



104

137. Downward, J., P. Parker, and M.D. Waterfidldtophosphorylation sites on the epi-
dermal growth factor receptoNature, 1984311(5985): p. 483-5.

138. Li, X., et al.JL-1-induced NFkappa B and c-Jun N-terminal kin@HeK) activation
diverge at IL-1 receptor-associated kinase (IRAKpc Natl Acad Sci U S A, 2001.
98(8): p. 4461-5.

139. Huang, J., et aRecruitment of IRAK to the interleukin 1 receptomplex requires
interleukin 1 receptor accessory protelroc Natl Acad Sci U S A, 19994(24): p.
12829-32.

140. Ninomiya-Tsuji, J., et alThe kinase TAK1 can activate the NIK-I kappaB dt age
the MAP kinase cascade in the IL-1 signalling patyvNature, 1999398(6724): p.
252-6.

141. Akira, S. and K. Taked&pll-like receptor signallingNat Rev Immunol, 20044(7):
p. 499-511.

142. Enslen, H., J. Raingeaud, and R.J. D&satgctive activation of p38 mitogen-activated
protein (MAP) kinase isoforms by the MAP kinaseg&&s MKK3 and MKK@] Biol
Chem, 1998273(3): p. 1741-8.

143. Shirakabe, K., et alTAK1 mediates the ceramide signaling to stress+atgd protein
kinase/c-Jun N-terminal kinasé Biol Chem, 1997272(13): p. 8141-4.

144. Ichijo, H.,From receptors to stress-activated MAP kinas&scogene, 1999.8(45):
p. 6087-93.

145. Derijard, B., et alindependent human MAP-kinase signal transductidhvays de-
fined by MEK and MKK isoform&cience, 199367(5198): p. 682-5.

146. Stein, B., et alCloning and characterization of MEK6, a novel mentifehe mito-
gen-activated protein kinase kinase cascadgiol Chem, 1996271(19): p. 11427-
33.

147. Tsuchiya, Y., et alNuclear IKKbeta is an adaptor protein for Ikappaplah ubiquit-
ination and degradation in UV-induced NF-kappaBietion. Mol Cell. 39(4): p.
570-82.

148. Adachi, S., et alp38 MAP kinase controls EGF receptor downregulatraphos-
phorylation at Ser1046/104Tancer Lett, 200277(1): p. 108-13.

149. Adachi, S., et al(;)-Epigallocatechin gallate downregulates EGF et via phos-
phorylation at Ser1046/1047 by p38 MAPK in colonaz cells.Carcinogenesis,
2009.30(9): p. 1544-52.

150. Hatz, H.J.Glucocorticoide-Immunologische Grundlagen, Pharniegi@ und Thera-
pierichtlinien Medizinisch-pharmakologisches Kompendium, edAfmon, Wer-
ning, C. Vol. 12. 1998, Stuttgart: Wissenschafeéidferlagsgesellschaft mbH.

151. Duggan, D.E., et aBjoavailability of oral dexamethason€lin Pharmacol Ther,
1975.18(2): p. 205-9.

152. Loew, D., O. Schuster, and E.H. Gr&dse-dependent pharmacokinetics of dexa-
methasonekEur J Clin Pharmacol, 19880(2): p. 225-30.

153. Tauber, U., et alThe pharmacokinetics of fluocortolone and predmiselafter intra-
venous and oral administratiomt J Clin Pharmacol Ther Toxicol, 198R(1): p.
48-55.



105

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

De Bosscher, K., W. Vanden Berghe, and G. ela@g,The interplay between the
glucocorticoid receptor and nuclear factor-kappaBagtivator protein-1: molecular
mechanisms for gene repressi@mdocr Rev, 20024(4): p. 488-522.

Mukaida, N., et alNovel mechanism of glucocorticoid-mediated geneeasspon.
Nuclear factor-kappa B is target for glucocorticentediated interleukin 8 gene re-
pression.J Biol Chem, 1994269(18): p. 13289-95.

Boumpas, D.TA novel action of glucocorticoids--NF-kappa B intidn. Br J
Rheumatol, 199635(8): p. 709-10.

Yang-Yen, H.F., et alTranscriptional interference between c-Jun andgheocorti-
coid receptor: mutual inhibition of DNA binding dteedirect protein-protein interac-
tion. Cell, 199062(6): p. 1205-15.

Auphan, N., et allmmunosuppression by glucocorticoids: inhibitiorN#i-kappa B
activity through induction of | kappa B syntheSsience, 1993270(5234): p. 286-
90.

McKay, L.I. and J.A. CidlowskMolecular control of immune/inflammatory re-
sponses: interactions between nuclear factor-kap@and steroid receptor-signaling
pathwaysEndocr Rev, 19920(4): p. 435-59.

Rhen, T. and J.A. Cidlowslintiinflammatory action of glucocorticoids--new
mechanisms for old drughkl Engl J Med, 2005353(16): p. 1711-23.

Necela, B.M. and J.A. Cidlowskilechanisms of glucocorticoid receptor action in
noninflammatory and inflammatory celBroc Am Thorac Soc, 200%(3): p. 239-46.

Cippitelli, M., et al.Negative transcriptional regulation of the interd@-gamma
promoter by glucocorticoids and dominant negativegants of c-JunJ Biol Chem,
1995.270(21): p. 12548-56.

Grewe, M., et alRegulation of the mRNA expression for tumor nesragitor-alpha
in rat liver macrophages] Hepatol, 199420(6): p. 811-8.

Collart, M.A., P. Baeuerle, and P. Vass&egulation of tumor necrosis factor alpha
transcription in macrophages: involvement of foapga B-like motifs and of consti-
tutive and inducible forms of NF-kappalBol Cell Biol, 1990.10(4): p. 1498-506.

Bendrups, A., et aReduction of tumor necrosis factor alpha and irgekin-1 beta
levels in human synovial tissue by interleukin-d ghucocorticoid Rheumatol Int,
1993.12(6): p. 217-20.

Jeon, Y.J., et aDexamethasone inhibits IL-1 beta gene expressit®B-stimulated
RAW 264.7 cells by blocking NF-kappa B/Rel and Afetivation.Immunopharma-
cology, 200048(2): p. 173-83.

Park, S.K., et alDexamethasone regulates AP-1 to repress TNF-alpthaced MCP-
1 production in human glomerular endothelial ceNephrol Dial Transplant, 2004.
19(2): p. 312-9.

Yang, K., et allnhibitory effect of rapamycin and dexamethason@raauction of
IL-17 and IFN-gamma in Vogt-Koyanagi-Harada patgiir J Ophthalmol, 2009.
93(2): p. 249-53.

Momcilovic, M., et al.Methylprednisolone inhibits interleukin-17 and irfiezon-
gamma expression by both naive and primed T &N Immunol, 20089: p. 47.



106

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.
185.

186.

Ramirez, F., et alGlucocorticoids promote a TH2 cytokine respons€byi+ T cells
in vitro. J Immunol, 1996156(7): p. 2406-12.

Wu, C.Y., et alGlucocorticoids suppress the production of intekieu4 by human
lymphocytesEur J Immunol, 199121(10): p. 2645-7.

Byron, K.A., G. Varigos, and A. Woottddydrocortisone inhibition of human inter-
leukin-4.Immunology, 199277(4): p. 624-6.

Sewell, W.A., et allnduction of interleukin-4 and interleukin-5 expsas in mast
cells is inhibited by glucocorticoid€lin Diagn Lab Immunol, 199&(1): p. 18-23.

Agarwal, S.K. and G.D. Marshall, IDexamethasone promotes type 2 cytokine pro-
duction primarily through inhibition of type 1 ckioes.J Interferon Cytokine Res,
2001.21(3): p. 147-55.

Arzt, E., et alGlucocorticoids suppress interleukin-1 receptoramanist synthesis
following induction by endotoxifEndocrinology, 1994134(2): p. 672-7.

Sauer, J., et alnhibition of lipopolysaccharide-induced monocyteerleukin-1 re-
ceptor antagonist synthesis by cortisol: involvet@drihe mineralocorticoid receptor.
J Clin Endocrinol Metab, 19981(1): p. 73-9.

Kovalovsky, D., et alMolecular mechanisms and Th1/Th2 pathways in coster-
oid regulation of cytokine productiod.Neuroimmunol, 200@09(1): p. 23-9.

Luster, A.D., J.C. Unkeless, and J.V. RaveBamma-interferon transcriptionally
regulates an early-response gene containing honyaloglatelet proteindNature,
1985.315(6021): p. 672-6.

Wang, X., et alinterferon-inducible protein-10 involves vasculan@th muscle cell
migration, proliferation, and inflammatory responseBiol Chem, 1996271(39): p.
24286-93.

Sauty, A., et alThe T cell-specific CXC chemokines IP-10, Mig, BMéC are ex-
pressed by activated human bronchial epitheliallscdl Immunol, 1999162(6): p.
3549-58.

Cassatella, M.A., et aRegulated production of the interferon-gamma-intdlecpro-
tein-10 (IP-10) chemokine by human neutroptitist J Immunol, 199727(1): p. 111-
5.

Tudhope, S.J., et alhe role of IkappaB kinase 2, but not activatioMNé&fkappaB,
in the release of CXCR3 ligands from IFN-gammagtited human bronchial
epithelial cells.J Immunol, 2007179(9): p. 6237-45.

Hefner, K.Untersuchungen zur Interaktion von Arzneistoffenimmunkompetenten
Zellen in komplexen organotypischen ZellkulturmieeP011, Hochschule Albstadt-
Sigmaringen.

Open Drug Database€011, ywesee GmbH.
Martin, W., et alPharmacokinetics and absolute bioavailability affioofen after

oral administration of ibuprofen lysine in maBiopharm Drug Dispos, 199Q1(3):
p. 265-78.

Dewland, P.M., S. Reader, and P. BéBigavailability of ibuprofen following oral
administration of standard ibuprofen, sodium ibujgroor ibuprofen acid incorporat-
ing poloxamer in healthy volunteeBMC Clin Pharmacol, 2009: p. 19.



107

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Hinz, B., et al Aceclofenac spares cyclooxygenase 1 as a reslithibéd but sus-
tained biotransformation to diclofena€lin Pharmacol Ther, 20034(3): p. 222-35.

Patrono, C., P. Patrignani, and L.A. GarcidriRuez,Cyclooxygenase-selective inhi-
bition of prostanoid formation: transducing biochieal selectivity into clinical read-
outs.J Clin Invest, 2001108(1): p. 7-13.

Hinz, B., et alBioavailability of diclofenac potassium at low desBr J Clin Phar-
macol, 200559(1): p. 80-4.

Willis, J.V., et al.The pharmacokinetics of diclofenac sodium followmgavenous
and oral administrationEur J Clin Pharmacol, 19796(6): p. 405-10.

Kirchheiner, J., et aBharmacokinetics of diclofenac and inhibition o€lopxy-
genases 1 and 2: no relationship to the CYP2C9tgepelymorphism in humanBr
J Clin Pharmacol, 20035(1): p. 51-61.

Kuroda, E., et alBrostaglandin E2 up-regulates macrophage-deriveshobkine
production but suppresses IFN-inducible proteinpt@duction by APCJ Immunol,
2001.166(3): p. 1650-8.

Sacco, S., et aNonsteroidal anti-inflammatory drugs increase tumecrosis factor
production in the periphery but not in the centnarvous system in mice and rais.
Neurochem, 19981(5): p. 2063-70.

Craig, R., et alp38 MAPK and NF-kappa B collaborate to induce ilgekin-6 gene
expression and release. Evidence for a cytoprate@utocrine signaling pathway in
a cardiac myocyte model systeihrBiol Chem, 20075(31): p. 23814-24.

Dwinell, M.B., et al.Regulated production of interferon-inducible T-cglemoat-
tractants by human intestinal epithelial cel@astroenterology, 200120(1): p. 49-
59.

Shi, S., et aliMlyD88 primes macrophages for full-scale activatigninterferon-
gamma yet mediates few responses to Mycobactewioendulosis.J Exp Med, 2003.
198(7): p. 987-97.

Sanceau, J., et dL;6 and IL-6 receptor modulation by IFN-gamma aachor ne-
crosis factor-alpha in human monocytic cell lindd@-1). Priming effect of IFN-
gamma.J Immunol, 1991147(8): p. 2630-7.

Khan, M.M.Regulation of IL-4 and IL-5 secretion by histamamel PGE2 Adv Exp
Med Biol, 1995.383: p. 35-42.

Napolitani, G., et alRrostaglandin E2 enhances Th17 responses via moollaf
IL-17 and IFN-gamma production by memory CD4+ Tiscé&ur J Immunol, 2009.
39(5): p. 1301-12.

Dawicki, W. and J.S. Marshdlew and emerging roles for mast cells in host defen
Curr Opin Immunol, 200719(1): p. 31-8.

Bachawaty, T., S.L. Washington, and S.W. Wastutrophil expression of cyclooxy-
genase 2 in preeclampsiBeprod Scil7(5): p. 465-70.

Guslandi, M.Exacerbation of inflammatory bowel disease by remogdal anti-
inflammatory drugs and cyclooxygenase-2 inhibitéast or fiction?World J Gastro-
enterol, 200612(10): p. 1509-10.



108

203. Venkataramanan, R., et &linical pharmacokinetics of tacrolimu€lin Pharma-
cokinet, 199529(6): p. 404-30.

204. Vicari-Christensen, M., et al.acrolimus: review of pharmacokinetics, pharmacody-
namics, and pharmacogenetics to facilitate pramtiérs’ understanding and offer
strategies for educating patients and promotingeaghce Prog Transplant, 2009.
19(3): p. 277-84.

205. Venkataramanan, R., et &lharmacokinetics of FK 506 in transplant patieffieans-
plant Proc, 199123(6): p. 2736-40.

206. Staatz, C.E. and S.E. Téltinical pharmacokinetics and pharmacodynamicsaof t
rolimus in solid organ transplantatioi©€lin Pharmacokinet, 20043(10): p. 623-53.

207. Rao, A., C. Luo, and P.G. Hogamanscription factors of the NFAT family: regula-
tion and functionAnnu Rev Immunol, 19975: p. 707-47.

208. Trevillyan, J.M., et alRotent inhibition of NFAT activation and T cell aine pro-
duction by novel low molecular weight pyrazole coomals.J Biol Chem, 2001.
276(51): p. 48118-26.

209. Andersson, J., et dEffects of FK506 and cyclosporin A on cytokine picithn stud-
ied in vitro at a single-cell levelmmunology, 199275(1): p. 136-42.

210. Sakuma, S., et alacrolimus suppressed the production of cytokineslved in
atopic dermatitis by direct stimulation of humanN#® system. (Comparison with
steroids).Int Immunopharmacol, 2001(6): p. 1219-26.

211. Sakuma, S., et akK506 potently inhibits T cell activation inducedHR-alpha and
IL-1beta production in vitro by human peripherabbt mononuclear cell8r J
Pharmacol, 200Q30(7): p. 1655-63.

212. Sakuma, S., et aEffects of FK506 and other immunosuppressive drgismatic
agents on T cell activation mediated IL-6 and Igiduction in vitro.Int Immuno-
pharmacol, 20011(4): p. 749-57.

213. Zhang, X.J., et aEffects and mechanisms of tacrolimus on developofentrine
Th17 cellsTransplant Proct2(9): p. 3779-83.

214. Gonzalez-Alvaro, I., et alnhibition of tumour necrosis factor and IL-17 pradion
by leflunomide involves the JAK/STAT pathwayn Rheum Dis, 200%8(10): p.
1644-50.

215. Jiang, H., et alT;acrolimus and cyclosporine differ in their capgdid overcome on-
going allograft rejection as a result of their difential abilities to inhibit interleukin-
10 production.Transplantation, 20023(11): p. 1808-17.

216. Dumont, F.JEK506 enhances IL-13 production by T cells actigdteough
CD3/CD28.Int Arch Allergy Immunol, 1997114(3): p. 300-1.

217. Dumont, F.JEK506, an immunosuppressant targeting calcinewrmcfion.Curr
Med Chem, 20007(7): p. 731-48.

218. Pahl, A., et alRegulation of IL-13 synthesis in human lymphocytaplications for
asthma therapyBr J Pharmacol, 200235(8): p. 1915-26.

219. Kohyama, T., et alpA potent immunosuppressant FK506 inhibits IL-8 egpion in
human eosinophilsviol Cell Biol Res Commun, 1999(1): p. 72-7.



109

220. Sasakawa, Y., et dEK506 suppresses neutrophil chemoattractant pradadty pe-
ripheral blood mononuclear cell&ur J Pharmacol, 200803(3): p. 281-8.

221. Okamoto, S., et allhe interleukin-8 AP-1 and kappa B-like sites agagjic end tar-
gets of FK506-sensitive pathway accompanied bywalmobilization.J Biol Chem,
1994.269(11): p. 8582-9.

222. Duwiejua, M., et alAnti-inflammatory activity of Polygonum bistortay&acum of-
ficinale and Hamamelis virginiana in rat3.Pharm Pharmacol, 199%5(4): p. 286-
90.



110

9. Supplementary Material

Supplementary Table 1: Cross-reactivities in Panel Il.

Cross-reactivities between capture and detection antibodies A, capture antibodies and analytes B,
analytes and detection antibodies C. Displayed are median fluorescence intensities (MFI). If present
analytes were used at 10000 pg/ml. The cut off threshold was set to 40 MFI.

A: all beads, no analyte, separate detection antibodies

capture coated beads
detection IL-4 IL-17A TSLP TARC
| [ 3 2 3 E |
fiL-17a 2 3 5 E |
TSLP 1 5 1 |
TARC 2 5 5 of
B: all beads, separate analytes. all detection antibodies
capture coated beads
analyte IL-4 IL-17A TSLP TARC
| [ 4885 12 8 G |
fi17 5 5201 7 E |
TSLP 3 19 6004 E |
TARC 3 11 19 12982
C: all beads, all analytes, separate detection antibodies
capture coated beads
detection IL-4 IL-17A TSLP TARC
| [ 4347 3 3 E |
jiL-17 2 5107 4 3
TSLP 2 4 8170 A
TARC 2 3 4 11142)

Supplementary Table 2: Cross reactivities in Panel Ill.

Crossreactivities between capture and detection antibodies A, capture antibodies and analytes B,
analytes and detection antibodies C. Displayed are median fluorescence intensities (MFI). If present
analytes were used at 10000 pg/ml. The cut off threshold was set to 40 MFI.

A: all beads, no analyte, separate detection antibodies

capture coated beads
Jdetection IL-13 IL-1ra IL-5 IL-10 IL-12p70
fiL-13 8 4 3 3 2
fiL-1ra 7 3 1.5 2 2
JiL5 7 2 39 2 2
jiL-10 8 3 2 2 2
fiL-12p70 e 13 3 3 40

B: all beads, separate analytes, all detection antibodies

1 capture coated beads
fanalyte IL-13 IL-1ra IL-5 IL-10 IL-12p70
fiL-13 2505 6 27 6 |
JiL-1ra 11 2171 18 5 7
JiL5 10 6 13760 5 7
fiL-10 11 6 12 16169 [
fiL-12p70 10 5 15 6 4313)
C: all beads, all analytes, separate detection antibodies

capture coated beads
detection IL-13 IL-1ra IL-5 IL-10 IL-12p70
fiL-13 2815 4 5 8 2
JiL-1ra 8 2104 5 3 1
JiL-5 8 4 14217 4 3
fiL-10 g 4 5 14667 2
fiL-12p70 g 12 10 8 3677
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A IL-4 B IL-17A
—0—0.2pg/ml —0—0.1pg/ml 0.05pg/ml 2 pg/ml —0—1 pg/ml —O0—0.5pg/ml
10000 10000
1000 1000
z z
S 100 & 100
10 10
1 1
1 10 100 1000 10000 1 10 100 1000 10000
pg/ml pg/ml
c TSLP b TARC
——0.5pg/ml —O0—1 pg/ml ——0.5pg/ml —O—1 pg/ml
1000 1000
z 4
S 100 » 100
10 10
1 1
1 10 100 1000 10000 1 10 100 1000 10000
pg/ml pg/ml

Supplementary Figure 1: Titration of detection antibodies in Panel II.
Shown are signal to noise ratios. Curves of the selected concentrations are depicted in red. A IL-4, B
IL-17A, C TSLP, D TARC.
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A IL-12p70 IL5
—0—0.05pg/ml =0~ 0.1ug/ml 0.5pg/ml —0—0.5pg/ml =0~ 1ug/mi 2ug/ml
1000 10000
1000
100
z £ 100
10
10 ~
1 1
1 10 100 1000 10000 1 10 100 1000 10000
pg/ml pg/ml
C IL-10 D IL-13
0.5pg/ml =0~ 1pg/ml —O—2pg/ml —{+1 pg/ml —O—2 pg/ml 3 ug/ml
100000 10000
10000
1000
- 1000 >
= = 100
A
100 @
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1 1
1 10 100 1000 10000 1 10 100 1000 10000
pg/mi pg/ml
E IL-dra
——5 pg/ml —O—2 pg/ml 1 pg/ml
1000
100
4
B

10

10000

pg/ml

Supplementary Figure 2 : Titration of detection antibodies in Panel IlI.
Shown are signal to noise ratios. Curves of the selected concentrations are depicted in red. A IL-
12p70, B IL-5, C IL-10, D IL-13, E IL-1ra.
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A Panel Il in Low Cross Buffer B Panel Il in Roche buffer + 0.05% Tween
——|L-4 =O—IL-17A —0—TSLP ——TARC ~—IL-4 =O—IL-17A <O0—-TSLP —<—TARC

150 1 150 1
2100 1 2100 4
CD CD
> >
=} =}
(5] (5]
Q Q
4 4
R 50 1 < 501

0 T T T 1 0 T T T T 1
3 10 39 156 625 2500 10000 3 10 39 156 625 2500 10000
pg/ml pg/ml
C Panel Illin LowCross Buffer D Panel Il in Roche buffer + 0.05% Tween
—Oo—IL-1ra =&~ IL-5 =O—IL-10 IL-12p70 —O—IL-13 —O—IL-lra =4&—IL-5 =0~ IL-10 IL-12p70 —=O—IL-13

150 1 150 9
2100 1 2100 1
3 [
3 3
(%] o
& ¢
X 501 X 501

0 T T T T T T 1 0 T T T T T T d
3 10 39 156 625 2500 1000 3 10 39 156 625 2500 1000
pg/mi pg/ml

Supplementary Figure 3: Optimization of Spike-in recovery for Panel l1+I11.

Recombinant proteins were spiked into human heparin plasma in the indicated concentrations. In par-
allel standard curves were determined in LowCross buffer (A, C) and Roche buffer + 0,05% Tween (B,
D). The measured MFI signals in human plasma were converted into concentration values using a 5-
parametric fitting of the detected standard curve and percental recovery was determined on the basis
of the initially added concentrations. Shown are the results obtained with Low Cross buffer and Roche
buffer + 0,05%Tween used as standard dilution matrix.

2500+

2000 I
- . i
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> 1500
(=}
= I |
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©
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EGFR IGFR HGFR PDGFR ErbB2 VEGFR Tie2

Supplementary Figure 4: Distribution of concentrations for total RTK proteins in Caco-2 lysates.
Caco-2 cells were treated with IL-18 or EGF (10 ng/ml) for different time periods. Cell lysates were
analyzed for total protein expression (Merck/EMD WideScreen™ total RTK 7-plex Kit). Measurements
were performed in technical triplicates. Each diagramm shows the distribution of mean protein con-
centrations (pg/ml) derived from the 3 technical replicates across 15 independent cell culture experi-
ments. Boxes indicate the median and the 25" and 75" percentile. Whiskers represent the 5th and
95th percentiles. Additionally the mean (square) and the 1st and 99th percentiles (crosses) are
shown. Concentration ranges: EGFR (974-1579 pg/ml), HGFR (1356-2106 pg/ml), ErbB2 (1330-1867
pa/ml), IGFR (98-158 pg/ml) were observed. PDGFR,VEGFR and Tie-2 could not be detected.
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Supplementary Table 3: InhibitorSelect™ protein kinase Inhibitors

Inhibition Constants (IC s, K;, or Kg)

Inhibitor

ICs, values are in vitro, cell-free, unless otherwise stated

Human
Kinome Branch

1JAdenosine Kinase Inhibitor I1Cs, = 50.7 nM for AKT Other
2]JAkt Inhibitor XII, Isozyme-Selective, Akti-2 1C5, = 805 nM for Akt2. ICs, >10 puM for Aktl/3. AGC
3JArcyriaflavin A, Synthetic 1C5, = 59 nM for CDK4/D1. CMGC
4]1-Azakenpaullone 1C5 = 18 nM for GSK-3Beta. CMGC
5]Bisindolylmaleimide I1l, Hydrochloride 1Csy = 26 nM for protein kinase C. AGC
6]Bisindolylmaleimide V 1C5, > 100 uM for protein kinase C AGC
7|CRS8, (R)-Isomer 1C5 = 0.09 uM for CDK CMGC
8JCRS, (S)-Isomer ICsy = 0.15 uM for CDK CMGC
9JcaMKIl Inhibitor, CK59 1Co <10 UM for CaMKII. CAMK
10]JCdk1 Inhibitor IV, RO-3306 K; = 35 nM for Cdk1/B1. K; =110 nM for Cdk1/A. CMGC
11]Cdc7/Cdk9 Inhibitor 1Co = 10 nM for Cdc7. ICs, = 34 nM for Cdk9. CMGC
12]Casein Kinase Il Inhibitor | 1Cso = 900 nM for CK2 in rat liver. CMGC
13]Keratinocyte Differentiation Inducer 1Cso = 9 NM for casein kinase 1. CMGC
14]Casein Kinase Il Inhibitor IV 1Cs, = 390 nM for casein kinase II. CMGC
15]Cdk2 Inhibitor II 1C5, = 60 nM for Cdk2. CMGC
16]Cdk2/5 Inhibitor K;= 2 uM for Cdk5/p25. CMGC
17]Cdk Inhibitor, p35 1Cs, = 100 nM for Cdk CMGC
18JChk2 Inhibitor 1C5, = 8 nM for Chk2. CAMK
19]Compound 401 1C5, = 280 nM for DNA-PK. ICs, = 5.3 uM for mTOR. Atypical
20]Cdk2/9 Inhibitor K; =2 nM for Cdk2/E. K; = 4 nM for Cdk9/T1. CMGC
21]Cdk9 Inhibitor Il ICso = 350 nM for Cdk9. CMGC
22}4-Cyano-3-methylisoquinoline 1Csy = 30 nM for protein kinase A. AGC
23|eEF-2 Kinase Inhibitor, NH125 1Cso = 60 NM for eEF-2 kinase/CaMKIII. Atypical
24]GSK-3 Inhibitor I1X, Control, MeBIO 1Csy > 92 uM for Cdk1/B. CMGC
25]Go6 7874, Hydrochloride 1Cso = 4 nM for rat brain PKC. AGC
26]H-8, Dihydrochloride Ki = 1.2 uM for PKA. K;= 15 uM for PKC AGC
27]HA 1004, Dihydrochloride Ki= 2.3 uM for PKA. K; = 150 uM for PKC AGC
28]IKK-2 Inhibitor V 1Cs = 250 NM for IKK-2 Other
29]IKK-2 Inhibitor VI 1Cso= 13 nM for IKK-2. Other
30]IKK Inhibitor VII 1Cs0 = 40 nM for IKK-2. ICs = 70 nM for IKK complex. Other
31]IKK-2 Inhibitor VIII ICs0 = 8.5 M for IKK-2. 1Cs = 250 nM for IKK-1. Other
32]IKK-3 Inhibitor IX 1Cso = 40 nM for IKK-3. Other
33]IKK Inhibitor X 1Csy = 88 nM for IKK. Other
34]IKK-2 Inhibitor XI ICs = 25 nM for IKK-2. Other
35]Indirubin-3"-monoxime, 5-lodo- 1Cs0 = 9 NM for GSK-3b. CMGC
36]1P3K Inhibitor ICso = 10.2 UM for IP3-K. Other
37]5-lodotubercidin K;= 30 nM for Adenosine Kinase A. K; = 530 nM for ERK2. Other
38|KT5720 K; = 56 nM for protein kinase A. AGC
39]KN-92 Negative control for CaM Kinase II. NA
40JLY 294002, 4'-NH. 1Cs, = 183 nM for p110a. ICso = 98 nM for p110p. Other
41]MEK1/2 Inhibitor 11 1C50 = 8 NM for MEK1/2. STE
42]MK-2 Inhibitor I ICsp =8.5nM for MK-2. ICq; = 81 nM for MK-5. STE
43]ML-7, Hydrochloride Ki =300 nM for myosin light chain kinase. CAMK
44]Necrostatin-1 1C5 = 494 M TKL
45]0Olomoucine I 1Csy = 20 nM for Cdk1/B. CMGC
46]p21-Activated Kinase Inhibitor IIl, IPA-3 1Csy = 2.5 uM for PAK 1. STE
47]p38 MAP Kinase Inhibitor IV 1Cs0 = 130 nM for p38a MAPK. STE
48]p38 MAP Kinase Inhibitor VI, JX401 ICs, = 32 NM for MAPK p38a. STE
49)p38 MAP Kinase Inhibitor VII, SD-169 1Cso = 3.2 nM for p38a MAP kinase. STE
50]p38 MAP Kinase Inhibitor VIII 1Cso = 40 nM for p38a. STE
51]PIKfyve Inhibitor 1C50 = 33 nM for mammalian type Il PtdinsP kinase. Other
52JPIM1 Kinase Inhibitor Il 1Cso = 50 nM for PIM1 kinase. CAMK
53]PIM1 Kinase Inhibitor IV K;=0.091 uM for PIM1 Kinase. CAMK
54]PIM1/2 Kinase Inhibitor 1Cs0 = 24 nM for PIM1. IC = 100 nM for PIM2. CAMK
55]PIM1/2 Kinase Inhibitor VI 1Cs0 = 150 nM for PIM1. ICso= 20 nM for PIM2. CAMK
56]P1 3-Ka Inhibitor IV 1Ce, =2 nM for p110a. ICc, = 16 nM for p110B, Other
57]P1 3-Ky/CKIl Inhibitor |Cs = 20 NM for PI3-Kg. 1Cs, = 20 nM for CKII. Other, CMGC
58]PI 3-KB Inhibitor VI, TGX-221 ICgg = 0.005 uM for PI3-Kb. ICs = 0.1 uM for PI3-Kd. Other
59]PI 3-Ky Inhibitor VII ICgg = 0.24 uM for PI3-Ka. ICsg = 1.45 uM for PI3-Kb. Other
60}P! 3-Ka Inhibitor VIII 1Cs, = 0.3 nM for p110a. ICs, = 40 nM for p110y. Other
61]Polo-like Kinase Inhibitor | 1Cso = 126 nM for polo-like kinase 1 (PIk1). Other
62} Polo-like Kinase Inhibitor Il, BTO-1 1Cs, = 8 uM for polo-like kinase 1 (PIk1). Other
63JUCN-01 1C=, = 29 nM for PKCa. IC:, = 34 nM for PKCB. AGC, CAMK, CMGC, TK
64]Quercetagetin 1C50 = 340 nM for PIM1 Kinase. ICc, = 3.45 uM for PIM2 CAMK
65]Ras/Rac Transformation Blocker, SCH 51344 N/A Other
66]Reversine 1Cs, = 8 M for MEK1. STE, Other
67]Rho Kinase Inhibitor K;= 1.6 nM for G-protein Rho-associated kinase. AGC
68]Rho Kinase Inhibitor 11 1C50 = 0.2 uM for Rho-associated protein kinase. AGC
69]Rho Kinase Inhibitor V 1Csy = 1.5 nM for ROCK-II. AGC
70jRoscovitine 1Cs, = 650 nM for p34cdkl/cyclin B. CMGC
71jRoscovitine, (S)-Isomer 1Cs, = 800 nM for p34cdk1/Cyclin B kinase. CMGC
72]R0-31-8220 1C5 = 10 nM for protein kinase C. AGC, CMGC
73]RSK Inhibitor, SL0101 1Cs, = 89 nM for RSK AGC
74]SB 203580, Sulfone 1Cs, = 30 nM for p38 MAP kinase. CMGC
75]SB 239063 ICso = 44 nM for MAP kinase p38a. ICq = 44 nM for p38b. CMGC
76]Scytonemin, Lyngbya sp. ICqo = 3.4M for PKCb1. ICqp = 2.7uM for PKCb2.1 AGC, CAMK, CMGC
77]Stem-Cell Factor/c-Kit Inhibitor, ISCK03 1Cs, < 2.5 uM for blocking c-kit activity TK
78]Ste1l MAPKKK Activation Inhibitor 1Cs, = 250 nM for inhibiting Src TK
79]Tpl2 Kinase Inhibitor |1 1Cs, = 160 nM for Tpl2. STE
80JTX-1918 1Cs, = 440 nM for eF2-K. Atypical
81JWHI-P180, Hydrochloride 1C5o = 1 uM for Cdk2. CMGC
82]Weel/Chkl Inhibitor 1Cs, = 97 nM for Weel. ICso = 47 nM for Chk1. Other, CAMK
83]Weel Inhibitor 1Cs, = 11 nM for Weel. ICs, = 440 nM for Chk1. Other,
84fWeel Inhibitor I 1C5, = 59 nM for Weel. Other
85]KN-62 Ki_=900nM for rat brain CAMK I CAMK
86]KN-93 Ki = 370nM for CAMKI| CAMK




115

PI9LE | 9CSEr | CL88 clc 8888C | ¥06. BLIL Sv> L'e> 9ge> 9l L> 9'lg> | £9¥> ¥0l 33 99 vi> 9> Lil> 9zl

Z96EE | BEBEL | SPPES oLe 0EPSE L65¥ 9004 Sv= Le> gée> 9l L> 9'Le= | €9F> €l el SE Vi 9= L= 621

160LI | D00EC 6862 6L 0LSLL L8S1 LLLL S¥> L'e> 9ce> 9l L= 9'1g> | €9¥> 9L 19 344 Vi 9> LLl= 144]

LEL8L | 94462 | BLIGL 0es 68€SL | 00991 | GPESL S'p> L'e> 9zz> 0e L> 9'lg> | €9b> 9€ or 941 Vi 9> Ll 447

8EBSE | ChB0E 8459 08l 85851 £9le €505 Sb> Le> 9¢e> =14 L> 9'le> | €9F> 6l ¥8 43 ¥l 9= LLl> sel

896G | 8816 0645 344 19862 | €6¥6 6EBE Sv> L'e> 9ge> 9l L> 9'lg> | £9¥> [44 LT 89 vi> 9> Lil> ozt pajeasjun
08691 | ersee LS50S coe ¥Se8e | GEES Levl SP> Le> 9¢e> gl L> 9'lg> | £9b> €l 14 <1 Vi 9> LLl> vel

LLLEL | G659 £66¢ LS 18e¥e | 2L0L 1892 SPv> L'e> 9¢e> 99 L> 9'lg> | €9¥> 8¢ 33 L'EC> vi> 9> LLl> £zl

LEOLL | LBSSGZ LLEY 88l 228SC | S¥El G96 Sb> L'g> 9ZZ> gl 1> 9'lg> | E9F> €l € L'ET> vi= 9= Ll 6L

Zlert | 80482 8GEY 651 ¥S68€ | 68¢C 6SER Sb> L'e= 9> gl L> 9'lg> | €9F> Sl 8 14 ¥i= 9> LLl> 8zl

£OPPC | BEBLE {144 [4°] 965¥C | LG6E L4G1) G'b> |'¢> 9¢Z> 91 L> 9'lZ> | E9F> €l 9 24} L> 9> LLL> 811

00.L¥C | £908E | 6¥91C (472 06561 | cE68L | 9lesl Sv> L'e> 9Ze> 6l L> 9'le= | €9¥> | CLibl 6 8861 Vi 9€l LLl> £l

¥906% | ¢S.6F | EECLL SoF £996 1 £ESY £565 Sv= Le> 9éc> Se L> 9'le= Lol 9LL1e S 689 [43 L6€ L= SEL

0¥69 Gces €061 089 8.EL Sell 8601 G¥> L= oce> 9l L> 9'1z> L0} VE6e 8¢ 9¥0T Vi [44 Lil> el o:1hlod
S0v9l | BEBEL €681 (V4 2806 6162 LBES SP> L'e> 9z> 9l L> 9'le> Z5 grie 6 Lvel vi> 82 Ll 8zl

£LL6C | CL6CL F0LE ¥.5 9698 £¥96 [44 71 Sh> |'¢> 97> 91 L> 9'lg> o5 2B6E 22 8501 L= £G LLL> 0zl

L2LEL | 9¥0EC | Cl9lE ¥LE L9991 S18S 9¥69 26 £E LEQOE 9Ll ceee o9 000S1 6¥¢ | 00000 | 86.0E | Z2¥9l 89r¥.9 | EBOZ A

6GLEL | 9C€LOL | 0ZISI 69¢ 6¥vLl LLES Lovi 86 19 8r6E o€l G20l s CELEL 9€¢ | 00000% | 1098 LL0L | PECPY | 8SPL vel

8CLLL | §289L | ¥rF9EC S99 FA T4 Zi6e 9621 L1 ¥sS 000S1 L06 i 4" SS1 SLLCL ¥9¢ | 00000% | OLO6L Liie Lolog 189 8Ll 8zaoe/caoe/uesowiz

SPESL | Lecel | ¥.l99l gle €06¥l | 96tV €L6 891 SiZ 99911 | S80I 6.2 SL 00051 GEE | 0LE¥ECL | OL¥PCL | 8L6L | GGSEL VoLl 611
P9G8Z | £20GL | EP2OE /9 /060¢ | 6289 =744 £vl B6€ £9ZL1 | 2291 Z86% L6 28921 LGl | 00000% | #OLBL | BEBE | GZ/l2¥ | 60K 8Z1

ZEPPE | LOLOE | PEZE 9le SSLLL | 0662 BSEL 28 £ vip> L2 L> 9'Lg= | 89501 ve 8ELSP | L8FE Vi LBEEL [A% 4" 8Ll

9668¢ | BELIE | BEFLL 62e L66LE | €6¥9 [4=13% 142 Le> vir> S€ L> 9'le= | 9FEFRl 9l 81096 | B888¢ Se SOELL £88E 611 uesowiz
£8Frl | 8296 cra9 LL) 99€G1 | Zles Leve 29¢ |'¢> Lip> 92 L> 9'lc> 0586 54 ¥82GE 664 P'Ll> 7669 2685 £rl

€8¥¥l | 82961 cre9 LLL 99€S1 | Lbes Leve ¢le 62 ¥.9 LS€ (1014 Sk Sl6¢€ 861l el 80€EL 96 VL 14 prd )

Z2ZrSL | CELVE | 8968 062 290El | ¥969 €581 6y or vl LLL VEEL L 9€6 L L9cL €Eg 6.6 801 9L 92 8Ll 82Qaoe/£qoe
9€881 | 61GEC | 09€9 26l cC90E | 1611 8L €15 34 1.8 Sl St 911 000Gl | G8LE G294 8811 £52 19 L€ Vel

655L1 | Lesie | L9scl oge lelee | B86SS €55y L119 9 8601 9e 9l £E £¢6F | SZ8El 9EEE Skee Olve | B892l veel 9zl

69692 | 8E0PF | 6PSLE £0e €9ZEE | Ze8v 98%9 6E8 L =17 f44 rl 9z 8112 ZLie L60¥ ELSL 88y GEE0Z | 6EZFI 621

B66ECE | BLL9Z | SS.L 9€L 96¥8L | G611 E6BL ¥or L'g= ¥ily> 6l 551 9'le= 088¥ ceve 1288 £8SS 5581 reell 18 rel

8FLE6L | LOVFE | €89CE 8¥a L1e8l | GilkL | BBIEL 8LL €8 vir> 29 Pl €5 L6LE 18+ ¥ree E8LE 0L5€ L96LC | CPSL vl

B.LP0E | €9SLF | 88.FI 1€2 ¥98EL | Oece 958y £ee £ vir> ] 14" 9'1e> or8e 9reS 9629 680€ £¥9 erooe | Béce sel

€059 | SS¥0C | LOOSI gse 8.G8¢ | LEBOL | 6Blev 259l 66 G091 €9 £9L ¥8 000G | 6L25 | 0Ggcl G61LS Lees | Leerl L9L1 0zl 82Q08./g3S/8d1
880Z¢ | 8829C | 0206l 6¥E €580€ | G0E9 4881 GSLL Ll rrs 59 L9¥ 05 LE9EL | 296C | vLEOF | 0E9CL | 6961 rract GLEL vel

0G.91 | vLviC | S6ELL 8lc GE09C | SELI 440 0SS 9 rir=> 801 §91 o€ 06e6 €699.L | OEIEL 68¢eg 9lEZ | 2S0FE | PRII o4 )

08€9l | 68L9C | €626 SET 9r0EC | €8¢l G96 1699 9 vir> 9l SiL 8C LGLEL LLOY €LE6 GL0€ viey | 858592 | 062E€ 611

290vk | L2L9E | 0Z6% 602 682y | 1992 626¥ ogeL €L L¥92 Ze L¥#0L 0L 8ELL 0E8L | 08ZLL 0zes 088 8L022 199 8zl

FINVOL LFINVOA TId-dNL  R-dNL ) el | -dOW di-1  aisouoq jueuneas |

[1wyBd] uoenuasuod

"an|q ul paxJsew pue gin ayi o anfea ayl paubis

-Se aJle uoioalap Jo uwi| Jaddn ay) Buipasaxa sanjeA "pal ul pakeldsip pue OO a8yl Jo anfea ayl Aq pade|dal ale uonedinuenb Jo Wi JOMO| 8yl Mojaq SanjeA
‘lw/Bd ul suoneuaIu0I dlARUR palnsseaw ay) ate pajoldaq ‘sAesseounwwl paxadiinw Buisn pazAeue sem ewse|d ayl pue pajood sem s|jam ayealdnp Jo
pooj|g 3j0ym 8yl ‘Y 6T 10} PaTeAlnd Jayuni Sem poojq ajoym ay) pue Y G Jaye paAowal a1am S||9d g-09e) "Jakejouow g-0de)d parenualayip yum dn 1as ainyno
-09 e Ul O:| Ajod 10 82aD-hue/ead-hue ‘gzad-iue/cad-hiue/uesowAz ‘8zad-Nue/g3aS/SdT ‘UesowAZ yim pareal) Sem SIouop JUdISIp Jo poojq 3|0y
‘UoleAlloR auNWWI Jaye Blep uoieuas’uod 7 9|gel Areluaws|ddns



116

el

YL

Lal

BANL
[luyBd] uopesuesuod

ejdweg
Bujwig

12 0¥l= zE=> gLz s oL 144 L= 1043U02 |22
areg’l coLoL 2651 91z LIvT 8'99¥5 €'CE0E ¥'2851 ZL 6L weewadns ¥zl
= g OFl= g9ge> gle> L6 g€ L Fi= L= |0AU0D |32 2Inna poo|q ajoym
LTLLL 9EE'¥ v9ZEY 26Le L00°61 1’8882 B'1ELS 90952 60869 cessl 861l weewadns gzl ploe anaelens
[ ofl= 9ze= 13 gL 9L 19 LEZE A 010D |32
4 Ci94 coe vEl [ LPLG €80z 8069 LIBE 8501 wejewadns A
G s o> g9ze> g9k L= glLe> £'9p> L5 ve 65 Lk |G13U03 |83 aimnaag
68¥ 9 8r6e 60E 0z GS¥ fids] G9e0k 6LILE 9099 B6EC 628l ejewadns 9zl pioe aljaselens)
G 12> O0¥l> OFl= | 922> 922> 1> 9z 9z 54 ¥0T g ] LET> LT | Vi 0% 0% | LLl> Lll= QU0 |32
918 I3 6514 0Z¥9 €05 G55 €62 €e 25 LE¥Z 9BSE | /BSSC BLEWT | D0SS BBES | LIEL  EV¥OL | 6LS6E €688C | SZ¥E  BLVE uejewadns el
St | L 0¥l OFl> | 92 gzZ= !> | gLes gles L 952 5 L LET>  LET | ¥l vis ULk Ll |oauog |32
899 8s 6¥05 BEL9 | ¥EIZ 6OLE LE6 LogL £kl 58 ¢i8lL OLG6L | DDO6 LESEL | MPIZT  O6FE Sie £€9F | SLIVE LLIBT | BEV 662 weewadns gzt
G 12> O0¥l> OFl= | 922> 922> 1> 1> 9z 9z gl 9ae L L L'ee> 84 L= L= 0% 0% | LLl> Lll= QU0 |32
198 B €505 0599 | 09.L ZIBL piras] 809 S0l 18 ¥E6E  vOL¥ | ¥2L. B9ZL | LLET €68l | BGEE  L00E | ZIBSE ¥.ZLE | LZSE  TBGE wejewadns 0zl snwijoioe ]
S¥= | LZ>  VT> | OFl>  OFl> gzz> > gLz iz ge 8zt 0¥ 09 91 904 vl Lib= Ll |G13U03 |83
¥o8 €8 6 gels  89Es Fi-7A 608 or or S9SL 8449 | BI0EL €LG0T | BLE6E  ¥EGP | £9OY L06L  ¥68I Juejewadns £rL
G 2> V2= | Orl>  OFl> 1> 1> gig> 92> 6l z9l e 1 [45 LEe> | vi> L= Ll |Q1U0a |30
08g 4 14 GEYO GIBO Fl £€C 8 cl GIEG [E6G | G¥EL E€EGL | ¥BICT 906T (84 c9ge  0gET uejewadns Gel
S¥= | LZ>  VT> | OFl>  OFl> > gLz iz ] 161 6 8 L'ET> i€ ¥i= Lib>= Lll=> |G13U03 |83
YE6t 99 €L €0lE  T¥Be ver 665 i8 001 60LF  ZLSE | PSELL 294 | 8¥EY  €OLE | €€ 028 869 Juejewadns 8zt suoseyjaliexag
Stv= | LE WIN  WIN | S22 9ggs 13 1> |gie= gle= €9k | 8e=  §§2 9 vl | lg2=  0€ FES Lis Ll |0 |32
62€ L WiN gzz= | v Vi d 8¢ 2iSv | OL9E  OLLY | LvPE  08LF | 268 606 | £VET 19 199 wejewadns 8Ll
St | L 0Fl= . gzZ= | 29L> gle= gles €9 | 22 0e iz 9l 85 0 Ll L2 |oauog |32
LSt 0ok 9585 BOSF | SLiL 9851 65 08 S84 St ¥6 98 AZL BLSTE | 196T  OZBE | 90E6  LIBFL | T9.F  S0LG | S¥SE 5991 89T weewadns 0z
Sv> S o= o= | Orl=  OFl> | 922 9zg> | 29L> [ IV ES gLe= gies €9t 6 LL 4 4 Se Se vil> PV 104302 (|82
S50L  ¥i8 Zl L €Z6F L¥99 | ¥29  6SS 09 €65 ge or 868% | 880 ¢EZLZ | BSOL¥ €B00¥ |B99ZL +¥S8 | SB6 00LL  ZL0L wejewadns vEL Buoosiupald
= WM WM 99 g1z gl 8z 6 L 0z gz 9€ vl L= L= |G3U03 |83
L L WiN WiN ekl LE SZ 0069 22e9 |el80l LZg0) | 989%  1BSG | G891 9.9 294 juejewadns €2l
g ¢ | OFl=  OFl= eol> gle> 9l ol oLe € Sk LEe> L8 Fi= Lib> Ll |Q4U0a 33
S A GlEZL  9ElL 29l> ¥e ¥e L0ZE BOBE | 2E8. O0VB | BLBE  ¥EBE | BEIE FAN TANNAA 4 uejewadns Gl
V2> LT | OFk> Ol Z9k> g1z> g S gLe 8 Sk L'ET> St ¥i= Lib>= Lll=> |04jU03 |83
25 8r | Gl91  i¥Ol 62 €9 €0l 8661 GLlZ | ¥66Z) 6EVGL [ ZEWS 1229 | 166 €18 28 uejewadns . ugyoudng|
Sv> S o= orl>  OFl= Z29L> 0ee £l e FNES 104302 (|82
L0LL 19 9g0Z  Z8ee 151 9091 | sBoLL 190¢ ¥8E wejewadns 8elL
Gt [ Orl=  OFl: 29k> g9 £l 19 / = |0Auod |32
8i6 ol S8LL  GBEL ¥ 000Gk= 99¥9 | LS04 L08¢€ B0LE  €BLE wejewadns 6LL
St o= o= | OFl= Ol Z29L> €9t 06 9 491 PV 104302 (|82
T gl jrd 961 See 8r B 69 |000SL< 000SL< €80€ | 5258 9r6e | 2902 LivL  06¥L wejewadns 8Ll JeusyoRId

"an|g ul UMoYS pue gN a3yl Jo anjea ay) paubisse ate 1N ayl Buipaadxa sanjeA ‘pal ul pake|dsip pue OO 8yl J0 anjeA ayl Aq padejdal ate OO ayl Moj
-9q saneA ‘|w/6d ul suonesuaduod ale paldidaqg ‘umoys alte (S|01U0I ||39) S|0U0I palenwisun Ajjeuonippy ‘sAesse paxajdininw Buisn pazAeue sem ewse|d
ay) pue pajood sem sjjam aredlidnp Jo poojg 3joym ayl Y GT 10} pareAnnd Jayuny Sem poojq s|oym ayl pue Y G Jaye paAowal ai1am S||99 g-0oe) ‘sjuereusadns
Bnip yum pareanald usag aney eyl Jakejouow g-09ed palenualayip Yium paleAlljnd-09 Sem SIoUop JUaJayip JO Poo|g 3joym pare|nwns gzdaD-hue/g3s/sSd

"S|011U0D JUelRUISdNS Ul BIEP SUONBNUSJU0D G 9|qel Areluswsaiddng




117

10. List of Publications

Schmohl, M., et al., Protein-protein-interactions in a multiplexed, miniaturized format,
a functional analysis of Rho GTPase activation and inhibition. Proteomics, 2010.
10(8): p. 1716-20.

Schmohl, M., Rimmele, S., et al., Functional Analysis of Rho GTPase Activation and
Inhibition in a Bead-Based Miniaturized Format. Meth Mol Biol, 2011. Submitted.



118

11. Akademische Lehrer

Prof. Dr. Bisswanger
Prof. Dr. Stehle

Dr. Bayer

Prof. Dr. Bohley
Prof. Dr. Gauglitz
Prof. Dr. Hambrecht
PD Dr. Just

Dr. Kalbacher

Prof. Dr. Klein

Prof. Dr. Kohlbacher
PD Dr. Maier

Prof. Dr. NUrnberger

Prof. Dr. Oberhammer

Prof. Dr. Probst

Dr. Sarrazin

Prof.

Prof.

Prof.

Prof.

Prof.

Prof.

Prof.

Prof.

Prof.

Prof.

Prof.

Dr

Dr.

Dr.

Dr.

Dr.

Dr.

Dr.

Dr.

Dr.

Dr.

Dr.

. Schott
Stevanovi¢
Dodt
Schwarz
Pawelek
Vallera
Maier
Nagel
Wesemann
Ziegler

Feil

Prof. Dr. Rammensee

Prof. Dr. Nordheim



119

12. Curriculum Vitae

Personal Details

Name

Date of birth
Place of birth
Nationality

Education/Qualification

Aug. 2010-Sept. 2010

since Sept. 2008

Nov. 2007- July 2008

Aug. 2006-Oct. 2006

Oct. 2003 — July 2008

Oct. 2000 - Sept. 2003

Sept. 1990-June 1999

Michael Schmohl
10/10/1979
Nurtingen
German

Visiting fellow at the KTH Royal Institute of Technology,
Stockholm, in the group of Dr. Jochen Schwenk, Dept.
of Proteomics, EMBO Travel Grant Awardee

Dissertation at the NMI-University of Tubingen, Dept. of

Biochemistry. Thesis: Quantification of Immunemediators
in an in vitro model of the human gut. Supervisors: Dr. T.
Joos, Dr. N. Schneiderhan-Marra, Prof. Dr. S. Stevanovic

Diplomathesis at the NMI-University of Tubingen, Dept.
of Biochemistry. Thesis: Effects of Prenylderivatives on
Rho-GTPase activity (grade: 1.0). Supervisors: Dr. T.
Joos, Dr. N. Schneiderhan-Marra

Visiting Fellow at the University of Minnesota Cancer
Center, in the group of Prof. D. Vallera Ph.D. Division of
Radiation Oncology

Study of Biochemistry at the University of Tubingen, Dipl.
Biochemiker

Study of Industrial Management at the Berufsakademie
Stuttgart. Diplom Betriebswirt (BA); Bachelor of Arts
Open University of London, Thesis: Betriebliche Fehl-
zeiten

Max Planck Gymnasium Nurtingen (Allgemeine Hoch-
schulreife).



