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It is a central concern in modern immunology to recognise how the immune system succeeds 
to simultaneously defeat potentially harmful invaders and to spare host tissue. Both the 
knowledge about triggering appropriate reactions in case of imminent threat for the host and 
the insight into the highly complex regulatory mechanisms operating to sustain the integrity of 
an individual are essential to foster the development of effective strategies for interference in 
case of disturbed or unwanted immune reactivity as operative in allergy, autoimmunity, 
malignancy or transplantation. A longstanding interest of my research group concentrates on 
the issue of naturally occurring ways of immunomodulation as particularly operating in local 
immunity and on clinical conditions in consequence of inappropriate immune reactivity as 
observed after transplantation or in autoimmune diseases. Identification of immunological 
deregulation as early as possible and the understanding of the ongoing processes are pivotal 
for early diagnosis and the development as well as the implementation of purposeful 
interference strategies. 
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Mediators of Local Immunity. In the past few years, several proteins have been described 
to display antimicrobial as well as immunomodulatory actions. These proteins on the one 
side mechanically attack pathogens by opsonisation or lysis and on the other side transfer 
signals to cellular components of the immune system. These steps, in combination, lead to 
an effective defence against microbes and, finally, to microbial clearance. In the past few 
years, the focus of research fell on the Tamm Horsfall Glycoprotein (THP), a protein that is 
constitutively expressed in the urine. THP has been described to possess such a dual 
efficiency in antimicrobial defence since it is able to bind to Type I fimbriated E.coli and 
thereby prevents their binding to urothelial cells. Furthermore, it activates dendritic cells by 
stimulation of the Toll Like Receptor (TLR) 4 and thereby efficiently links the innate immune 
system to the adaptive immune response. THP is a high affinity ligand of Scavenger 
Receptor expressed on endothelial cells-I (SREC-I), and ligation mediates efficient uptake of 
bound THP. However, little is known about the characteristics of THP binding to SRs. Since 
THP is a highly glycosylated protein, the question arises whether binding occurs via the 
protein backbone, or the sugar moiety of THP. 

 
 Structure of THP (adapted by M. Hölzl from Serafini-Cessi et al 2003) 
 
Using deglycosylated (deg)THP-bio and staining with SA-PE allowed to evaluate the binding 
characteristics. While SR-AI and SREC-I still bound degTHP-bio with intensities comparable 
to THP-bio, no binding was observed for SR-BI. This indicates that binding to SR-BI relies on 
the sugar residues, while binding to SR-AI and SREC-I occurs via the protein backbone. The 
observations do not allow the exclusion that alterations of the tertiary and quaternary protein 
structure by TFMSA treatment cause the binding deficiency. However, SR-AI and SREC-I 
retained their binding capacity despite such acid treatment. Since SR-BI obviously binds THP 
via its sugar backbone, we were interested which sugar moiety of THP was responsible for 
THP binding. Given that binding of the receptor occurs via its terminal carbohydrate, 
incubating with an excess of respective monosaccharide should inhibit the ligation. Pre-
incubation with mannose and galactose had no effect on the SR-BI – THP interaction. 
However, incubation with increasing concentrations of fucose significantly inhibited the 
binding of THP to SR-BI. This indicated that binding might be, at least in part, mediated by 
fucose residues. Importantly, these results endorse the observations that binding between 
SR-BI and THP occurs via sugar residues; and that loss of binding after TFMSA treatment 
depends on deglycosylation and not on protein denaturation. 
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GP2, or zymogen granule protein 2, is the most abundant glycoprotein in the zymogen 
granules of the pancreatic acinar cells. GP2 – also called ZAP75 (zymogen granule 
membrane associated protein) displays several similarities to THP. It shows 52% identity and 
67% conservation in amino acid sequence. Like THP, GP2 has a zona pelucida domain and 
is linked to the apical sites of pancreatic acinar cells via a GPI anchor. In mice, the GP2 gene 
is located adjacent to the THP gene locus. They are separated by only 3.5 kb on the 7F1 
locus, making it probable that THP and GP2 developed from gene duplication. The function 
of GP2 still remains unclear. It was proposed that GP2 is necessary for zymogen granule 
protein secretion. However, studies with GP2 knockout mice did not show any impact of this 
protein in secretion processes. 

 
 Structure of GP2 (adapted by M. Hölzl from Kobayashi et al 2004)  
 
GP2, like THP, has the ability to attach to the FimH adhesin of E. coli or Salmonella 
typhimurium. Binding is dependent on GP2 glycosylation, more in particular on the presence 
of mannose residues. Hase et al. (Nature 2009) demonstrated recently that GP2 is, in 
addition to its expression in pancreas, present on the apical surface of M cells. It was shown 
that membrane linked GP2 was capable of binding pathogenic E. coli and mediated the 
transcytosis through M cells. This process was a prerequisite to establish an antigen specific 
mucosal immune response towards these pathogens, while GP2 deficient mice were not able 
to build IgA antibodies after immunization. The interaction of GP2 is highly restricted to 
pathogenic strains with the FimH adhesin, because FimH deficient strains were less 
frequently transcytosed to M cells and presented to neighboring lymphoid tissue. Because of 
these striking similarities and since THP is an interaction partner of SRs, the question arises 
if GP2 is also capable of binding to SREC-I, SR-AI and SR-BI. Additionally, it was interesting 
to determine the affinities of GP2 to the SRs, and if bound GP2 can be internalized by DCs. 
We were able to demonstrate that the THP homologue GP2 (human zymogen granule 
protein 2) is a further high affinity ligand for SREC-I (Hölzl et al, 2011). Furthermore we have 
shown that upon binding, SREC-I mediates endocytosis of receptor-bound GP2. Research 
on immunological aspects of GP2 is currently gaining increasing interest. Similar to THP, 
GP2 has been demonstrated recently to bind type I fimbriated Escherichia coli. GP2, which is 
expressed on intestinal M-cells, mediates transcytosis of bacteria to adjacent DC which 
thereby induce efficient mucosal immunology (Hase et al, 2009). Interestingly, Roggenbuck 
et al. (2009) recently described GP2 as the major autoantigen in Crohn’s disease. We 
hypothesize that, similar to the findings of Hase et al, pathogenic E.coli can be opsonized by 
soluble GP2, which in turn can be bound by leukocyte expressed SREC-I. This, however, 
has still to be addressed in subsequent studies. 
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Molecular mechanisms of butyrate action. Short chain fatty acids constitute essential 
nutrients of the colonic flora as well as of colonic epithelial cells and thus are important end-
products of microbial fermentation in the gut. Among other SCFA n-butyrate proved to have a 
special role in this complex environment. Its various immunomodulatory properties seem to 
govern the delicate interplay between the bacterial microflora and the mucosal immune 
system of the host. Both its anti-inflammatory and its anti-cancerogenic properties, as well as 
its ability to orchestrate the development of gut tropic immune responses appear to be 
responsible for the impact of n-butyrate.  
Until yet however, the molecular mode of action of this essential constituent of the human 
intestinal tract are far from being completely understood. Therefore, this project was initiated 
in order to reveal clinically relevant biological effects of this bacterial metabolite in regulating 
inflammatory activities and thus crucially shaping local immune reactivity. 
We were able to provide evidence that PBMC from IBD patients are less sensitive to the 
inhibitory action of n-butyrate as compared to healthy individuals, regardless of the type of 
inflammatory bowel disease. Significant differences in sensitivity to n-butyrate were only 
observed for the release of IL-12/23p40 after TLR-2 engagement and were independent of 
the extent of cytokine release. We, therefore, speculate that IBD patients could have a 
relative deficiency of n-butyrate that manifests itself in different sensitivity to this SCFA. It 
might be envisaged that this property is an inherent feature of immune cells independent of 
the local differentiation of the patients´ cells. Inheritance at multiple genetic loci predisposing 
to the development of IBD have been identified and discussed but no single gene defect or 
polymorphism is predominant enough to explain susceptibility alone. Thus, it is tempting to 
speculate that impaired sensitivity to n-butyrate might result as the summary effect of genetic 
alterations or other dysregulated determinants in the pathogenesis of IBD. This would fit to 
the concept of an inherent feature of a general insensitivity of immune cells independent of 
their local manifestation, which then allows for the characteristic higher degree of mucosal 
inflammation and manifests in the clinical picture of IBD. 
Regarding the importance of IL-12 and IL-23 in the pathogenesis of IBD it is of particular 
interest, that selective differences in sensitivity to n-butyrate have been observed for the 
inhibition of IL-12/23p40 release, which is the common subunit for both cytokines. The 
functional relevance of IL-12 in IBD pathogenesis is highlighted in clinical studies using 
neutralizing antibodies specific for the p40 subunit and leading to a marked amelioration of 
chronic intestinal inflammation. 
Since intestinal inflammation results at least in part from alterations in the interplay between 
resident microbes and the mucosal immune system our results might indicate that 
dysregulation of the mucosal homeostasis happens at least in part due to impaired anti-
inflammatory efficacy of n-butyrate. Peripheral blood mononuclear cells that have immigrated 
to the intestine, therefore, could be prone to react inadequately when exposed to particular 
inflammatory stimuli in the intestine, since n-butyrate is unable to exert its anti-inflammatory 
effect appropriately in these and possibly also other immune cells.  
Using a multigene signature approach covering a broad range of inflammation-related genes 
we found that in particular eicosanoid pathway-related genes were modulated after microbial 
activation and concomitant interference with n-butyrate. Major alterations in gene expression 
were substantiated by in-depth investigations of protein and/or mediator expression. We 
found that the bacterial metabolite n-butyrate substantially influences monocytic gene 
regulation of several members of the eicosanoid pathway and potentiates the release of 
prominent prostaglandins and leukotrienes. Following coincubation with n-butyrate and LPS 
key enzymes of the eicosanoid signalling like PTGS2 (COX-2), TXS, ALOX5, LTA4H and 
LTC4S were significantly upregulated compared to stimulation with LPS alone. Similarly, 
mRNA levels coding for leukotriene receptors LTBR2 and CYSLTR and functional 
prostaglandin receptors TBXAR2, PTGER2 and PTGFR were increased by n-butyrate. In 
accordance with the upregulation in enzyme expression, release of the lipid mediators PGE2, 
15d-PGJ2, LTB4 and thromboxane B2 was increased by n-butyrate. 
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  Regulation of eicosanoid-associated genes by n-butyrate 
 
Prostaglandins constitute a major group of eicosanoids deriving from arachidonic acid by 
action of COX-2 exhibiting a broad variety of functions in pain, inflammation and modulating 
the immune response. The impact of PGE-2 on DC biology seems to be manifold depending 
on the stage of maturation and ranges from suppression of differentiation when present 
during early stages of development to promotion of maturation in already developed DC. 
Moreover it has recently been shown that PGE-2 and COX-2 are able to redirect the 
differentiation of human dendritic cells towards stable myeloid- derived suppressor cells. 
Moreover it seems that PGE-2 even regulates B and T cell proliferation at different steps 
thereby influencing major activities of the adaptive immunity. The same complexity and 
multifunctionality as observed for prostaglandins was shown for leukotrienes. These 
mediators play prominent roles in the pathogenesis of various inflammatory diseases, mainly 
in asthma, IBD and rheumatoid arthritis. Their impact on the cardiovascular and 
neuroendocrine system as well as on leukocyte activation (LTB4) and bronchoconstriction 
(LTC4 and LTD4) is well established. Leukotrienes are synthesized in response to a large 
spectrum of various infectious agents and enhance the capacity of macrophages and other 
immune cells to ingest and kill microbes and to produce antimicrobial mediators. In animal 
models of infection, genetic or pharmacologic interference with leukotriene synthesis or 
signalling massively impairs local microbial clearance. These data imply that certain levels of 
leukotrienes are indispensable to control microbial invaders and to maintain local immune 
reactivity not only in the lung but also in the gastrointestinal tract. 

 
     Model of butyrate action in the gastrointestinal tract 
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Similar to prostanoids, the SCFA n-butyrate brings about an interference with immune cell 
activation at key stages of immune cell activation inhibiting DC maturation and consequent T-
cell actions. Former studies of our research group demonstrated that pretreatment of human 
peripheral blood mononuclear cells or monocytes as well as monocyte derived dendritic cells 
with this agent resulted in a dose- and time-dependent downregulation of their capability to 
stimulate T-cell responses. Therefore, it is temping to speculate that n-butyrate itself or via 
induction of mediators like eicosanoids may contribute to the generation of an anti-
inflammatory immune responsiveness. Since the presence of n-butyrate is largely restricted 
to the gastrointestinal tract and immunological features of this region have striking similarities 
to the effects brought about by this physiologically occurring substance further elucidation of 
the underlying principles appears promising to exploit these mechanisms also for the 
modulation of inflammatory conditions. 
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