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Yfirlýsing
Hér með lýsi ég því yfir að ritgerð þessi er samin af mér og að hún hefur hvorki að
hluta né í heild verið lögð fram áður til hærri prófgráðu.

Jonas Steinmann
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Útdráttur

Örverudrepandi peptíðið LL-37 er af flokki cathelicidina og er mikilvægt sem fyrsta
vörn okkar gegn bakteríum. Örvun á tjáningu varnarþátta eins og LL-37 gæti verið ný
leið til að ráða niðurlögum baktería þar sem vanaleg sýklalyf hafa brugðist.

Áhrif 4-phenylbutyrate (PBA) á tjáningu bakteríudrepandi peptíða var athuguð.
Fyrst voru áhrif PBA á tjáningu cathelicidin antimicrobial peptide (CAMP) mRNAsins
greind í nokkrum frumulínum með PCR greiningu í rauntíma. Tjáning gensins reyn-
dist örvuð í öllum frumulínunum. Annað gen DEFB1 sem skráir bakteríudrepandi pep-
tíðið human beta defensin 1 sýndi líka aukna tjáningu í lungnaþekjufrumulínu (VA10)
en minnkaða í monocytum (U937). Framhaldstilraunir í verkefninu lutu eingöngu að
spurningum tengdum tjáningu CAMP genins í VA10 frumulínunni. Þessar tilraunir
sýndu að örvun af völdum PBA magnast með 1,25-dihydroxyvítamín D3 viðbót hvort
sem litið er á CAMP mRNA eða prótín. Þá kom í ljós að PBA örvunin er óbein og háð
virkri þýðingu en cyclohexamide sem hindrar prótínþýðingu kom í veg fyrir örvunina.
Einnig var unnt að draga úr örvuninni með hindrum fyrir prótín kínasana MEK1/2 og
JNK. Í lokin sýndum við að α-methylhydrocinnamate (ST7), sem líkist PBA, gat aukið
genatjáninguna.

Niðurstöður rannsóknanna auka skilning okkar á tjáningu bakteríudrepandi pep-
tíða og gefa vísbendingu um að PBA og/eða ST7 gætu virkað sem lyf gegn bak-
teríusýkingum með því að efla náttúrulegt varnarkerfi okkar.
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Abstract
The cathelicidin antimicrobial peptide LL-37 is an important component of our first
line of defense against bacterial infections. Induction of antimicrobial peptides such as
LL-37 might provide a novel approach in treating bacterial infections, where conven-
tional antibiotics fail.

To investigate the effect of 4-phenylbutyrate (PBA) on antimicrobial peptide ex-
pression, we initially treated various cell lines with PBA and assessed mRNA ex-
pression by real time RT-PCR. Cathelicidin antimicrobial peptide (CAMP) gene ex-
pression was found to be upregulated in all cell lines tested. Additionally, we found
that the human beta defensin 1 gene (DEFB1) was upregulated in a lung epithelial
cell line (VA10), but downregulated in monocytes (U937). The subsequent experi-
ments focused on CAMP gene expression in VA10 cells. We found that PBA induced
CAMP gene expression synergistically with 1,25-dihydroxyvitamin D3 at both the pro-
tein and mRNA levels. In an attempt to characterize the general mechanism of PBA
induced CAMP expression, we demonstrated that the effect is likely to be secondary,
as inhibition of protein synthesis by cycloheximide blocked PBA induced CAMP ex-
pression. Furthermore we show that inhibition of mitogen activated protein kinases
MEK1/2 and JNK attenuates PBA induced CAMP gene expression. Finally, we reveal
that α-methylhydrocinnamate (ST7), a PBA analog, similarly increases CAMP gene
expression.

These findings contribute to the general understanding of the regulation of antimi-
crobial peptide expression and suggest that PBA and/or ST7 are promising drug candi-
dates, for treatment of microbial infections, by strengthening of the innate antimicro-
bial response.
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Part I

Introduction

1 Introduction to the research field

Antimicrobial peptides (AMPs) are an essential component of the immune system of
multicellular organisms. Widespread expression of AMPs in both animals and plants
suggests that they have played an important role in their evolution. In spite of the ubiq-
uity of AMPs, their effectiveness against bacteria has been preserved and resistance
against AMPs is rare. Though many bacteria have developed countermeasures to limit
the activity of certain AMPs, all resistance mechanisms decrease viability and fail to
provide protection against a broader range of AMPs. The problem of increased preva-
lence of multidrug-resistant pathogens has increased interest in AMP research during
the last decade (Figure 1).

1980 1985 1990 1995 2000 2005
0

50

100

150

200

250

300

350

P
e

e
r 

re
v

ie
w

e
d

 a
rt

ic
le

s
 p

e
r 

ye
a

r

Figure 1: Number of published articles on antimicrobial or antibacterial peptides per
year. Indexed on PubMed from 1981 to 2007.

In vertebrates, AMPs are expressed by epithelial cells and circulating blood cells.
Together, these cells provide the host with an effective physical and chemical barrier
against constant microbial challenges.

2 Human antimicrobial peptides

AMPs are derived from larger precursors and are characteristically 100 amino acids
or less in chain length, cationic at neutral pH, amphipathic, and have broad-spectrum
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antimicrobial activity. Their high antimicrobial activity and relatively low cytotoxicity
is due to a fundamental difference in the lipid composition of the membranes of micro-
bial and multicellular organisms. In the outer leaflet of bacterial membranes negatively
charged phospholipids are highly abundant, while the outer leaflet of the membranes
of multicellular organisms has no net charge. Thus, the cationic character of antimi-
crobial peptides explains their specificity against bacterial membranes (Figure 2).

Bacterial cytoplasmic membraneAnimal plasma membrane

LL-37
Hydrophobic and 
ionic interactions

Hydrophobic
interactions

Figure 2: Schematic depiction of interaction of the antimicrobial peptide LL-37 with
animal plasma membrane and bacterial cytoplasmic membrane.

Irrespective of these common characteristics, AMPs are highly variable in struc-
ture. They include examples from simple, single α-helical, to highly folded, β-sheet
and disulfide bond containing peptides. In humans there are two major classes of
AMPs, defensins and cathelicidins. Multiple different defensins have been character-
ized in humans, but only one cathelicidin.

Defensins are a family of antimicrobial peptides containing characteristic β-sheet
folds and a framework of three disulphide-bridges. They have broad antimicrobial
activity and are widely expressed by human epithelial and blood cells. There are two
subfamilies of defensins expressed in humans, α- and β-defensins, categorized based
on their location of cysteines and pattern of disulfide-bridges. α-defensins are most
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prominently expressed by Paneth cells in the small intestine and neutrophils, while β-
defensins are more widely expressed by various blood and epithelial cells. As the focus
of this article is mainly on the human cathelicidin antimicrobial peptide LL-37, other
peptides will not be discussed any further. For an overview of all human antibacterial
peptides identified so far and recommended readings, see Table 1.

Table 1: Major human antimicrobial peptides and recommended readings.

Family Name Review
α-defensins HNP1 [1]

HNP2
HNP3
HNP4
HD5
HD6

β-defensins hBD-1 [1, 2]
hBD-2
hBD-3
hBD-4

Cathelicidins LL-37 [3]

3 Cathelicidin antimicrobial peptides

Cathelicidins contain a highly conserved N-terminal prosequence, followed by vari-
able C-terminal sequences, which have high antimicrobial activity when enzymati-
cally cleaved form the prosequence. As the prosequence is highly identical to a pro-
tein termed cathelin, which was originally identified as a Cathepsin L inhibitor, the
name cathelicidins was proposed for this group of antimicrobial peptide precursors
[4]. Cathelicidins, in various numbers, have been found in every mammalian species
investigated so far. Even though many of them have a prominent α-helical structure,
cathelicidin AMP structures are poorly conserved among species.

Recently cathelicidin genes from Rainbow trout [5], Atlantic salmon [6] and Chi-
nook salmon [7] have been cloned. The induction of these genes by bacterial frag-
ments indicates a general importance of cathelicidin antimicrobial peptides in fish as
well. Even though cathelicidin genes have been identified in many organisms, the ac-
tual cathelicidin antimicrobial peptide has been characterized in only relatively few
species. For an overview of the cathelicidin antimicrobial peptides of various species,
see Table 2.
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Table 2: Cathelicidin antimicrobial peptides that have been characterized so far

Species Cathelicidin antimicrobial peptide(s)
Horse eCATH-1, -2, and -3
Pig Prophenin, PR-39, PAMP-23, -36, & -37, Protegrins 1-5
Cow Indolicidin, dodecapep, Bac5 & 7, BAMP-27, -28 & -34
Sheep s-dodecapep, oaBac6 & 11, sBac5 & 7.5, SAMP-29 & -34
Goat chBac5 & 7.5, chMAP-28 & -34
Rhesus Monkey RL-37
Human LL-37
Rabbit CAP18
Mouse CRAMP
Rat rCRAMP
Guinea Pig CAP-11
Hagfish HFIAP-1, -2, & -3

4 The human cathelicidin antimicrobial peptide

As indicated in Table 2, humans have only one cathelicidin antimicrobial peptide usu-
ally called LL-37 [8] or hCAP18, when referring to the pro-peptide [9]. The name
LL-37 designates the mature peptide, starting with two leucine residues and contain-
ing a total of 37 amino acids. hCAP-18 on the other hand, is derived from the name of
the rabbit homologue CAP18, a cationic antimicrobial peptide of 18 kDa. Many dif-
ferent names have been in use to refer to the various forms of the human cathelicidin
antimicrobial peptide. In this thesis, the processed peptide will be referred to as LL-37,
the LL-37 precursor as pro-LL-37, the precursor with signal peptide as pre-pro-LL-37
and the gene as CAMP (Figure 3).

4.1 Processing, structure and antimicrobial activity

The CAMP gene, like other cathelicidin genes, contains four exons. The first three
encode signal peptide and the conserved cathelin-like pro part, while the fourth en-
codes a processing site and the actual peptide. After transcription and translation, the
pre-pro-LL-37 is transported to the endoplasmic reticulum, while the signal peptide is
cleaved during the process. Depending on cell type and state, the pro-LL-37 is then
further transported and stored in granules, or directly secreted. The secreted pro-LL-37
has been shown to be processed to LL-37 by proteinase 3 from the azurophil granules
of neutrophils [10]. The exact mechanism and the triggering of the process however,
are still to be determined. While LL-37 has so far been the most prominent cleavage
product, recent studies suggest that differently processed forms may exist [11, 12].

LL-37 adopts an amphipathic α-helical structure in solutions containing physiolog-
ical salt concentrations [13]. Due to its positive net charge it has a strong affinity for
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Pre-mRNA

Exon 1 Exon 2 Exon 4Exon 3

5' UTR 3' UTR

Transcription
Splicing
Translation

NH2- -COOHSignal Cathelin domain LL-37

Transport into
endoplasmic
reticulum

NH2- -COOHCathelin domain LL-37

Secretion and
enzymatic cleavage

NH2-
-COOH

Cathelin domain

LL-37

-COOH

NH2-

Pre-pro-LL-37

Pro-LL-37

Active LL-37

Figure 3: Schematic picture of the CAMP gene and LL-37 processing.

lipid membranes of microbes, which negatively charged phospholipids on their outer
leaflet (Figure 2). Various studies indicate, that LL-37 disrupts microbial membranes
via a carpet-like mechanism [3, 14, 15] and does not form pores as complement and
perforin do (Figure 4).

4.2 CAMP expression

4.2.1 Sites of expression

LL-37 was originally found to be expressed in bone marrow and testis [16], but was
soon found to be present in a large variety of cells, tissues and body fluids. Generally
speaking, LL-37 has been detected throughout all possible pathogen entry sites and
in phagocytes, indicating a crucial role of LL-37 in defending us against microbial
challenges. For a summary of sites where LL-37 has been found to be expressed, see
Table 3.
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Figure 4: Nuclear magnetic resonance image of LL-37 bound to a dodecylphospho-
choline micelle. The image indicates the amphipathic alphahelical structure
of the peptide and supports the proposed carpet-like mechanism of action.
Figure was taken and modified from [15]

4.2.2 Regulation of CAMP gene expression

While the detailed mechanisms of CAMP gene regulation remain to be uncovered, LL-
37 has been found to be up regulated in bacterial infections [37]. It has been shown,
that bacterial products increase expression of LL-37 in cultured human cells [38], in-
dicating a role of LL-37 in fighting infections. Further evidence for the importance of
LL-37 in antibacterial defense comes form two studies, showing that Shigella [39] and
Neisseria gonorrhoeae [40] may downregulate LL-37 expression as part of their inva-
sion mechanism. Still, the regulatory mechanisms of LL-37 expression remain unclear.
It is believed that the mechanism is highly complex and different from defensins, such
as hBD-2 which has been shown to be inducible through toll-like receptors via NF-κB
and AP-1 [41, 42].

The most potent known inducer of CAMP gene expression is 1,25-dihydroxyvitamin
D3 (1,25(OH)2D3), the active form of vitamin D. 1,25(OH)2D3 acts through the vi-
tamin D receptor (VDR) which subsequently binds to a vitamin D responsive ele-
ment (VDRE), approximately 500 bp upstream of the CAMP gene promoter [43, 44].
Furthermore, the histone deacetylase inhibitors butyrate and trichostatin A, have been
shown to induce expression of the CAMP gene [22, 45]. A recent study [46] suggests,
that butyrate acts directly on the CAMP promoter by increasing histone acetylation
and thereby opening chromatin structure for transcription. Table 4 summarizes all the
inducers of CAMP expression, that have been identified so far.

Three independent groups have analyzed regulatory elements of the CAMP pro-
moter, using different luciferase plasmid constructs [47–49]. These studies indicate,
that there may be other important regulatory elements, besides the VDRE. Even though
these regulatory elements contain known transcription factor binding sites their func-
tionality has not been clearly characterized so far.
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Table 3: Cell types and tissues where CAMP has been reported to be expressed.

Type of cell, tissue, or body fluid Reference
Amniotic fluid [17]
Bone marrow [16]
Breast milk [18, 19]
Bronchoalveolar lavage fluid [20]
Cervix [21]
Colon epithelium [22]
Colon mucosa [23]
Developing lung [24]
Epididymis epithelium, spermatozoa [25]
Gingiva [26]
Leukocytes [8, 27]
Lung epithelia [28]
Mouth [21]
Myelocytes, metamyelocytes [29]
Nail [30]
Nasal mucosa [31]
Ocular surface epithelia [32]
Saliva [33]
Salivary glands [33]
Seminal plasma [25]
Skin [34]
Sweat [35]
Synovial membranes [36]
Testis [16]
Tongue [21]
Vagina [21]
Vernix caseosa [17]

4.3 Multiple functionality

4.3.1 Lipopolysaccharide binding

The rabbit cathelicidin antimicrobial peptide CAP18 had been shown to have strong
binding affinity to lipopolysaccharide (LPS) [51]. Thus, the LPS binding property of
LL-37 was immediately recognized upon its discovery [9]. LPS is released from the
outer membrane of Gram-negative bacteria during sepsis and may induce the overpro-
duction of inflammatory cytokines, leading to septic shock and the death of an organ-
ism. Studies in mice and rats indicate that LL-37 can neutralize the biological activity
of LPS by binding to it and thereby prevent septic shock [52, 53].
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Table 4: Agents that have been reported to induce CAMP gene expression.

Agent Reference
1,25-dihydroxyvitamin D3 [43, 44]
Butyrate [22, 50]
Trichostatin A [50]
Lithocholic acid [49]
Lipopolysaccharide [38]
Interleukin-6 [38]
Retinoic acid [38]

4.3.2 Chemotactic and immunomodulary activity

Various studies indicate a role of LL-37 in chemotaxis and modulation of the immune
response. It has been suggested that LL-37 may have an important role in linking
innate and adaptive immune response by chemoattracting T-cells [54] and effecting
dendritic cell maturation [55]. Furthermore LL-37 has been shown to mediate mast
cell degranulation [56] and to change their function towards innate immunity [57].
Receptors which bind LL-37 and possibly mediate these effects have been identified
[58, 59].

4.3.3 Wound healing and angiogenesis

Mice deficient for the mouse cathelicidin gene (CRAMP) had been shown to exhibit
impaired wound healing [60]. This finding implicated a role of cathelicidins in wound
healing. Subsequently this hypothesis was confirmed by studies showing that LL-
37 specific antibodies can prevent wound healing [61] and that LL-37 induces the
migration of keratinocytes [62]. Further indications of an important role of LL-37 in
wound healing and angiogenesis come from studies showing that LL-37 production is
increased by common growth factors [63] and that LL-37 is highly expressed in certain
forms of cancer, were it may support vascularization of tumors [64, 65]. Furthermore
it has been shown, that LL-37 is strongly upregulated in various skin diseases [34, 66,
67].

5 Therapeutic induction of antimicrobial peptides

5.1 The relevance of LL-37 in bacterial infections

Even though the antibacterial activity of LL-37 had been characterized immediately
upon its discovery, its exact role and relevance in bacterial infections remained un-
clear. In a pioneer study [34] the expression of LL-37 by keratinocytes in inflamma-
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tory disorders was investigated. LL-37 upregulation was found in various different
inflammatory dermatoses as well as increased antimicrobial activity. These findings
indicated that induction of LL-37 could enhance the antimicrobial defense in damaged
skin and thereby prevent systemic invasion.

Further evidence for the importance of LL-37 in bacterial infections came form a
study [39] which showed that Shigella bacteria were able to downregulate the expres-
sion of LL-37 and hBD-1. The authors suggested that avoidance of antimicrobial pep-
tides might be a common strategy among pathogens. This hypothesis was supported
by a number of following studies [40, 68–70], further emphasizing the importance of
LL-37 in epithelial defenses. In addition to these findings, LL-37 has been shown to
play an important role in a diverse range of infection scenarios [53, 71–74]. Taken
together, these studies demonstrate that LL-37 and other antimicrobial peptides are
crucial components of our first line of antibacterial defense.

5.2 Upregulating antimicrobial peptide expression to fight bacte-
rial infections

Realizing the importance of antimicrobial peptides in defending us against bacterial
infections, various groups investigated the possibility of upregulating cathelicidin an-
timicrobial peptide expression to fight bacterial infections. The first group to do so,
used a cystic fibrosis xenograft model in which they overexpressed LL-37 using an
adenovirus vector [75]. Overexpression of LL-37 was sufficient to restore the cystic
fibrosis associated defects in bacteria killing of the airway surface fluid. This approach
was later shown to be applicable for treatment of Pseudomonas aeruginosa lung in-
fection in a mouse model [76]. Another group using transgenic mice expressing the
porcine cathelicidin peptide PR-39 demonstrated increased resistance against skin in-
fections with group A Streptococcus [77].

Even though these studies demonstrated that fighting bacterial infections by in-
creasing antimicrobial peptide expression is feasible, the approaches used were not
readily applicable for use in humans. Currently, the most promising approach to fight
bacterial infections is to use drugs stimulating expression of antimicrobial peptides as
shown in a study using butyrate to induce the rabbit cathelicidin antimicrobial peptide
to treat shigellosis [78]. Further understanding of antimicrobial peptide expression will
aid us in finding drugs that enhance their expression and thereby fight bacterial infec-
tions. A promising candidate is 1,25-dihydroxyvitamin D3, which is a potent inducer of
both LL-37 and hBD-2 expression [43, 44]. It was shown, that 1,25-dihydroxyvitamin
D3, is important for Toll-like receptor mediated anti tuberculosis response in human
macrophages [79], and that this effect was dependent on the induction of LL-37 [80].
The use of 1,25-dihydroxyvitamin D3 to fight infections has recently been reviewed
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in depth [81]. Taken together, these studies suggest that increasing or restoring the
expression of the mediators of our innate immune system may be a promising way to
fight bacterial infections that can not be treated with conventional antibiotics due to
resistance.
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6 Aim of this thesis

The aim of this thesis was twofold: to identify potential drug candidates that induce
the expression of the antimicrobial peptide LL-37 and to gain general insights into
regulation of the CAMP gene.
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Part II

4-phenylbutyrate induces
antimicrobial peptide expression

7 Abstract

The cathelicidin antimicrobial peptide LL-37 is an important component of our first
line of defense against bacterial infections. Induction of antimicrobial peptides such as
LL-37 might provide a novel approach in treating bacterial infections, where conven-
tional antibiotics fail.

To investigate the effect of 4-phenylbutyrate (PBA) on antimicrobial peptide ex-
pression, we initially treated various cell lines with PBA and assessed mRNA ex-
pression by real time RT-PCR. Cathelicidin antimicrobial peptide (CAMP) gene ex-
pression was found to be upregulated in all cell lines tested. Additionally, we found
that the human beta defensin 1 gene (DEFB1) was upregulated in a lung epithelial
cell line (VA10), but downregulated in monocytes (U937). The subsequent experi-
ments focused on CAMP gene expression in VA10 cells. We found that PBA induced
CAMP gene expression synergistically with 1,25-dihydroxyvitamin D3 at both the pro-
tein and mRNA levels. In an attempt to characterize the general mechanism of PBA
induced CAMP expression, we demonstrated that the effect is likely to be secondary,
as inhibition of protein synthesis by cycloheximide blocked PBA induced CAMP ex-
pression. Furthermore we show that inhibition of mitogen activated protein kinases
MEK1/2 and JNK attenuates PBA induced CAMP gene expression. Finally, we reveal
that α-methylhydrocinnamate (ST7), a PBA analog, similarly increases CAMP gene
expression.

These findings contribute to the general understanding of the regulation of antimi-
crobial peptide expression and suggest that PBA and/or ST7 are promising drug candi-
dates, for treatment of microbial infections, by strengthening of the innate antimicro-
bial response.

8 Introduction

Increased prevalence of multidrug-resistant pathogens calls for new approaches in
fighting bacterial infections. One approach is to induce the expression of endogenous
antimicrobial peptides. Antimicrobial peptides have broad activity against various
pathogens, including viruses, bacteria, fungi and parasites. In spite of their ubiquity,
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their effectiveness against bacteria has been preserved and resistance against AMPs is
rare. Though many bacteria have developed countermeasures to limit the activity of
certain antimicrobial peptides, all resistance mechanisms decrease viability and fail to
provide protection against a broader range of AMPs. Defensins and cathelicidins are
the two major classes of antimicrobial peptides found in humans. They are expressed
by epithelial cells and blood cells. Combined with other components of the innate im-
mune system, they form the first line of defense against infections. While we express
numerous defensins, LL-37 is the only member of cathelicidins, which is expressed in
humans.

LL-37 is an amphipathic α-helical peptide, composed of 37 amino acids [8]. In
addition to its antimicrobial activity it has been shown that LL-37 binds lipopolysac-
charide [9] and possesses immunomodulary functions like chemotactic singalling, in-
duction of differentiation of dendritic cells and modulation of mast cell function [54,
55, 57, 82]. Additionally, LL-37 has been shown to promote wound healing [60, 61]
and angiogenesis [83]. The CAMP gene encodes the pre-pro-LL-37 protein containing
a signal sequence, which is cleaved upon translocation to the endoplasmic reticulum.
As a final step, pro-LL-37 is then cleaved extra- or intracellularly yielding the LL-37
peptide. The understanding of the processing mechanisms of pro-LL-37 is still incom-
plete and processing of pro-LL-37 appears to happen in different ways depending on
cell type and location. Fewer studies have investigated the role of the highly conserved
pro part. One study shows, that it has both protease inhibitory and direct antimicrobial
function [84]. As a component of our first line of antimicrobial defenses, LL-37 is
widely expressed on epithelial and mucosal tissue surfaces, in various blood cells and
body fluids [3].

Most expression studies have focused on the detection of CAMP gene expression
in various tissues and the effect of disease states on LL-37 levels. However, the under-
lying molecular mechanism of CAMP gene expression has not been addressed in detail
so far, although interest in this topic is steadily increasing. After realizing that CAMP

gene expression is correlated to differentiation in epithelia and induced by butyrate
[22], several studies have investigated the effect of butyrate and other short chain fatty
acid derivatives on CAMP gene expression [37, 45, 47, 50].

More recently, it was discovered that 1,25(OH)2D3 induces CAMP gene expres-
sion through the vitamin D receptor (VDR) and a vitamin D responsive element in the
CAMP proximal promoter. Several studies have been devoted to the role of 1,25(OH)2D3

in innate immunity [43, 44, 79, 80]. The interplay between nuclear receptors and his-
tone deacetylase inhibitors such as butyrate, has recently been investigated by various
groups [46, 49, 85–87]. The use of histone deacetylase inhibitors to enhance nuclear
receptor mediated expression of the CAMP gene may become a novel way of clinically
strengthening innate immunity.
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In this study we have examined the regulatory mechanism of a novel inducer of an-
timicrobial peptide expression in several cell lines. We show that clinically achievable
doses [88] of 4-phenylbutyrate (PBA) induce the expression of cathelicidin mRNA
and protein in a human bronchial epithelial cell line (VA10). In addition, we show that
PBA acts synergistically with 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) in inducing
cathelicidin antimicrobial peptide (CAMP) gene expression. Furthermore, we charac-
terize the general nature of induction and show that MAP kinase signaling may play
an important role in PBA induced CAMP gene expression and show that the PBA ana-
log α-methylhydrocinnamate has similar effect on CAMP gene expression. Finally we
demonstrate that PBA also affects the human beta-defensin 1 (DEFB1) mRNA lev-
els. DEFB1 expression was upregulated by PBA in VA10 cells, but downregulated in
a monocyte cell line (U937). Induction of antimicrobial peptide expression by these
compounds may provide a novel way of treating infections with multi-drug resistant
pathogens.

9 Materials and methods

9.1 Cell culture

The human bronchial epithelial cell line VA10 has already been described [89]. Cells
were cultured at 37◦C under a 5 % CO2 humidified air atmosphere in bronchial ep-
ithelial cell basal medium (BEBM, Lonza) supplemented with BEGM SingleQuots
supplements (Lonza). Gentamicin was omitted and penicillin (25 U/ml) and strepto-
mycin (25 µg/ml) were used instead. HT-29, A498 and U937 cells were all cultured
in RPMI 1640 (Gibco), supplemented with 10 % FBS (Gibco), penicillin (25 U/ml)
and streptomycin (25 µg/ml). For experiments, cells were counted using a hematocy-
tometer and trypan blue staining. A total of 2x105 cells were seeded on 6 well plates
(Corning) or in 75 cm2 flasks (Nunc) and stimulated one day after reaching confluence.

9.2 Real time RT-PCR

Total RNA was extracted using the NucleoSpin RNA II kit (Macherey-Nagel) and
quantified on a spectrophotometer (Thermo scientific, NanoDrop). RNA was reverse
transcribed using random primers according to the manufactures protocol (Fermentas,
RevertAid First Strand cDNA Synthesis Kit), modified by using 100 instead of 200
units of reverse transcriptase. The cDNA of stimulated samples was relatively quan-
tified to controls, using either Power SYBR or TaqMan Universal Master mix (ABI)
with respective primers and probes (Table 5) on a Realtime 7500 thermocycler (ABI).
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Table 5: Sequences for primers and probes. Probes were modified with FAM fluores-
cent label (FAM) and Black Hole Quencher 1 (BHQ1). Primers were designed
using PerlPrimer [90] and synthesized by Microsynth (Switzerland).

Target Primers and Probes
CAMP 5´–TCACCAGAGGATTGTGACTTCAA–3´

5´–TGAGGGTCACTGTCCCCATAC–3´
5´–FAM–TGCCTCTTCCAGGTGTT–BHQ1–3´

DEFB1 5´–TGCTGTTTACTCTCTGCTTACTTTTGT–3´
5´–CCAAGGCCTGTGAGAAAGTTACC–3´
5´–FAM–CTGAGATGGCCTCAGGT–BHQ1–3´

VDR 5´–CCAGGATTCAGAGACCTCACC–3´
5´–CGCAACATGATGACCTCAATGG–3´

NcoA1 5´–GCCCAGAGCCAGTTTACAGC–3´
5´–ACTGTGCTGCCTTCTCCAG–3´

NcoA2 5´–AACAGTAGCACAGGAATGATTGGT–3´
5´–CTCTCACAGCCGAACTCTGC–3´

NcoA3 5´–GCACCAGCTCCACCATTCC–3´
5´–CAAGTCTCCAGATCCCTCTTCAC–3´

MED1 5´–GTGGCGGATCTAGCTTCTCC–3´
5´–TTTCTGACTCCTCGGTTTCCC–3´

SNW1 5´–GACCACCTTCTCCTCCTGC–3´
5´–GTTCCTTTACAGTCATCTTTCGGC–3´

CAMP Promoter 5´–TCATACTGAGCTTCACTCTGTTACCC–3´
5´–GAATCACTTGAACCCATTGAACCC–3´

9.3 SDS PAGE and western blot analysis

Total protein from cell culture medium was enriched on Oasis HLB mini-columns and
lyophilized. Total cell lysate was prepared by homogenizing the cells in a 1 ml syringe
fitted with a fine needle in NuPAGE LDS sample buffer (Invitrogen) supplemented
with beta-mercaptoethanol. The homogenized cell lysates were denatured by incuba-
tion at 85◦C for 15 minutes. Electrophoresis was performed at 120 V for one hour on
NuPAGE Novex BisTris gels (Invitrogen) using MES running buffer (Invitrogen). The
protein material was then blotted on a polyvinylidene difluoride (PVDF) membrane
(Qiagen) for one hour at 30 V. Membrane blocking was carried out with 5 % fat free
milk in phosphate buffered saline containing 0.05 % Tween20. The blot was incubated
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with affinity purified rabbit α-LL-37 antibodyies (Innovagen) over night at 4◦C. After
washing the membrane was incubated with secondary antibodyies (Peroxidase linked
goat antirabbit IgG, Sigma). Bands were visualized with enhanced chemiluminescence
(ECL+, GE Healthcare) detection utilizing a Typhoon 9400 scanner (GE Healthcare).

9.4 Quantitative Chromatin immunoprecipitation

Quantitative Chromatin immunoprecipitation (QChIP) was performed as described
elsewere [91]. Briefly, cells were crosslinked in 1.42 % formaldehyde for 15 min-
utes, collected using a cell scraper and washed. After that, the cells were lysed and the
chromatin sonicated in order to generate approximately 500 base pairs, this was con-
firmed by electrophoresis. Chromatin was immunoprecipitated on sepharose A beads
using specific antibodies for acetlylated histones H3 and H4. After 5 washes, DNA
was made PCR ready using Chelex 100 and proteinase K treatment. The DNA was
quantified using primers designed to amplify a 70 bp sequence about 500 bp upstream
from the transcriptional start site of the CAMP gene.

9.5 Statistical analysis

Normally distributed data are presented as mean and standard error of the mean, from
at least three independent experiments. Total RNA level per cell was validated to be
unaffected by treatment. Outliers were not excluded from statistical analysis. For
comparison of differences between groups, two-sided t-test for independent samples
was used. Differences with p < 0.05 were considered statistically significant. Tests
were performed using the R programming language.

10 Results

10.1 Induction of CAMP gene expression by PBA in VA10

To determine time and dose dependence of PBA induced expression of CAMP mRNA,
VA10 cells were stimulated with 4 mM PBA over different time periods and with
different concentrations of PBA for 24 hours. Total RNA was isolated from the cells
and CAMP mRNA expression levels analyzed by real time RT-PCR. Increase of CAMP

mRNA expression was dependent on PBA dose and increased over time (Figure 5).

10.2 Induction of CAMP gene expression by PBA in other cell lines

In order to investigate the effect of PBA on other cell lines, HT-29 (Human colonic
adenocarcinoma cell line), A497 (Human renal carcinoma cell line) and U937 (Human
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Figure 5: Induction of CAMP mRNA expression by PBA. (A) VA10 cells were stim-
ulated with 4 mM PBA or treated with solvent alone and harvested after the
indicated period of time. (B) VA10 cells were stimulated with the indicated
concentrations of PBA or solvent (Control) for 24 hours. CAMP mRNA lev-
els were determined by real time RT-PCR. Individual samples were normal-
ized to total RNA input. Results where normalized to expression in control
samples were controls were given the arbitrary value of one.

leukemic monocyte lymphoma cell line) were stimulated with 4 mM PBA for 8, 24 and
48 hours. Total RNA was isolated from the cells and CAMP mRNA expression levels
analyzed by real time RT-PCR. CAMP mRNA expression was significantly increased
in all the cell lines tested (Figure 6).

10.3 Induction of DEFB1 gene expression by PBA

Using real time RT-PCR we were able to detect significant DEFB1 expression and
upregulation in VA10 cells, while the expression of beta-defensin 2, 3 and 4 could not
be detected at all. Next, the effects of PBA on DEFB1 expression in U937 cells were
investigated and significant downregulation observed after 24 and 48 hours (Figure 7).
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Figure 6: Induction of CAMP mRNA expression by PBA. U937 (A), A498 (B) and HT-
29 (C) cells were stimulated with 4 mM PBA or solvent only and harvested
after the indicated period of time. CAMP mRNA levels were determined by
real time RT-PCR. Individual samples were normalized to total RNA input.
Results were normalized to expression in control samples (solvent) where
controls were given the arbitrary value of one. Normalized data was plot-
ted as mean plus standard error of the mean from at least three independent
experiments. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

10.4 Induction of CAMP gene expression by PBA and 1,25(OH)2D3

To assess cooperative induction of CAMP gene expression by 1,25(OH)2D3 and PBA,
VA10 cells were incubated with 20 nM of 1,25(OH)2D3 and 4 mM PBA together and
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Figure 7: Induction of DEFB1 mRNA expression by PBA. (A) VA10 cells were stim-
ulated with 4 mM of PBA or solvent (Control) for 24 hours. (B) U937 cells
were stimulated with 4 mM of PBA or solvent (Control) for 8, 24 and 48
hours DEFB1 mRNA levels were determined by real time RT-PCR. Individ-
ual samples where normalized to total RNA input. Results were normalized
to expression in control samples were controls were given the arbitrary value
of one. Normalized data was plotted as mean plus standard error of the mean
from at least three independent experiments. *: p < 0.05; **: p < 0.01; ***:
p < 0.001.

with the respective compounds alone. Co-stimulation resulted in a more than hundred
fold increase of CAMP mRNA levels. This induction was found to be significantly
higher compared to stimulation with either of the compounds alone, indicating syn-
ergistic effects. The experiments were repeated to assess the effect on CAMP protein
levels. Using western blot analysis of cell lysates and cell culture supernatants, only
the pro-LL-37 protein was detected. Increase in immunoreactivity of the bands from
the cell lysates corresponded to the increase of CAMP mRNA levels. Secretion of
the pro-LL-37 protein to the cell culture medium however, appeared to be relatively
stronger for the cells treated with 1,25(OH)2D3 (Figure 8).
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Figure 8: Synergistic induction of CAMP mRNA and pro-LL-37 expression by PBA
and 1,25(OH)2D3]. VA10 cells had been stimulated with PBA (4 mM),
1,25(OH)2D3 (20 nM) or solvent (Control) for 24 hours. (A) CAMP mRNA
levels were determined by real time RT-PCR. Individual samples were nor-
malized to total RNA input. Results were normalized to expression in control
samples where controls were given the arbitrary value of one. Normalized
data was plotted as mean plus standard error of the mean from at least three
independent experiments. (B) Western blot analysis showing pro-LL-37 ex-
pression in total cell lysates and cell culture supernatants. One representative
blot out of three is shown. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

10.5 The effect of PBA on vitamin D co-activator expression

Hypothesizing that the synergistic effects between PBA and 1,25(OH)2D3 were due to
an induction of VDR co-activator genes by PBA, we analyzed the effect of PBA on
the mRNA levels of several known VDR co-activator genes in VA10 cells. None of
the genes were significantly upregulated after treatment with 4 mM PBA for 24 hours
(Figure 9).
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Figure 9: Induction of VDR co-activators by PBA. VA10 cells were stimulated with 4
mM of PBA or solvent alone (Control) for 24 hours. mRNA levels of the re-
spective VDR co-activators were determined by real time RT-PCR. Individ-
ual samples were normalized to total RNA input. Results were normalized to
expression in control samples where controls were given the arbitrary value
of one. Normalized data was plotted as mean plus standard error of the mean
from three independent experiments.

10.6 The effect of PBA on histone acetylation at the CAMP gene
promoter

As PBA is known to have a histone deacetylase inhibitory function, we assessed the
acetylation of histone H3 and H4 by quantitative chromatin immunoprecipitation after
treatment of VA10 cells with 4 mM PBA for 24 hours. No significant change in histone
acetylation could be observed at the CAMP gene proximal promoter (Figure 10).
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Figure 10: VA10 cells were stimulated with 4 mM of PBA or solvent alone (Control)
for 24 hours. Acetylation of histone H3 and H4 was analyzed by quantita-
tive ChIP using antibodies against the respective acetylated histones. Re-
sults were normalized to normal rabbit IgG and total input and plotted as
fold precipitation over IgG. Normalized data was plotted as mean plus stan-
dard error of the mean from three independent experiments. No significant
change in histone acetylation was observed.
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10.7 Induction of CAMP gene by PBA and butyrate is inhibited by
CHX

In order to assess whether the PBA and butyrate induction pathways of CAMP gene
expression are direct, VA10 cells were treated with PBA or butyrate in the presence
and absence of cycloheximide (CHX). After 24 hours of incubation, total RNA was
isolated and CAMP mRNA levels measured using real time RT-PCR. Preincubation of
the cells with 20 µg/ml of CHX for one hour prior to stimulation effectively blocked
both PBA and butyrate induced CAMP gene expression (Figure 11). This suggests that
protein synthesis is required for PBA induced induction of CAMP gene expression.
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Figure 11: Inhibition of PBA induced CAMP gene expression by cycloheximide.
VA10 cells were treated with 4 mM PBA or butyrate (BA) in the pres-
ence or absence of 20 µg/ml cycloheximide. CAMP mRNA levels were
determined by real time RT-PCR. Individual samples were normalized to
total RNA input. Results were normalized to expression in control samples
(solvent) where controls were given the arbitrary value of one. Normalized
data is plotted as mean plus standard error of the mean from at least three
independent experiments. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

10.8 Inhibition by MAP kinase inhibitors

As earlier studies [45, 47] have indicated a role of MAP kinase signaling pathways in
butyrate induced CAMP gene expression, we investigated the effect of inhibitors for
c-Jun N-terminal kinase (JNK), p38 kinase and extracellular signal-regulated kinase
1/2 (ERK1/2) on PBA induced CAMP gene expression. One hour prior to stimulation
with 4 mM PBA, VA10 cells were preincubated with 20 µM SP600125, SB203580
or U0126 to inhibit the respective kinases. After 24 hours of incubation, total RNA
was isolated and analyzed by real time RT-PCR for CAMP mRNA. Inhibitors for the
ERK1/2 and JNK pathways significantly reduced PBA induced CAMP gene expression
(Figure 12), suggesting that these pathways play an important role in PBA induced
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induction of CAMP gene expression.
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Figure 12: Inhibition of PBA induced CAMP gene expression by MAP kinase in-
hibitors. VA10 cells were treated with 4 mM PBA in the presence or ab-
sence of 20 µM of the indicated inhibitors. CAMP mRNA levels were
determined by real time RT-PCR. Individual samples were normalized to
total RNA input. Results were normalized to expression in control samples
(solvent) were controls were given the arbitrary value of one. Normalized
data is plotted as mean plus standard error of the mean from at least three
independent experiments. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

10.9 A PBA analog shows a similar effect on CAMP gene expres-
sion

In order to assess the the ability of two selceted butryrate and PBA analogs to induce
CAMP gene expression, VA10 cells were stimulated with 4 mM of α-methylhydrocinn-
amate (ST7), a PBA analog or 2,2-dimethylbutyrate (ST20), a butyrate analog. The
chemical structures of the compounds are shown in (Figure 13). After 24 hours of
incubation, total RNA was isolated from the cells and CAMP mRNA expression levels
analyzed by real time RT-PCR. ST7 significantly increased CAMP mRNA expression,
whereas ST20 stimulation had no apparent effect on CAMP mRNA expression levels
(Figure 13).

11 Discussion

In this study we have shown that PBA can induce CAMP gene expression in four dif-
ferent cell lines. This could be demonstrated at concentrations that have been shown to
be achievable in plasma by oral administration [92]. Expression was found to be medi-
ated through secondary effects, as inhibition of protein synthesis by CHX completely
inhibited PBA induced CAMP gene expression (Figure 11). This secondary induction
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Figure 13: Induction of CAMP mRNA expression by butyrate (BA) and PBA
derivates. (A) Structures of utilized chemicals: butyrate (BA),
4-phenylbutyrate (PBA), α-methylhydrocinnamate (ST7), and 2,2-
dimethylbutyrate (ST20). (B) Induction of CAMP mRNA expression by
indicated chemicals. VA10 cells were stimulated with 4 mM of the respec-
tive chemicals or solvent (Control) for 24 hours.CAMP mRNA levels were
determined by real time RT-PCR. Individual samples were normalized to
total RNA input. Results were normalized to expression in control samples
(solvent) where controls were given the arbitrary value of one. Normalized
data was plotted as mean plus standard error of the mean from at least three
independent experiments. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

pathway may depend on MAP kinase signaling through JNK and ERK1/2 as inhibition
of these kinases inhibited PBA induced CAMP gene expression(Figure 12). The inhi-
bition pattern that we observed resembles the findings of another recent report [47],
were the lung epithelial cell line ECB-1 was stimulated with 1 mM butyrate and the
same inhibitors were used to assess the importance of MAP kinase signaling pathways
in CAMP gene induction. These similarities suggest that butyrate and PBA may act
through the same molecular mechanism. Our findings that cycloheximide suppresses
the induction of CAMP gene expression by both butyrate and PBA further strengthen
this hypothesis (Figure 11).

Another common characteristic compared to butyrate induced CAMP gene induc-
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tion is that, PBA cooperates with 1,25(OH)2D3 in inducing CAMP gene expression.
We observed a synergistic effect with PBA (Figure 8), while an additive effect of bu-
tyrate and 1,25(OH)2D3 had been previously observed [46, 85].

As shown ealier by others, CAMP gene expression increases during cell differentia-
tion and treatment with butyrate, an inducer of cell differentiation [22]. In a later study,
it was shown that butyrate induced CAMP gene expression may occur in response to
various short chain fatty acids and after treatment with the synthetic histone deacety-
lase inhibitor trichostatin A [50]. In the same study, it was demonstrated that inhibition
of the protein kinase MEK blocked CAMP gene expression in colon epithelial cells,
which is reflected by our PBA stimulation and MAP kinase inhibition experiments in
VA10 cells (Figure 12).

Earlier it has been assumed that induction of CAMP gene expression by histone
deacetylase inhibitors occurs through an increase of histone acetylation and relaxation
of chromatin structure, facilitating the binding of other transcription factors [45–47].
Our data does not conform to this hypothesis. Assessing acetylation of H3 and H4
at the CAMP proximal promoter using quantitative chromatin immunoprecipitation,
no significant change in acetylation was detectable after treatment with PBA. Fur-
thermore, we show that inhibiting protein synthesis using cycloheximide blocks both
butyrate and PBA induced expression of CAMP gene expression (Figure 11). These
resuls speak against that an increase of histone acetylation at the CAMP proximal pro-
moter by these compounds directly faciliates CAMP gene expression, as this effect
would be expected to be idependent of protein synthesis. Nevertheless it has been
shown that trichostatin A, a specific histone deacetylase inhibitor induces CAMP gene
expression. Thus, our current hypothesis suggests that an increase of histone acetyla-
tion faciliates the expression of other genes, which then increase CAMP gene expres-
sion as a secondary effect.

This study focused primarily on the effect of PBA CAMP gene expression. PBA
however has a relatively broad effect on gene expression. A whole genome expression
array study on a bronchial epitheial cell line (IB3-1) [93] showed that about 1.2 %
of all probe sets were significantly changed after treatment with 1 mM PBA. Most
notably heat-shock proteins and genes associated with control of gene expression. As
the processed chip data files were uploaded to the NCBI Gene Expression Omnibus
(GEO) database, the probe sets for cathelicidin and defensin sequences were included,
but none of them were detected.

As the clinical usefulness of PBA may be limited due to its rapid metabolism,
we tested the ability of other short chain fatty acid analogs to induce CAMP gene
expression. The selected counds had been have shown to have higher bioavailability
than PBA and butyrate in vivo. ST7 had been shown to persist at millimolar levels
in plasma for several hours after a single dose [88], while PBA has a much shorter
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half life [92]. Therefore we conclude that ST7 may be a better candidate for clinical
applications than PBA, even though the in vitro induction of CAMP gene expression
was slightly weaker (Figure 6).

Originally identified as a drug for treatment of urea cycle disorders [94], PBA has
been investigated as a drug for treatment of sickle cell anemia [95], adrenoleukodys-
trophy [96], cancer [97, 98] and cystic fibrosis [99]. In all of these cases the beneficial
effect is believed to be either due to a wide change on gene expression caused by hyper-
acetylation of histones or rescue of a mutated and misfolded protein, with PBA acting
as a molecular chaperone. PBA has been shown to be tolerated well at doses up to 27
grams per day [92].

LL-37 has been demonstrated to be an important constituent of the airway surface
liquid with strong activity against bacteria commonly found in cystic fibrosis patients
[75, 100]. Therefore our findings have interesting implications for future clinical trials
of PBA on cystic fibrosis patients. Until now, mostly the rescue of the mutated cystic fi-
brosis transmembrane conductance regulator and restoration of chloride transport have
been assessed during clinical trials [101]. Future trials may want to add monitoring of
antimicrobial peptide expression and activity in the air surface liquid.

Recently, the importance of 1,25(OH)2D3 induced LL-37 expression in fighting tu-
berculosis has been demonstrated [79, 80]. Killing of tuberculosis bacteria by macro-
phages was directly related to CAMP gene expression and 1,25(OH)2D3 levels. Macro-
phages cultured in serum from African American individuals with plasma levels around
20 nM were significantly impaired in dealin with the infection. In our study we demon-
strated, that PBA enhanced CAMP gene expression in a strongly synergistic way at
these concentrations. These results indicate that the addition of PBA to the diet of
tuberculosis patients may be a way to compensate for low 1,25(OH)2D3 levels and
enhance antimicrobial response.

In conlusion, these findings contribute to the general understanding of the regula-
tion of antimicrobial peptide expression and suggest that PBA or ST7 are promising
drug candidates for treatment of microbial infections, by strengthening of the innate
antimicrobial response.
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