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Abstract: Antibiotics exert several effects on host cells including regulation of immune
components. Antimicrobiapeptides (AMPS) e.g, cathelicidins and defensins display
multiple functions in innate immunity. In colonic mucosa, cathelicidins are induced by
butyrate, a bacterial fermentation product. Here, we investigated the effect of antibiotics on
butyrateinduced expression of cathelicidins ametadefensins in colon epithelial cells.
Reattime PCR analysis revealed that ciprofloxacin and clindamycin reduce buhdated
transcription of the human cathelicidin 437 in the colonic epithelial cell line HZ9.
Suppression of Li37 peptide/protein by ciprofloxacin was confirmed by Western blot
analysis. Immunohistochemical analysis demonstrated that ciprofloxacin suppresabbithe
cathelicidin CAPR18 in rectal epithelia of healthy and butyrateatedShigellainfected
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rabbits. Ciprofloxacin also dowregulated butyratenduced transcription of the human
betadefensin3 in HT-29 cells. Microarray analysis of HA9 cells revealed upregulation

by butyrate with subsequent dowegulation by ciprofloxacin fo additional genes
encoding immune factors. Dephosphorylation of histone H3, an epigenetic event provided
a possible mechanism of the suppressive effect of ciprofloxacin. Furthermore37LL
peptide inhibitedClostridium difficile growth in vitro. In conclwsion, ciprofloxacin and
clindamycin exert immunomodulatory function by doevagulating AMPs and other
immune components in colonic epithelial cells. Suppression of AMPs may contribute to
the overgrowth o€. difficile, causing antibioti@ssociated diarriae

Keywords: antibiobic; microbiotg butyrate; histone modifications; host defense
peptides; LL37; innate immunity;impaired immune resporseClostridium difficile
antibiotic-associated diarrhea

1. Introduction

Antimicrobial peptides/proteins (AMPsre important effectors of the immediate host defense,
exerting antimicrobial activitandimmunomodulatior{1i 4]. Defensins and cathelicidins are the two
major classes of AMPs in mammald -37 is the sole cathelicidin peptide in hunardits orthologs
in rabbit, mousgand rat are CAR8, mCRAMP and rCRMP, respectively[5]. LL-37 andits
othol ogs ar e cat i-lelical peptidesDaehsing ard ¢afionic peptides, having a
characteristic an{p a r a isHeet fold &nd consist of six conged cysteine residues forming three
disulphidebonds[6,7]. Based on the size addulfidelinkage defensinarec | as s i f-i e&hd i nt
d-defensins.In human, B x -defgénsins, e.g.human neutrophil peptides (HNR) to -4, human
defensindHD)-5 and-6, a n d  f-defensins,te.ghumanb-defensin (HBDJ1 to -4 have thusfar,
been characterizef6,8]. LL-37 and/orHBDs have been implicated in several functions including
killing of microorganisms, neutralization of lipopolysaccharide, imeuegulation,regulation of
normal flora,wound healingangiogenesjsandanticancer activitief3,5,6,8 14].

LL-37 is expressed in neutophils, monocytes, lymphocytes, mast cells eosinophils, dendtitic cells
and epithelial cells of different orgafs14]. HBDs are predominantly expressed in epithelial ¢8&]ls
The expression dfL-37 and HBDsxcan be modulated by different stimuli in a cell and tissue specific
manner[15]. Butyrate, a bacterial fermentation product in colon, upregulates cathediancolonic
epithelial cells of human and rabit6,17, and thus playing an important role in hoesticrobes
interaction in the colonic mucosa.

Antibiotics, apart from exerting bactericidal/bacteriostatic effects on pathogens, canpahdgens
sugeptible to the host immune system, such as killing of bacteria by polymorphonuclear neutrophils
(PMNs) [18]. On the other hand, by inducing production and release of microbial components,
antibiotics may provoke proinflammatory responses in host [dg€]s Numerous antibiotics also have
direct modulatory effects on immune functiof&)]. Moreover, antibiotic treatment disrupts the
normal colonic flora that may allow colonization and secondary infections by enteropathogens such as
Clostridium difficile Clostridium perfringens Staphylococcus aureusnd Salmonellaspp [21].
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Alteration of the microbiota also affects immune homeostasis including expression of AMPs, leading
to infections such as increasing susceptibilityigteria monocytogend22]. C. difficile is the major

cause of antibiotic associated diarrhoea (AAD), accounting féti 20% of all AAD caseqd2]].
Clindamycin, extendedpectrum penicillin, cephalosporin and fluoroguinolones includipgpfloxacin

are the major antibiotics implicatéa C. difficile associated diarrhoea (CDA[B3].

In this study, we determined the effect of several antibiotics on the constitutive and bBotueaés
expression of cathelicidinin colon epithelial cellsin vivo andor in vitro. Since ciprofloxacin
suppressed the butyrateediated induction of cathelicidinwe also investigated the influence of
ciprofloxacin onthe induction ofh u ma-deferisins (HBDs)n vitro. A genome wide microarray
analysis was performed in order to prefihe expression of eegulated genes. Histone modifications
and phosphorylation of MAP kinases were assessed for potential regulatory mechanisms. Lastly, to
evaluate cathelicidin suppression as a causal link to CDAD, the inhibitory effect of humaiticithel
LL-37 onC. difficile was investigated.

2. Resllts

2.1. Effect of Antibiotics on Expression of the CAMP Gene Encodi®y lih HT-29, a Colonic
Epithelial Cell Line

A selection of antibioticsi.e., ciprofloxacin, clindamycin, ofloxacin, levofloxagi pivmecillinam,
azithromycin, ceftriaxone, ampicillirand isoniazid were screened by riale PCR for their effect on
the CAMP gene expression in HZ9 cells in the presence or absence of sodium butyrate (NaB).
Stimulation of cells with NaBor 24 h resulted in a significant increaseGAMP gene expression
compared to unstimulated cells (3@ fold, p < 0.001). Ciprofloxacin suppressed this induction
significantly < 0.05 with 100 pg/mL ciprofloxacinp < 0.001 with 125 and 150 pg/mtiprofloxacin)
in a concentration dependent manner (Figure 1A). Clindamycin also exhibited significant suppression
(p = 0.069, 0.016 and 0.028 with 125, 150 and 200 pg/mL clindamycin, respectively), although the
degree of suppression was much lower than faofigxacin (Figure 1B). Azithromycin, ofloxacin,
and levofloxacin reduced the NaBducedCAMP gene, but the effect was not significant (Figuré BE)C
Pivmecillinam, ampicillin, ceftriaxoneand isoniazid did not show any effect on GAMP gene
induction(Figure 1k 1). In the absence of NaB, no antibiotic had any eff@d€AMP gene expression
(data not shown). Thusjprofloxacin and to a lesser extent clindamycin significantly dosgulated
NaB-induced CAMP expression, while other antibiotics exhibitew significant effect on the
induction. Similar results were obtained, when the cells were stimulated for 48 h (data not shown).
Notably, by trypan blue assay, no effeatcell viabilitywas observed after the stimulation of the cells.
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Figure 1. Effect of antibiotics on NaBnduced expression of theAMP gene encoding
LL-37 in HT-29 cells. HTF29 cells were stimulated for 24 h with 2 mM Nalne orin
combination with different concentrations @A) ciprofloxacin; (B) clindamycin; (C)
azithromycin (D) ofloxacin; (E) levofloxacin; (F) pivmecillinam; (G) ceftriaxone;(H)
ampicillin; and(l) isoniazid. RNA was extracted from cells and cDNA prepared, which
was used to quantifgZAMP gene (LL-37 transcript) expression by real time qPCRMP
expressions presented as fold change to control (untreated) cells. Data are given as mean
+SD of sevenreplicates. One way ANOVA of original data in case of clindamycin or log
transformeddata for other antibiotics as utilized in comparing between different groups.
Pairwise effects between groups were compared by the FBMtak post hoccomparison
procedure. < 0.05, *** p < 0.001. NaB: sodium butyrate.
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2.2 Effect ofCiprofloxacin andPivmecillinam on thé&xpresionof LL-37 Peptideandlts Proform

hCAP18 in HT29 Cells

Since a prominent effect of ciprofloxacin was observed on transcriptional level 7 LL
expression, we further investigated the effect on the peptide/protein level by Western blot analysis.
The effect of pivmecillinam, a neresponder o CAMP gene expressn was also evaluated in parallel.
Mature LL-37 peptide(4.5 kD) was either present in low level or not detected in unstimulated
culture supernatant &{T-29 cells. However, after stimulation with NaB, the expression was increased
and the peptide was edy detected (Figure 2A,C). Ugulation of the prdorm hCAR18 (18 kD)
was also observed in the culture supernatants of-dtiailated cells compared to unstimulated
cells (Figure 2A,C). A dosdependent downregulation of NaBnduced expression of #®-18
and LL-37 was observed with ciprofloxacin (Figure 2A). Ciprofloxacin alone had no obvious effect on
constitutive expression of hCAE8 or LL-37 (Figure 2B). Pivmecillinam had no detectable effect on
constitutive or NaBnduced expression of hCABB or LL-37 (Figure 2C,D). These results clearly
demonstrate that ciprofloxacin dedependently suppresses B induction bybutyrate at both
transcriptional and peptide/protein levels in colon epithelial cells.

Figure 2. Effect of ciprofloxacinand pivmecilinam on LL-37 peptideand hCAP18 in

HT-29 cell supernatants. HZ9 cells were stimulated for 24 h with NaB and/or
ciprofloxacin @,B), with NaB and/or pivmecillinam;(,D). Release of Lt37 peptide
(lower band) and its proform hCAEB (upper band) in dwre supernatants ag detected

by Western blot analysis. Representative pictures are given. Synthe8¢ peptidewas
included as positive control. The blot data in panel 2A are composites of two portions of a
larger data set, while data of panels 2B and 2D are composites of two experiments. NaB:
sodium butyrate; Cip: ciprofloxacin; Piv: pivmecilinam.
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2.3.In VivoEffect of Ciprofloxacin and Pivmecillinam on Cathelicidin Expression in Colonic Epithelia

The physiological relevance of tirevitro effect of ciprofloxacin and pivmecillinam on cathelicidin
expression was investigated in healthy rabbits and a rabbit mioslggellosis, representing infectious
diarrhoea. Immunohistochemical analysis revealed significant suppression of the rabbit cathelicidin
CAP-18 expression in the rectal epithelium of healthy rabbits treated with ciprofloxacin compared to
healthy untreatk rabbits p < 0.001) Figure 3A,B). Notableputyrate is present in the colon and
rectum of healthy rabbits. We confirmed results from previous study{16], demonstrating that
CAP-18 exression was significantly dowmegulated in rectal epithelium of rabbits infected with
Shigella flexnericompared to healthy rabbitp € 0.001) and treatment with NaB counteracted this
downregulation. Interestingly, when ciprofloxacin was given as radjuherapy, the induction of
CAP-18 was significantly suppresseol € 0.001); the level was even significantly lower than that of
infected rabbits{ < 0.001) Figure 3A,B). Theseéata showed that ciprofloxacin has suppressive effect
on cathelicidin exprgsion in rectal epithelia of healthy aBtigellainfected rabbits. The NaBduced
reappearance of CAP8 in rectal epithelium ofShigellainfected rabbits was not affected by
pivmecillinam and there was a significant difference between ciprofloxactedread pivmecillinam
treated rabbitsp(< 0.001) (Figure 3A,B). Notably, pivmecillinam treatment reduced the expression of
CAP-18 to a lesser extent than ciprofloxacin in healthy rabpits@.01 between ciprofloxacin treated
and pivmecillinam treated b#hy rabbits) (Figure 3A,B). Most likely this differential reduction of
CAP-18 expression reflects effects of ciprofloxacin on both the normal flora with less butyrate
production and direct on epithelial cells, while pivmecillinam only affect the butynratéuction
mediated by the normal flora.

2.4. Effect of Ciprofloxacin on the Butyrdten d uc ed Ex pr e ©sfensins (HBD) Hu ma n
Transcripts in HT29 Cells

We also examined the effect of ciprofloxacin on NaB d u c e d e X pdefersissi 0 n
Stimulaton of HT-29 cells with NaB resulted in about 10 and 15 fold inductwr: 0.001) of the
genes encoding HBD and HBD3, respectively. With the addition of 150 pg/mL ciprofloxacin, the
induced expression of HBB was reduced significantlyp(= 0.019), whegas HBD1 induction
remained unaffected (Figure 4). NaB didt have any effect on the expression of the gene encoding
HBD-2 (data not shown). These results suggest that ciprofloxacin also blocks botgchéded
induction of the gene encoding HBDIn colonic epithelial cells.
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Figure 3. Effect of ciprofloxacinand pivmecillinam on CAP18 expression in rectal
epithelia of rabbit. Healthy rabbits were either treated with ciprofloxacisr 3) or
pivmecillinam @ = 3) or left untreatedn(= 3). Shigellainfected rabbits treated with 2 mM
NaB alone 6 = 3) or together with ciprofloxacim(= 3) or pivmecillinam § = 3) or left
untreated f = 3). Mucosal sections of rectum were stained with the rabbit cathelicidin
CAP-18 specific antibody.A) Representative photomicrographs of CE&immunostaning
(arrows). Bars equal to 50 gr(B) Semiquantification of CAPL8 immunostaining are
expressed as ACIA score (See materials and methods). Data are given as mean tstandard
deviation. One way ANOVA of logransformeddata was utilized in comparing beten
different groups. Paiwise effects between different groups were compared by the
Holm-Sidak post hoc comparison procedure. *p < 0.01, *** p < 0.001. NaB: sodium
butyrate; Cip: ciprofloxacin; Piv: pivmecilinam.
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Figure 4. Effect of ciprofloxacin orbutyrateinduced expression of HBID and HBD3

transcripts in HT29 cells. HF29 cells were stimulated for 24 h with 2 mM NaBne or

in combination with 150 pg/mL ciprofloxacinRNA was extracted from cells and cDNA

prepared, which was used to quangfpression of HBEL and HBD3 transcripts by real

time qPCR. Gene expressimpresented as fold change to control (untreated) cells. Data

are given as mean = SD ofour replicates. One way ANOVA of letransformed

data vas utilized in comparing betweedifferent groups. Paiwise effects between

groups were compared by the He8idak post hoc comparison proceduré p < 0.05.

NaB: sodium butyrate; Cidefensic.i profl oxacin; HI
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2.5. Suppressivé&ffectof Ciprofloxacinon GenomeWide Expression Profilef NaBInduced Genem
HT-29 Cells

To further inwestigate the suppressive effeof ciprofloxacin on NaBnduced genes, we
performed a microarray analysis on RNétracted from HI29 cells that were stimulated with NaB
alone or m combination with ciprofloxacin. The microarray data dr@ posi t ed i n NC
ExpressionOmnibus and are accessible through GEO Series AccebBgiotber GSE45220[24].

Similar to theCAMP gene, the expression of several immune genes was enhanceeli ¢élls by

NaB and was subsequently suppressed by ciprofloxacin. Table 1 depicts the most interesting gene:
from this set that are associateith mucosal immunity including mucins, S100 ataim binding
proteins and RNase A. Genescoding the processing enzyme kallikrein, G protein coupled receptors
(GPCR), interleukin receptors, interleukin 18 and nitric oxide syntvasealso ceregulated with the
CAMPgene (Table 1). The entire list génes thaivere coregulated with th€€ AMP gene is shown in
Supplementaryrable S1.
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Table 1. Selected Genes, upgulated with NaB treatment and subsequently suppressed
with co-administration of ciprofloxacin.

. Downregulation
Upregulation (NaB g

Entrez Gene - vs unstimulated) (NaB + Cipvs
gene ID symbol Description NaB)
Fold Fold
change p-value change p-value
2840 GPR17 G proteinrcoupled receptor 17 4.37 0.0002 12.93 0.0013
84,873 GPR128 G proteincoupled receptor 128 2.7 0.0098 134 0.006
3816 KLK1 kallikrein 1 2.6 0.0012 1199 0.014

ribonuclease, RNase A family,

6035 RNASE1 .
1 (pancreatic)

8.57 0.0011 1191 0.042

6274 S100A3 S100 calcium binding protein A3 10.54 0.00005 13.02 0.016
6271 S100A1 S100 calcium binding protein Al 7.72 0.0073 1247 0.027
57,402 S100A14 S100 calcium binding protein A14 2.59 0.0056 1195 0.015
4846 NOS3 nitric oxide synthase 3 (endothelial ce  4.05 0.0002 13.88 0.0008
143662 MUC15 mucin 15, cell surface associated 17.2 0.03 14.7 0.05
394263 MUC21 mucin21, cell surface associated 3.27 0.0024 122 0.01
3606 IL18 . interleukin 18 293 00013 1143 0.0003
(interferongammainducing factor)
400935 ILA7REL interleukin 17 receptor-ike 2.57 0.0052 11.96 0.011
3554 ILIR1 interleukin 1 receptor, type | 6.32 0.0071 13.26 0.013
3557 ILIRN interleukin 1 receptor antagonist 3.4 0.02 13.2 0.04

NaB: sodium butyrate (2 mM); Cip: ciprofloxacin (1§ mL).
2.6. EpigenetidViodificationsare Involvedin the Suppressive Effecf Ciprofloxacinin HT-29 Cells

Butyrate and phenylbutyrate are histone deacetylase inhibitors (HDACI) and have been demonstratec
to induce CAMP gene expression25i 27]. To investigate potential epigenetic effects of NaB
and/or ciprofloxacin in HI29 cells, we evaluated acetylation lmstone H3 and H4 by Western
blot analysis of histone extracts. Phosphorylation of histone H3 has also been implicated in the inducec
expression of several genes such a®s¢ cjun, additional activator proteibh (AP-1) family
genes and-myc [28]. Herce, phosphorylation of H3 was also assessed by Western blot analysis of
histone extracts. NaB augmented acetylation of histone H3 at Lys14, histone H4 at Lysl6 and
phosphorylation of histone H3 at Ser10 within 2 h of stimulation that lastesl 2¢ph (Fgure 5A D).
Ciprofloxacin exhibited no effect on the NaBduced acetylation of H3 and H4 (Figure 5A,B).
Interestingly, ciprofloxacin doséependently reduced the induction of phosphorylation of histone H3
at Serl10 (Figure 5C). Changes of H3 phosphorylaitioHT-29 after treatment with NaB alone or in
combination with ciprofloxacin was confirmed by the immunofluorescence staining of cells (bidjure
Ciprofloxacin alone had no effect on histone phosphorylation and acetylation (data not shown).
These findhgs indicate the involvement of both acetylation and phosphorylation of histones in
butyrateinduced genes. Haver, only phosphorylation of histone H3 was correlated with the
ciprofloxacinrmediated dowsregulation of butyraténduced genes.
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Figure 5. Histone modifications in HR29 cells after treatment with NaB alone or
in combination with ciprofloxacin. HR9 cells were stimulated for 24 h with 2 mM NaB
alone orin combination with different concentrations of ciprofloxacin. Histone was
extracted from dés and utilized for Western blot analysis to dete&) @cetylation of
histone H3 Lys14(B) acetylation of histone H4 Lys16C) phosphorylation of histone H3
SerlQ (D) Phosphorylation of histone H3 at Serl0 was also detected by
immunofluorescencstaining of the cells. Arrows indicate examples of positively stained
cells. NaB: sodium butyrate; Cip: ciprofloxacin; AcH3(K14): Acetylation of histone H3 at
Lys14; AcH4(K16): Acetylation of histone H4 at Lys16; pH3(S10): Phosphorylation of
histone H3 aBerl10.

To approach the involvement of MAP kinase signhaling pathway, the phosphorylation of ERK
and p38 in HT29 cells vasinvestigated after treatment of the cells with NaB and/or ciprofloxacin.
By Western blot analysiof cell lysates, no differencestween treatment groups were observed at any
time point starting from 5 min to 24 (data not shown).



