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OUTLINE OF THE THESIS

This PhD Thesis reports the results of my research in the laboratory of Prof. Ezio Ricca
at the Department of Biology of the Federico II University of Naples, Italy. During
these three years I focused my studies on the effects of molecules of various origin on
intestinal epithelial cells and on the role of the microbiota in the gut homeostasis, using
two different experimental approaches: in vitro and in vivo model systems. The Thesis
is organized in four chapters addressing specific topics. The first three chapters are
focused on the effect of bacterial molecules (putative peptides produced by intestinal
isolates of Lactobacilli spp., CHAPTER 1; Competence and Sporulation Factor —CSF
produced by intestinal isolates of Bacillus subtilis strains, CHAPTER 2) or plant
molecules (whole-leaf extracts of Aloe arborescens, CHAPTER 3) on epithelial cells (in
vitro approach) with particular attention to intestinal epithelial cells, to better
understand how they affect cellular proliferation and death. CHAPTER 4 analyzes the
variations of intestinal microbiota composition in rats (in vivo approach) under different
diet regimens, by using a metagenomic approach.

In most part of my work, I focused on the crosstalk set between commensal bacteria and
intestinal epithelial cells, based on microbial quorum-sensing molecules. It is well
known the intestinal microbiota is a unique ecological niche where microorganisms live
in a balanced relationship with other species and the host. Our gut microbiota can be
pictured as a microbial organ placed within a host organ: 1) it is composed of different
cell lineages with a capacity to communicate with one another and the host, ii) it
consumes, stores, and redistributes energy, iii) it mediates physiologically important

chemical transformations and iv) it maintains and repairs itself through self-replication.
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Our relationship with components of this microbiota is often described as commensal
(one partner benefits and the other is apparently unaffected) as opposed to mutualistic
(both partners experience increased fitness). However, use of the term commensal
generally reflects our lack of knowledge, or at least an agnostic (noncommittal) attitude
about the contributions of most citizens of this microbial society to our own fitness or
the fitness of other community members (Backhead et al., 2005). It’s well known that
this relationship is complex and incompletely understood, often involving bidirectional
signals and interactions that not only influence the behavior of microflora but also host
responses essential to the maintenance of intestinal homeostasis. In this contest, many
beneficial bacteria, including members of the Lactobacillus or Bacillus genera, have
been promoted as probiotics for the treatment or prevention of a number of diseases
(Hong et al., 2005). The mechanism(s) by which they exert their protective effects in
the gastrointestinal tract is not well understood but is likely to involve pathogen control
or exclusion as well as protection of host tissues against inflammatory responses.
However, the biochemical basis of the biological response of eukaryotes to bacterial
quorum-sensing signal molecules is still at an early stage, and virtually nothing is
known about the impact of Gram-positive peptide signals on host cells. Furthermore, it
has to be underlined that all bacilli and lactobacilli used in my studies are intestinal
isolates from healthy human adult volunteers, previously characterized (Fakhry et al.,
2008; Fakhry et al., 2009). Here a brief summary of the content of each chapter is

reported.

In CHAPTER 1, I report the effects of secreted molecules of an intestinal strain of
Lactobacillus gasseri (SF1183) on HCT116 cells, a model of intestinal epithelial cells.

With my work I have shown that the bacterial strain secretes, during its stationary phase
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of growth, a small molecule, most likely a peptide, able to reduce the TNF-alpha
induced-apoptosis of HCT116 cells. These results have been published in 2013: Di
Luccia B, Manzo N, Baccigalupi L, Calabro V, Crescenzi E, Ricca E, Pollice A. (2013).
Lactobacillus gasseri SF1183 affects intestinal epithelial cell survival and growth.

PLoS One. 2013 Jul 23;8(7):¢69102.

In CHAPTER 2, I studied the effects of the Competence and Sporulation Factor (CSF)
secreted by various intestinal strains of Bacillus subtilis on HT29, used as a model of
intestinal epithelial cells. CSF is a cationic pentapeptide corresponding to the C-
terminal 5 amino acids of the 40 amino acid polypeptide encoded by the phrC gene
(Kunst et al., 1997) and acts in quorum sensing factor (Lazazzera et al., 1997) altering
Bacillus population behavior in pure culture (Solomon et al.,1996). It has been shown
that CSF produced by a laboratory collection strain of B. subtilis, induces the heat-
shock protein 27 (Hsp27) in human intestinal epithelial cells (Fujita et al., 2007). Hsps
confer protection against a wide variety of stresses protecting intestinal epithelial cells
from oxidative injury and hence contribute to the maintenance of intestinal
homoeostasis (Tao et al., 2006). During my studies, I developed a genetic system to
evaluate the presence of CSF in bacterial conditioned growth media and used it to
screen a collection of intestinal isolates of B. subtilis. When compared to a laboratory
strain of B. subtilis (PY79) most isolates were shown to produce high amounts of CSF
and only few of them were unable to produce the quorum-sensing peptide. Some of the
intestinal isolates were able to grow anaerobically and also in those condition CSF
production was observed. As expected, all CSF-containing media were able to induce
Hsp27 to levels similar to those observed with the laboratory collection strain and after

heat shock. Surprisingly, one of the strain that does not produce CSF is still able to
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induce an heat-shock response, suggesting the also other bacterial molecules can be
sensed by epithelial cells. Then, a proteomic approach was used to investigate potential
other cell targets of the bacterial molecule. The total proteic extracts of HT29 cells
treated and not-treated with CSF were analysed by 2D-PAGE-MS/MS to identify
proteins up- or down-regulated in the treated sample compared with the not-treated. A
preliminary analysis of the proteins affected by CSF is reported. A manuscript reporting

these results is in preparation.

In the CHAPTER 3, it has been proposed a biochemical and cellular approach to explore
the beneficial activity of Aloe arborescens leaf-extracts. Aloe arborescens is known to
be rich in beneficial phytotherapeutic, anticancer, and radio-protective properties. It is
commonly used as a pharmaceutical ingredient for its effect in burn treatment and
ability to increase skin wound healing properties. However, very few studies have
addressed its biological effects at molecular level. In this contest, my experiments
showed that Aloe arborscens extracts have antiproliferative properties on epithelial
cancer cells and prodifferentiative effects on immortalized cheratinocytes promoting the
production of antimicrobial molecules. These results have been included in the
publication: Di Luccia B, Manzo N, Vivo M, Galano E, Amoresano A, Crescenzi E,
Pollice A, Tudisco R, Infascelli F, Calabro V. (2013). 4 biochemical and cellular
approach to explore the antiproliferative and prodifferentiative activity of Aloe

Arborescens leaf extract. Phytother Res. doi: 10.1002/ptr.4939.

Moreover, I studied the changes of microbiota composition in rats fed with different
diets by using a metagenomic approach (CHAPTER 4), to investigate how these

variations could affect the physiology of the whole organism. The Western diet, rich in
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fat and carbohydrates, has been clearly associated to the development of obesity and
diabetes in several industrialized countries. Fructose, an abundant component of the
western diet, has been proposed as a major inducer of the metabolic syndrome, a
combination of health disorders significantly increasing the risk of developing obesity
and diabetes. In addition to being associated to the human health, the diet is known to
strongly affect the composition of the gut microbiota. However, it is still not clear
whether the alteration of the microbial composition of the gut is a consequence or rather
one of the causes of the health disorders due to the diet. We used a rat model of obesity
to assess whether the gut microbiota was linked to the development of the fructose-
induced metabolic syndrome and showed that an antibiotic treatment as well as a fecal
transplant was able to abolish early signs of fructose-induced metabolic syndrome. A
metagenomic approach was used to evaluate the bacterial composition of the gut of rats
under the various diet regimens. These data point to the reduced bacterial diversity of
the gut as one of causative factors of the metabolic syndrome. A manuscript

summarizing these results has been just submitted for publication.

Finally, in the APPENDIX of the thesis I report an unrelated study about the
characterization of a pigmented spore-forming bacterium (Bacillus pumilus SF214) able
to produce a hydrosoluble orange carotenoid. Although I don’t discuss in details this
argument here, I published the results of this work in 2013: Manzo N, Di Luccia B,
Isticato R, D'Apuzzo E, De Felice M, Ricca E. (2013). Pigmentation and sporulation
are alternative cell fates in Bacillus pumilus SF214. PLoS One. 2013 Apr
25;8(4):62093. Briefly, I observed that in B. pumilus SF214 the pigmentation is strictly
regulated and high pigment production was observed during the late stationary growth

phase in a minimal medium and at growth temperatures lower than the optimum. Only a

10
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subpopulation of stationary phase cells produced the pigment, indicating that the
stationary culture contains a heterogeneous cell population and that pigment synthesis is
a bimodal phenomenon. The fraction of cells producing the pigment varied in the
different growth conditions and occured only in cells not devoted to sporulation. Only
some of the pigmented cells were also able to produce a matrix. Pigment and matrix
production in SF214 appear then as two developmental fates both alternative to
sporulation. Since the pigment has an essential role in the cell resistance to oxidative
stress conditions, we propose that within the heterogeneous population different

survival strategies can be followed by the different cells.

Backhed F., Ley RE., Sonnenburg JL., Peterson DA., Gordon JI (2005). Host-Bacterial
Mutualism in  the Human Intestine. Science 307, 1915; DOI:
10.1126/science.1104816.

Fakhry S., Sorrentini 1., Ricca E., De Felice M., Baccigalupi L. (2008).
Characterization of spore forming Bacilli isolated from the human
gastrointestinal tract. J Appl Microbiol, 105(6):2178-86
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CHAPTER 1

1.1 Abstract

It is now commonly accepted that the intestinal microbiota plays a crucial role in the gut
physiology and homeostasis, and that both qualitative and quantitative alterations in the
compositions of the gut flora exert profound effects on the host’s intestinal cells. In
spite of this, the details of the interaction between commensal bacteria and intestinal
cells are still largely unknown and only in few cases the molecular mechanisms have
been elucidated. Here we analyze the effects of molecules produced and secreted by
Lactobacillus gasseri SF1183 on human intestinal HCT116 cells. L. gasseri is a well
known species of lactic acid bacteria, commonly associated to the human intestine and
SF1183 is a human strain previously isolated from an ileal biopsy of an healthy
volunteer. SF1183 produces and secretes, in a growth phase-dependent way,
molecule(s) able to drastically interfere with HCT116 cell proliferation. L. gasseri
molecule(s) stimulate a G1-phase arrest of the cell cycle by up-regulation of p21 WAFI1

rendering cells protected from intrinsic and extrinsic apoptosis.

1.2 Introduction

Several recent studies have shown that commensal bacteria, forming the human gut
microbiota, establish complex symbiotic interactions with cells of the gastrointestinal
tract (GIT) and that these interactions significantly contribute to human health [1,2,3,4].
Metagenomic experiments have indicated that the vast majority of the intestinal bacteria
belong to two phyla, the Gram-negative Bacteroidetes and the Gram-positive
Firmicutes, including the large class of Clostridia and the lactic acid bacteria [5,6].
However, the composition of the gut microbiota is known to change transiently as a
consequence of a variety of factors such as age, diet, enteral infections, pharmacological

treatments and immunosuppression [7,8,9]. Changes in the microbiota composition
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have also been associated to several diseases, such as chronic inflammation of the
Gastro-Intestinal tract (GIT), diabetes and obesity [7,10,11,12,13,14], and the oral
administration of members of the microbiota has been considered as a potential clinical
tool to relieve intestinal dysfunctions [15,16,17,18,19,20]. Interest in the beneficial
functions of the human microbiota has resulted in the selection of specific strains with
putative health-promoting capacities that are recognized as probiotics and are generally
selected from isolates of the Lactobacillus or Bifidobacterium species. Probiotic
bacteria have been shown capable to modulate systemic inflammation, cell proliferation
and apoptosis, and such properties proposed as useful for future immunomodulatory and
cancer prevention strategies [13,14,21,22]. In vitro studies have reported the anti-
proliferative and pro-apoptotic effects of Lactobacillus and Bifidobacterium spp. in
various cancer cell lines [23,24,25,26], while in vivo studies have shown the inhibitory
activity of probiotics on liver, bladder and colon tumours in animal models
[27,28,29,30].

The molecular mechanisms of interaction between intestinal cells and bacteria have
been studied in detail only in few cases and often quorum-sensing autoinducers,
communication molecules released by bacteria at high densities, have been shown to
modulate host responses either directly or through regulation of bacterial genes
involved in gut colonization and host signalling [31,32]. An example in this context is
the quorum-sensing pentapeptide CSF (Competence and Sporulation Factor) of Bacillus
subtilis that is taken up by Caco-2 cells via the membrane transporter OCTN2 (organic
cation transporter 2) and that contributes to eukaryotic cell homeostasis activating
survival pathways (p38 MAP kinase and protein kinase B/ Akt) [33]. In other cases the
secreted bacterial effectors have not been identified: still unidentified molecules

secreted by Lactobacillus rhamnosus GG were shown to prevent cytokine-induced
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apoptosis on two different intestinal cell model systems (YAMC-young adult mouse
colon; HT29-colon carcinoma) [34]; molecules secreted by L. reuteri were shown to
potentiate tumour necrosis factor (TNF-a)-induced apoptosis in myeloid leukemia
derived cells. In the latter example L. reuteri molecules were found to: i) suppress NF-
kB activation by inhibiting IkBa degradation; ii) downregulate nuclear factor-kB (NF-
kB)-dependent gene products affecting cell proliferation and survival; iii) promote
apoptosis by enhancing mitogen-activated protein kinase (MAPK) activities including
c-Jun N-terminal kinase and p38 MAPK [35].

Lactobacillus gasseri is a well characterized species of low GC gram-positive bacteria,
known to represent one of the major homofermentative Lactobacillus of the human
intestine [36]. We have isolated the SF1183 strain of L. gasseri from an ileal biopsy of a
human healthy volunteer and, in particular, from the fraction of bacteria tightly
associated to the epithelial cells. SF1183 was shown to have antimicrobial activity
against a panel of enteropathogens and to form a matrix (biofilm) in standard laboratory
as well as in simulated intestinal conditions [36].

This study investigates the effects of molecules produced and secreted by L. gasseri
SF1183 on colorectal HCT116 cells, both at the molecular and cellular level. Since
HCT116 cells are responsive to TNFa-induced apoptosis [37,38], we tested their
response to the presence of L. gasseri SF1183 supernatant. Moreover, we extended our
analysis to the effects of another inducer of apoptosis to evaluate the specificity of the

observed effect.

1.3 Results and Discussion

1.3.1 The conditioned medium (CM) of L. gasseri SF1183 protects HCT116 cells

from TNFo induced apoptosis. Among the most common features of chronic
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intestinal inflammations, such as Crohn and irritable bowel diseases (IBDs), is the
increase in the production of inflammatory cytokines, epithelial cell apoptosis and
immune cell infiltration, leading to disruption of the intestinal epithelial integrity.
TNFa is among the cytokines more largely produced under these conditions. It is
known to regulate both anti- and pro-apoptotic signaling pathways and determine the
cell fate by controlling the balance between the two pathways [39]. To study the effects
of molecules secreted by L. gasseri on TNFa-induced apoptosis we used the TNFa
sensitive HCT116 human colon cancer cells as a model of intestinal epithelial cells [37].
As a marker of apoptosis we followed the proteolytic cleavage of PARP-1, a regulator
of the DNA base excision repair pathway essential for the maintenance of genomic
integrity and for survival in response to genotoxic insults [40]. PARP-1 is known to be
specifically proteolysed by the Caspase 3 to a 24 kDa DNA-binding domain (DBD) and
a 89 kDa catalytic fragment during the execution of the apoptotic program [41]. To set
up the experimental conditions, HCT116 cells were incubated with 1 nM TNFa for
various times and cell extracts analyzed by western blotting with anti-PARP-1 antibody.
As shown in Figure 1A, the amount of proteolyzed PARP-1 increased with the time of
exposure to TNFa.. Therefore we decided to use 8 hours of treatment with 1 nM TNFa
to detect either induction or inhibition of PARP cleavage, for all therein experiments
involving a TNF-a activation.

A filter-sterilized conditioned medium (CM) of a L. gasseri SF1183 culture was added
(20% v/v) to HCT116 cells and incubated for 16 hours. Then, TNFa was added and,
after additional 8 hours of incubation, cells were harvested and whole extracts analyzed
by western blotting with anti-PARP-1 antibody. As shown in Figure 1B the bacterial
CM alone did not have any effect on PARP-1 cleavage while was able to significantly

reduce the TNFa-induced proteolytic activation of PARP-1.
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L. gasseri is a homofermentative bacterium that, therefore, grows producing lactic acid

as the only metabolic end-point of carbohydrate metabolism.
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Fig 1. HCTI116 cell response to L. gasseri CM with or without TNFa treatment.
Western blot with anti-PARP-1 antibody of whole cell extracts from HCTI16 cells
incubated in (A) complete cell culture medium supplemented or not with TNFa (1 nM)
for 2, 8 or 24 hours; (B) complete cell culture medium supplemented or not with CM
(20%v/v) for 16 hours before treatment with InM TNF o for 8 hours; (C) complete cell
culture medium supplemented or not with TNFa (1 nM) for 8 hours and MDM (20%v/v)
or MDM + lactic acid pH4 (20%v/v). After the treatments cells were collected, lysed
and protein concentration determined. Equal amount of cell lysates were fractionated
on SDS-PAGE and analyzed by western blotting with antibodies against PARP-1. Actin
was used as a loading control.

As a consequence, its growth medium is acidified during growth to reach a final pH
value of 4.0. To verify that the reduction in the extent of PARP-1 cleavage was due to
secreted molecules and not to the acidification of the growth medium, the same
experiment of Figure 1B was performed adding to HCT116 cells the same amount (20%
v/v) of the fresh bacterial growth medium (MDM) either at its normal pH (pH 7.0) or

acidified to pH 4.0 with lactic acid. As shown in Fig. 1C, both media did not have any
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effect on TNFa-induced cleavage of PARP-1 suggesting that the CM of L. gasseri

SF1183 contains molecules with anti-apoptotic activity.

1.3.2 The CM of L. gasseri SF1183 contains bioactive soluble molecule(s) secreted
during the stationary phase of growth. As a first step toward the characterization of
molecule(s) involved in the observed effect, we decided to size-separate the CM of L.
gasseri by using a 3 kDa molecular mass cut-off filter. As Figure 2A clearly shows we
observed bioactivity largely in the filtrate, indicating a small (less than 3 kDa)
molecular mass for the effector(s) molecule(s). Further, different enzymatic treatments
of the CM indicated that bioactivity is proteinase-K sensitive, suggesting a
proteinaceous nature (Figure 2B). Often bacteria secrete bioactive molecules during
their stationary phase of growth. We thus tested the CM of L. gasseri cultures at
different stages of growth and observed bioactivity produced only in early and late
stationary phase of growth (24 and 48 hours of growth, respectively) (Figure 2). All
experiments therein reported have been performed by using the size-fractionated (< 3

kDa) CM of a late stationary culture of L. gasseri SF1183.
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Fig. 2 L. gasseri secretes bioactive soluble molecule(s) of proteinaceous nature
during the stationary phase of growth. HCT116 cells were incubated in complete cell
culture medium supplemented or not with TNFa (I nM) for 8 hours and with A) CM
fractionated with a cut-off of 3 kDa, or B) CM treated with different enzymes [Trypsin,
Proteinase K, DNAse I, RNAse A], or C) CM of cultures at the indicated phases of
growth. After the treatments, cells were collected, lysed and total cell extracts were
analyzed by western blotting with antibodies against PARP-1. Actin was used as a
loading control. PARP-1 band intensity was evaluated by ImageQuant analysis on at
least two different expositions to assure the linearity of each acquisition. Values
expressed as ratio with the corresponding actin values and normalised to the reference
point (PARP-1 cleavage in medium). Percentage of increase (+) or decrease (—) with
respect to the intensity of the reference point are indicated.

1.3.3 The CM of L. gasseri SF1183 affects cell proliferation of HCT116 cells. To
characterize the cellular response to L. gasseri secreted molecules, we analyzed
HCT116 cell number and viability after growth in presence of CM. Briefly, cells were
incubated for 24 hours with CM of L. gasseri (20% vol/vol) and then analyzed both for
the number of cells by counting in a Burker chamber and for cell viability by MTS
assay. As Figure 3A shows, the CM caused a 30% reduction in the number of cells. The

MTS assay (Figure 3B) showed a reduction in cell viability of the same order of

magnitude.
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Fig. 3. The CM of L. gasseri SF1183 affects HCT116 cell number but not cell
viability. Proliferating HCTI116 cells were incubated in complete cell culture medium
supplemented or not with CM (20%v/v). After 24 hours (A) controls (NT) and CM-
treated (CM) cells were collected and counted in a Burker chamber, or (B) incubated
with  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-
tetrazolium as a substrate and the absorbance of converted formazan measured at
490nm.

To get more insights into the cellular response, we looked at the cell-cycle distribution
profile and at the expression of cell cycle-related molecular markers in HCT116 cells
exposed to TNFa and/or to the CM of L. gasseri.

The cell cycle distribution was analyzed by flow cytometry and showed that treatment
with TNFa causes a drastic increase in the subG1 cell population (from 4 to 28%) while
the pre-treatment of cells with the CM of L. gasseri strongly reduced the TNFa induced
effect (Figure 4A), thus supporting our previous data indicating a reduction in the extent
of PARP-1 cleavage (see Figure 1B, 2B, 2C). Importantly, we found that the CM alone
caused a significant increase (up to 18%) in the Gl population of cells with a
compensatory decrease in S/G2 cells, indicating that cells were unable to resume the
cell cycle at normal phase transit rate (Figure 4A), consistently with previous MTS and
proliferation data. This suggests that, indeed, molecules secreted from L. gasseri can

drastically interfere with proliferation of HCT116 cells, rendering them less prone to

TNFa induced apoptosis.
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Expression of the cell cycle markers p21WAF1 and pERKs was also investigated to
explore the effects of the CM of L. gasseri at the molecular level. p2IWAF1 (also
known as cyclin-dependent kinase inhibitor 1) is a regulator of cell cycle progression at
the S phase that acts as an inhibitor of cyclin-dependent kinase, and occupies a central
position in the regulation of the cell cycle in many tissues [42,43].
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Fig. 4 The CM of L. gasseri SF1183 affects cell proliferation of HCTI116 cells.
Proliferating HCTI16 cells were incubated in complete cell culture medium
supplemented or not with CM (20%v/v) and/or TNFo. (InM). After the treatments, cells
were collected and treated for flow-cytometric analysis (A) or western blot (B) with the
indicated antibodies.

Levels of p21WAFI1 protein are regulated during the cell cycle at the levels of

transcription and protein degradation, although many questions remain on the
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mechanism of p21 proteolysis [44,45]. ERK1,2 (Extracellular signal-regulated kinases)
are members of the mitogen-activated protein kinase (MAPK) super family that can
mediate cell proliferation and apoptosis. Activated (phosphorylated) ERKs, are usually
associated with active cell proliferation [46], while p21 increase correlates with a G1
cell cycle arrest [47]. Immunoblots with the appropriate antibodies showed that
treatment with CM significantly induced p21WAF independently from TNFa (Figure
4B; compare lanes 1-2 with 3-4) while pERKSs expression was inhibited in CM treated
cells, strongly supporting the antiproliferative effect of molecule(s) present in L. gasseri
supernatant.

Altogether these experiments clearly indicate that L. gasseri supernatant exerts a

cytostatic but not a cytotoxic effect on epithelial colon cells.

1.3.4 The CM of L. gasseri SF1183 protects HCT116 cells from cisplatin induced
apoptosis. To test whether bioactive molecules present in L. gasseri supernatant could
exert anti-apoptotic effects against other apoptosis-inducers we preincubated HCT116
cells with CM and then treated them with 30 uM cisplatin to induce the intrinsic
apoptotic pathway. As shown in Figure SA cytofluorimetric analysis indicate that a G1
cell cycle arrest is induced by CM addition which causes cells to be more resistant to
cisplatin induced apoptosis. These observations are supported, at the molecular level,
with an increase in p21 WAFI1 levels and a decrease of ERKSs activation when CM was
added to the cells (Figure 5B, lanes 1,2). Consistently, pretreatment of cells with CM
determined a reduction in the extent of PARP-1 cleavage when cells were subjected to

cisplatin action (Figure 5B, lanes 3,4).
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Altogether our results clearly indicate that probiotic L. gasseri protects intestinal

epithelial cells from apoptosis induced by inflammatory cytokines or cytotoxic drugs,

causing cell cycle arrest.
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Fig. 5 The anti-apoptotic effect of L. gasseri is not specific for TNFa-induced
apoptosis. Proliferating HCT116 cells were incubated in complete cell culture medium
supplemented or not with CM (20%v/v) and/or cisplatin (30uM). After the treatments,

cells were collected and treated for flow-cytometric analysis (4) or western blot (B)
with the indicated antibodies.

1.4 Conclusions

The main result of this report is that the conditioned medium of a stationary culture of

the human isolate SF1183 of L. gasseri contains molecule(s) able to affect cell
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proliferation of HCT116 cells, protecting them from intrinsic as well as extrinsic,
TNFa-induced, apoptosis. Chronic inflammations cause an increase in inflammatory
cytokines (such as TNFa), epithelial cell apoptosis and immune cell infiltration, leading
to disruption of the intestinal epithelial integrity. Therefore, a reduction of cell
proliferation could protect epithelial barrier integrity and help in reconstituting tissutal
homeostasis.

The L. gasseri molecule(s) responsible of the observed effects is proteinaceous, has a
small (less than 3 kDa) size and its synthesis is growth phase-dependent, occuring only
in bacterial cells in stationary phase. Those properties are suggestive of bacterial
quorum-sensing autoinducers, communication molecules produced at high cell density
and known to act as modulator of bacterial host responses [31,32,33]. Unfortunately, the
definition of the chemical nature of the molecule(s) secreted by L. gasseri SF1183 and
able to affect HCT116 cells has been so far unsuccessful. The size-fractionated (less
than 3 kDa) CM of L. gasseri was analyzed by gel filtration chromatography with a
Superdex Peptide 10/300 GL (GE Healthecare Life Sciences) column and two main
peaks were obtained (Suppl. Mat Fig. S1). Chromatographic fractions containing either
one of the two peaks were tested for the ability to reduce the TNFa-induced cleavage of
PARP-1 (Suppl. Mat Fig. S2A). Only one of the fractions (Fraction 1) was shown to
reduce the TNFa-induced cleavage of PARP-1 at the same extent of the unfractionated
CM (Suppl. Mat Fig. S2B). Unfortunately, attempts to analyze Fraction 1 by mass-
spectrometry have been so far unsuccessful, probably because of the minimal
concentration of molecules in the fraction. To define the chemical nature of the
molecule(s) affecting HCT116 cells and identify its cellular and molecular targets will

then be a future and challenging task.
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1.5 Materials and Methods

1.5.1 Bacterial growth and preparation of conditioned medium

Lactobacillus gasseri (SF1183) was grown in MRS broth (Difco, Detroit, MI) for 24
hours at 37°C and the culture diluted and used to inoculate MDM (Glucose 10 g/L,
Sodium acetate 5g/L, KH,PO4 3 g/L, K,HPO4 3 g/L, MgSO4 * 7TH,O 0.2 g/L, L-
Alanine 0.10 g/L, L-Arginine 0.10 g/L, L-Aspartic acid 0.20 g/L., L-Cysteine 0.20
g/L, L-Glutamic 0.20 g/L, L-Histidine 0.10 g/L, L-Isoleucine 0.10 g/L, L-Leucine 0.10
g/L, L-Lysine 0.10 g/L, L-Methionine 0.10 g/L, L-Phenylalanine 0.10 g/, L-Serine
0.10 g/L,L-Tryptophan 0.10 g/L, L-Tyrosine 0.10 g/L., L-Valine 0.10 g/L, Nicotinic
acid 0.001 g/L, Pantothenic acid 0.001 g/L, Pyridoxal 0.002 g/L, Riboflavin 0.001
g/L, Cyanocobalamin 0.001 g/L, Adenine 0.01 g/L, Guanine 0.01 g/L, Uracil 0.01 g/L)
minimal medium. Cells of SF1183 were then grown anaerobically for 48 hours at 37°C.
The culture was centrifuged (3000 rpm for 10 min at RT) and the supernatant
(conditioned medium, CM) was filtered-sterilized through a 0.22 mm low-protein
binding filter (Millex; Millipore, Bedford, MA). CM treated with proteases and
nucleases was prepared as described above and size fractionated (3-kDa cutoff spin
column; Centricon, Millipore). Before treatment with trypsin (GIBCO) or proteinase K
(Invitrogen), or DNasi I, or RNasi A (Invitrogen) at a final 100 ug/ml concentration for
60 min at 37°C the pH of CM was neutralized with concentrated NaOH (10 N). After
the enzymatic treatments CM was acidified to pH 4.0 using concentrated HCI and

fractionated as described above to remove the enzymes.

1.5.2 Cell culture and treatment with bacterial CM
HCT116 cells (ATCC CCL 247) derived from a poorly-differentiated colonic

adenocarcinoma and were maintained in RPMI 1640 supplemented with 10% fetal
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bovine serum and 1% penicillin-streptomycin. Cells were cultured at 37°C in
humidified atmosphere of 5% CO,. The bacterial CM was employed for the treatment at
20% v/v concentration in complete growth medium. After incubation of 16 hours with
CM (20% v/v), TNFa (1 nM, Millipore) or Cisplatin (30 uM, Sigma) was added and
cells harvested after 8 hours or 24 hours of treatment. Cells were lysed and cell extracts

prepared for Western blot and FACS analysis, respectively, as described below.

1.5.3 SDS-PAGE and Western Immunoblot analysis

Cells were harvested in lysis buffer (50 mM Tris-HCI1 pH 7.5, 5 mM EDTA, 150 mM
NaCl, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride, 0.5% sodium deoxycholate,
and protease inhibitors) and total protein extract prepared as previously described [48].
Briefly, cell lysates were incubated on ice for 40 minutes, and the extracts were
centrifuged at 13200 rpm for 15 minutes to remove cell debris. Protein concentration
was determined by the Bio-Rad protein assay (Bio-Rad). After the addition of 2x
Laemmli buffer (SIGMA), samples were boiled at 100°C for 5 minutes and resolved by
SDS-polyacrylamide gel electrophoresis (10% or 12%). Proteins were transferred to
polyvinylidenedifluoride (PVDF) membranes (Millipore) as previously described [49].
The membranes were blocked in 5% w/v milk buffer (5% w/v non-fat dried milk, 50
mM Tris, 200 mM NaCl, 0,2% Tween 20) and incubated with primary antibody diluted
in 5% w/v milk or bovine serum albumine buffer for 2 hours at room temperature or
overnight at 4°C. Primary antibodies were anti-rabbit PARP-1 (Cell Signalling), anti-
rabbit pErks 42/44 (Cell Signalling), anti-rabbit p21 WAF1 (Santa-Cruz Biotechnology),
anti-goat p-actin (Santa-Cruz Biotechnology). Data were visualized by enhanced
chemiluminescence method (ECL, GE-Healthcare) using HRP-conjugated secondary

antibody (Santa-Cruz Biotechnology) incubated 1 hour at room temperature, and
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analysed by Quantity One ®software of ChemiDoc 'V XRS system (Bio-Rad).

1.5.4 Cell growth and flow cytometry analysis

HCTI116 cells were plated in 35mm dishes at the cell density of 2,5 x 10° cells/plate.
For cell growth analysis, cells were cultured in complete growth medium supplemented
or not with bacterial CM at 20% v/v concentration for 24 hours. After the treatment,
cells were collected and counted in a Burker chamber. Flow cytometry analysis was
performed as previously described [50]. Briefly, cells were washed twice with PBS and
harvested with 0.05% trypsin in 0.15% Na,EDTA. Cells were then centrifuged, washed
in PBS, fixed with ice-cold 70% ethanol, and stored overnight at 4°C. Fixed cells were
washed in PBS and then incubated with propidium iodide (50 pg/ml) and RNAse A (10
pg/ml) for 30 min at room temperature. Data acquisition was performed using a CyAn

ADP Flow Cytometer (Beckman Coulter, Inc., Milano, Italy) and Summit Software.

1.5.5 MTS assay

HCTI116 cells were cultured at a density of 2,5x10° cells per well in flat bottomed 6-
well plates and supplemented or not with CM (20% v/v) for 24 hours. After treatment,
CellTiter 96® AQueous One Solution Reagent (Promega, Madison, WI) was added to
each well according to the manufacturer’s instructions. After 30 minutes cell viability
was determined by measuring the absorbance at 490nm using a Multiskan spectrum

(Thermo Electron Corporation).
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1.8 Supporting Information
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Fig. S1. The CM of L. gasseri was size fractionated with a 3 kDa molecular mass cut-
off filter and loaded on a gel filtration chromatographic column (Superdex Peptide
10/300 GL, GE Healthecare Life Sciences). The elution buffer was AMAC 0.3 M. Two
main peaks were observed at 220 nm.

A Fraction Fraction
medium CcM AMAC 1 2
- + + - + - + - +  TNF-a(1nM)
apt Full length—»| el gy (N S g SN sl e
Cleaved —» [re— — —
p-actin -y — —— ey
B 16 | +33% +38%
14 I I
i 12 |
10 ¢
2 op | -40%
g - -59%
nR | ok
04 | ks
0.2 |
o N BN e L
TNFa CM AMAC Frac1 Frac 2

Fig. §2. Chromatographic fractions from the experiment of Fig. SI1 were tested by
western blotting with anti-PARP-1 antibody (A). As a control, cells were also treated
with the elution buffer (AMAC 0,3 M). (B) Densitometric analysis of the western blot.
PARP-1 band intensity was evaluated by ImageQuant analysis on at least two different
expositions to assure the linearity of each acquisition. Values are expressed as ratio
with the corresponding actin values and normalised to the reference point (PARP-1
cleavage in medium). Percentage of increase (+) or decrease (—) with respect to the
intensity of the reference point are indicated.
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2.1 Abstract

Bacteria use quorum-sensing molecules to communicate within and across species. In
this regulatory system an inducing molecule is secreted during growth, accumulates
outside the cell and is then sensed by the producing organism, as well as by other cells
that respond to the signal expressing specific sets of genes. Quorum-sensing molecules
are also recognized by eukaryotic cells and examples are: i) a molecule produced by
Pseudomonas aeruginosa shown to activate the p38 mitogen-activated protein kinase
and phosphorilate the eukaryotic translation initiation factor elF2a in macrophages and
bronchial epithelial cells and ii) the Bacillus subtilis pentapeptide, known as CSF
(competence and sporulation factor) shown to induce cytoprotective heat shock proteins
(HSPs) and prevent oxidant-induced intestinal epithelial cell injury. We developed a
genetic system to evaluate the presence of CSF in bacterial conditioned growth media
and used it to screen a collection of intestinal isolates of B. subtilis. Most isolates
produced high amounts of CSF and some of them were able to do that also in anaerobic
growth conditions. The conditioned medium of all CSF-producing strains was able to
induce Hsp27 while only one strain not producing CSF was still able to induce Hsp27.
A proteomic approach was used to investigate the molecular mechanisms underlying
this induced-cytoprotective effect. Total protein extracts of HT29 cells treated and not-
treated with CSF were analysed by 2D-PAGE-MS/MS to identify proteins up- or down-

regulated in the treated sample.

2.2 Introduction

The gastrointestinal tract (GIT) is the site of the largest and most complex environment
in the mammalian host. In the adult human, the total microbial population (ca. 1014

cells) is estimated to exceed the total number of mammalian cells by at least an order of
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magnitude (Berg RD, 1996). The GIT features several diverse “macro” environments,
including the oral cavity, the stomach, the small intestine (including the three major
regions, the duodenum, jejunum, and ileum), and the large intestine (colon). The density
of bacteria along the GI tract can vary greatly, from 1073/ml near the gastric outlet to
10710/ml at the ileo-cecal valve to 10*11 to 10"12/ml in the colon (Borrellio SP, 2002).
Within these “macro” environments are several “micro” environments where bacteria
can live, such as the lumen of the bowel, the mucus layer overlying the epithelium,
mucus within intestinal crypts, and the surface of mucosal epithelial cells. Given the
enormous number and diversity of bacteria that comprise the GI environment, it would
not be surprising if the members of this community were to somehow communicate
among themselves to coordinate various processes ranging from maintenance of the
commensal population to aiding or resisting infectious diseases (Kaper JB and
Sperandio V, 2005). Over the last decade an important paradigm shift has been our
changing perspective of bacteria as unicellular and non-co-operative to socially
interactive and capable of multicellular behavior. Bacteria are clearly capable of
complex patterns of co-operative behavior that result from the coordination of the
activities of individual cells. This is primarily achieved through the deployment of small
diffusible signal molecules (sometimes called ‘pheromones’ or ‘autoinducers’) which
are generally considered to facilitate the regulation of gene expression as a function of
cell population density. This phenomenon is termed ‘quorum sensing’ (QS). As the
bacterial population density increases, so does the synthesis of QS signal molecules and
consequently, their concentration in the external environment rises. Once a threshold
concentration has been attained, activation of a signal transduction cascade leads to the
induction or repression of QS target genes, often incorporating those required for QS

signal molecule synthesis, so providing an auto-regulatory mechanism for amplifying
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signal molecule production. Consequently, the size of the ‘quorum’ is not fixed but will
depend on the relative rates of production and loss of the signal molecule, which will, in
turn, vary depending on the local environmental conditions (Williams P, 2007). In
general QS systems facilitate the coordination of population behavior to enhance access
to nutrients or specific environmental niches, collective defense against other
competitor organisms or community escape where survival of the population is
threatened. Although QS has primarily been studied in the context of single species, the
expression of QS systems may be manipulated by the activities of other bacteria within
complex microbial consortia which employ different QS signals and by higher
organisms.

Three major QS circuits have been described: one is used primarily by gram-negative
bacteria, one is used primarily by gram-positive bacteria, and one has been proposed to
be a hybrid system. The gram-negative QS system involves the use of acyl homoserine
lactones (AHLs) as autoinducers, which then bind to response regulators that affect
gene expression. The gram positive bacteria use oligopeptide autoinducers that are
detected by two-component systems. The third QS system is proposed to be a hybrid
system because it is characterized by autoinducers very similar to ones used by gram-
negative, but these molecules activate a signal cascades in target cells that is generally
found in gram-positive. Moreover, QS signal molecules can also be subdivided
according to whether they interact with receptors at the cell surface (e.g. the
staphylococcal AIPs) or are internalized (e.g. the AHLs, AQs, the Phr peptides of
Bacillus subtilis and the mating pheromones of Enterococcus faecalis).

In a typical gram-negative bacterial quorum-sensing circuit the autoinducer is an
acylated homoserine lactone (AHL) synthesized by a Luxl-type enzyme.

Cytoplasmically synthesized autoinducer diffuses passively through the bacterial
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membrane and accumulates both intra- and extracellularly in proportion to cell density.
When the stimulatory concentration of the AHL is achieved, a LuxR-type protein binds
it. LuxR-AHL complexes bind to promoters of quorum sensing-regulated target genes
and activate transcription. Over 50 species of gram- negative bacteria produce AHLs
that differ only in the acyl side chain moiety, and each LuxR-type protein is highly
selective for its cognate AHL signal molecule. Additional complexity exists in many of
these circuits, such as the use of multiple AHL autoinducers and LuxR proteins that can
act either in parallel or in series.

In the quorum sensing circuit of a gram-positive bacterium the autoinducers are short,
usually modified peptides processed from precursors. The signals are actively exported
out of the cell, and they interact with the external domains of membrane bound sensor
proteins. Signal transduction occurs by a phosphorylation cascade that culminates in the
activation of a DNA binding protein that controls transcription of target genes.
Specificity exists because each sensor protein is highly selective for a given peptide
signal. Similar to gram-negative bacteria, gram-positive bacteria can use multiple
autoinducers and sensors. Some peptide autoinducers act exclusively from the outside,
while others elicit a specific set of gene expression changes from the outside and are
also transported back into the cell where they trigger a different set of behavioral
changes.

The third model system is studied in gram-negative bacterium Vibrio harveyi. This
quorum sensing circuit controls bioluminescence. V. harveyi produces two autoinducers
termed HAI-1 and AI-2. HAI-1 is a typical gram-negative-like AHL and the second
autoinducer, Al-2, is unexpectedly a furanosyl borate diester. HAI-1 and AI-2 signal
transduction occurs via a gram-positive-like phosphorylation cascade (Bassler BL,

2002).
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While the quorum sensing systems involved in bacterial communication are well-know,
the mechanism(s) by which different bacteria (pathogens and/or probiotics) exert their
effects in a cross-kingdom quorum-sensing system is not clearly understood. As well as
promoting pathogen success, certain QS signal molecules exert beneficial effects on the
host. Although the mechanism(s) used by probiotic bacteria, such as certain bacilli and
lactobacilli, to exert protective effects in the gastro-intestinal tract is not clear, it is
likely to involve pathogen control or exclusion as well as protection of host tissues
against inflammatory responses. Interestingly, among probiotics it’s known that the
Bacillus subtilis strain has a protective effect on the host that involves a pentapeptide
QS signal molecule, the competence and sporulating factor, CSF (also called PhrC).

In Bacillus subtilis, sporulation and the development of genetic competence (the natural
ability to import exogenous DNA) are stimulated as cells grow to high cell density. As
with other gram-positive bacteria, cell density control in B. subtilis is mediated by
extracellular peptides (Lazzazzera BA and Grossmann AD, 1998). The development of
genetic competence is stimulated by two peptide factors, ComX pheromone, a modified
10-aminoacid peptide (Magnuson R., el al. 1994), and the competence and sporulation
factor (CSF), an unmodified five-aminoacid peptide (Solomon JM, et al. 1996). ComX
pheromone and CSF stimulate transcription of the s7f4 operon which encodes a small
protein ComS required for competence development (D’Souza C., et al. 1994), and the
surfactin biosynthetic enzymes (Nakano MM, et al. 1991). Transcription from the srf4
promoter is activated by the phosphorylated form of the response regulator ComA
(Nakano MM and Zuber P., 1991), and activity of ComA is controlled by a kinase,
ComP, and a phosphatase, RapC. ComP, a membrane-bound histidine protein kinase, is
required for activation of ComA while RapC, a putative aspartyl-phosphate

phosphatase, inhibits activation of ComA. ComX pheromone, whose active form
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production needs ComQ, stimulates gene expression, apparently by stimulating the
kinase ComP, whereas CSF stimulates gene expression, apparently by inhibiting the
phosphatase RapC. ComX pheromone most likely works at the cell surface, and CSF is
actively transported into the cell by the oligopeptide permease Opp (also known as
Spo0K), where it interacts with intracellular receptors. Furthermore, 6", the spoOH gene
product, activates transcription of phrC. Transcription of phrC was found to be
controlled by two promoters: P1, which precedes rapC, the gene upstream of phrC; and
P2, which directs transcription of pArC only. Both RapC and CSF were found to be part
of autoregulatory loops that affect transcription from P1, which is activated by
ComA~P. RapC negatively regulates its own expression, presumably due to its ability
to inhibit accumulation of ComA~P. CSF positively regulates its own expression,
presumably due to its ability to inhibit RapC activity. Transcription from P2, which is
controlled by the alternate sigma factor 6", increased as cells entered stationary phase,
contributing to the increase in extracellular CSF at this time. In addition to controlling
transcription of phrC, o' appears to control expression of at least one other gene
required for production of CSF.

CSF has a remarkable constellation of activities for a five amino- acid peptide. At
relatively low extracellular concentrations (1 to 5 nM), CSF stimulates expression of
srfA by inhibiting the phosphatase RapC. However, high concentrations of CSF (> 20
nM) inhibit expression of s7f4, perhaps by inhibiting activity of the kinase ComP. In
addition to its effects on expression of ComA~P-controlled genes, high concentrations
of CSF (>20 nM) can stimulate sporulation under some conditions (Lazzazera BA., et
al. 1997). CSF appears to stimulate sporulation, at least in part, by inhibiting the activity
of the phosphatase RapB, an aspartyl-phosphate phosphatase that dephosphorylates

SpoOF~P, an essential component of the phosphorelay that controls sporulation.
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Production of mature CSF involves several steps, starting with transcription and
translation of phrC, the gene encoding the precursor of CSF. The 40-amino-acid
primary product of phrC has a signal sequence and putative peptidase cleavage sites,
indicating that a 11- to 25-amino-acid peptide is exported via a Sec-dependent pathway.
Pre-CSF is then processed to the mature five-amino-acid form. It seems likely that there
is a specific peptidase that recognizes and cleaves pre-CSF. Such a peptidase would be
a good candidate for a ¢" -controlled gene product required for CSF production.
(Lazzazzera BA., et al 1999).

Interestingly, in a cross-kingdom quorum-sensing system CSF induces the expression of
heat-shock-inducible protein 27 (Hsp27) in the human colonic epithelial cell line Caco2
and in ligated mouse intestinal loops (Fujiya et al., 2007). Hsps confer protection
against a wide variety of stresses and, when overexpressed, can protect intestinal
epithelial cells from oxidative injury and so contribute to the maintenance of intestinal
homeostasis. Intestinal epithelia express many heat shock proteins, including inducible
Hsp27(human)/Hsp25(murine) and Hsp70 and constitutively expressed heat shock
cognate Hsc70. The nomenclature, Hsp27 and Hsp25, defines the related small heat
shock proteins of approximate molecular weight of 27 kDa and 25 kDa of human and
murine cells, respectively (Morimoto, 1993 and Morimoto, 2002). Physiological
expression of inducible heat shock proteins like Hsp27/25 and Hsp70 is maintained by
microbial-derived molecules, including pattern recognition ligands (Rakoff-Nahoum et
al., 2004), accounting for their predominant expression in surface colonocytes.

In this contest, the biological activity of CSF is within the concentration range required
for QS in B. subtilis (10100 nM), an important consideration given that some of
observed activities of QS molecules on mammalian cells are only apparent at high, non-

physiological concentrations (Pritchard, 2006). Fujiya et al. (2007) also identified a
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mammalian apical membrane oligopeptide transporter (OCTN2) which is required for
CSF uptake. CSF and OCTN2-mediated CSF transport are both required to protect
Caco?2 cells against oxidant- mediated injury and loss of epithelial barrier function.

Here, we investigated about the efficiency of B. subtilis spp. isolated from ileum of
healthy-human volunteers, to produce and secrete CSF and thus, to induce Hsp27 in
human intestinal epithelial cell line HT29. Moreover, we used a proteomic approach to

identify other CSF targets.

2.3 Results

2.3.1 CSF-production by intestinal isolates of Bacillus subtilis

The conditioned medium (CM) of various intestinal isolates of Bacillus subtilis (Fakhry
S., et al. 2008) was analyzed to detect the presence of CSF. As an assay we followed the
production of beta-galactosidase activity of an engineerized strain of B. subtilis carrying
the CSF-inducible promoter sfrA4 fused to lacZ in a comQ-phrC null background. In this
strain CSF is not produced and the $-gal activity can be induced by exogenous CSF. In
Fig. 1, it’s shown that all the intestinal isolates, but two (SF185, SF155) were able to
produce and secrete the bioactive pentapeptide. Five strains (SFB2, SF106, SF195,
SF151, SF154) produced higher CSF amounts and three strains (SF128, SF152 and
SF153) lower CSF amounts than the laboratory strain PY79 (Fig. 1). The same assay
was also performed to evaluate if these isolates were able to produce the CSF in
anaerobic condition of growth. Strains SFB2, SF106, SF151, SF152, SF154 and SF195

were able to grow anaerobically and produce CSF (not shown).
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Fig. 1. Beta-galactosidase production in response to aerobically produced CSF. p-
galactosidase activity (Miller units) induced by cell-free supernatants of the various
strains to the recipient strain (stfA::lacZ comQ phrC). Black bars correspond to the
laboratory strain PY79 (positive control) and the isogenic mutant PY79 AphrC
(negative control). Purple bars indicate the intestinal isolates producing much more
CSF than the laboratory strain PY79; blue bars indicate the intestinal isolates
producing less CSF than the laboratory strain PY79; green bars indicate the intestinal
isolates that do not produce CSF.

2.3.2 CSF- induction of heat shock protein 27 (hsp27) by isolates of Bacillus
subtilis in HT29 intestinal epithelial cells.
The conditioned medium of all strains used for the experiment of Fig. 1 was also tested
for the ability to induce heat shock in human colon adenocarcinoma HT29 cells. It’s
well-known that CSF, produced by Bacillus subtilis laboratory strain, is able to induce
Hsp27 in Caco2upe intestinal epithelial cells, in a dose-dependent fashion and that it’s
transported into mammalian intestinal epithelia through a cell membrane transporter
isotype 2 (OCTN2) (Fujiya et al., 2007). Firstly, we observed the same induction of
hsp27 in HT29 intestinal cell line by adding to the colture PY79 CM and the synthetic
CSF peptide (ERGMT) as shown in Fig 2A. The isogenic mutant PY79 AphrC is not
able to produce CSF and so its CM does not induce Hsp27. As expected all CMs
positive to the test of Fig. 1 were also able to induce Hsp27 to levels similar to those

observed with PY79 and after heat shock (Fig. 2B).
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Fig.2 Heat shock protein 27 (Hsp27) induction in HT29 intestinal epithelial cells. (A)
Conditioned-medium (20% v/v) of laboratory strain of Bacillus subtilis (PY79) induces
Hsp27 in HT29 intestinal epithelial cells as well as the syntethic CSF (100 nM) and the
heat-shocked control sample (30min at 45°C). (B) All intestinal isolates of Bacillus
subtilis, positive to -galactosidase assay, are able to induce Hsp27 in HT29 cells. (C)
The supernatants of isogenic ComQ-phrC null mutant strains lost their biological
activity, as expected. After the treatments cells were collected, lysed and protein
concentration determined. Equal amount of cell lysates were fractionated on SDS-
PAGE and analyzed by western blotting with antibodies against Hsp27. Actin was used
as a loading control.
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To verify that HSP induction was due to CSF we obtained by chromosomal DNA
mediated transformation pirC null mutants of the intestinal strains and tested them for

HSP induction (Fig. 2C).

2.3.3 Analysis of phrC gene in SF18S strain and preliminary characterization of
active molecule secreted inducing Hsp27 in HT29 cells.

SF155 and SF185 are intestinal isolates of B. subtilis unable to produce CSF (Fig. 1).

However, when tested for HSP induction, only SF185 was able to induce Hsp27 in

HT29 (Fig. 3). To rule out the possibility that SF185 produces CSF at very low levels,

too low to activate srf4::lacZ (Fig. 1) but enough to induce HSP (Fig. 3) we analyzed

the strain for the presence and expression of CSF.
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Fig.3 SF185 and SF155 strains not-producing CSF are tested for hsp27 induction in
intestinal epithelial cells (HT29). The panel clearly shows the induction hsp27 after
stimulation of HT29 cells with conditioned media of SF185 and SF155 strains. After the
treatments cells were collected, lysed and protein concentration determined. Equal
amount of cell lysates were fractionated on SDS-PAGE and analyzed by western
blotting with antibodies against hsp27. Actin was used as a loading control.

A PCR analysis showed that both SF155 and SF185 have a copy of phrC gene in their
genome (Fig. 4A) while a semi-quantitative RT-PCR analysis showed that pArC of both
strains is not expressed (Fig. 4B). However, this result does not totally exclude the

possibility that phrC is weakly transcribed (below the RT-PCR resolution limit).

Therefore, we moved by chromosomal DNA mediated transformation the phrC-null
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carried by the laboratory collection strain into SF185. CM of the resulting strain was
still able to induce Hsp27 in HT29 cells (Fig. 4C). Results of Fig. 4A-B-C then indicate
that a molecule other than CSF is produced and secreted by SF185 and is able to induce

HSP in HT29 cells.
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Fig.4 SF185 strain. PCR (4) and RT-PCR (B) analysis of the phrC locus in various
intestinal isolates. (C) HSP induction with CM of SF185 and of its isogenic phrC null
mutant. Panel on the right reports the densitometric analysis of the western blot shown
on the left. (D) Biochemical characterization of the CM of SF185.
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A preliminary characterization of this molecule has been made. As shown in Fig. 4D,
the conditioned-medium was size-separated by using a 3 kDa molecular mass cut-off
filter and the bioactivity was still observed in the lower fraction suggesting a small
molecular mass for the effector molecule. Moreover, the supernatant was also treated
with the proteinase- K (see Materials and Methods) and when added to HT29 cell
culture after the enzymatic treatment, it was unable to induce HSP, suggesting its
proteinaceous nature. Further characterization of the molecule by mass-spectrometry

analysis is currently in progress.

2.3.4 Analysis of proteome changes in HT29 cells treated with synthetic CSF
(100nM).
Although CSF is known to induce Hsp27 and to stimulate the phosphorilation of Akt
and p38 MAPK, two additional survival pathway of intestinal epithelial cells (Fujiya et
al., 2007), it’s not yet clear the molecular mechanisms by which it affects cellular
methabolism. We thus decided to look at cell proteome changes of HT29 treated with
CSF (100nM). Protein extracts from untreated (Control, NT) or CSF-treated (CSF)
HT?29 cells were fractionated by 2D-GE and stained with colloidal Blue Coomassie (fig.
5). The gels were run in triplicate and compared using the ImageMaster 2D Platinum
6.0 software. A few initial reference points (landmarks) were affixed for gels alignment
in the first step of the images analysis. The spots were detected on the gels and the
software ‘matched’ the gels and the corresponding spots. The different 2DE images
were compared by synchronized 3-D spots view. Among the spots corresponding to
CSF-sensitive proteins clearly detected in repeated trials, 24 were selected for

proteomic analysis. The image analysis enabled the identification of 15 spots that were
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present either in higher or lower amount in the CSF-treated sample, thereby indicating

that they were induced by the treatment.
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Fig.5 2D-GE of cell lysates of not-treated (control, NT) and CSF-treated HT29.
Panels show different amounts and separation of not-treated and CSF-treated HT29
total proteic extract. The spots that showed a different trend (increase/decrease or
present/absent) in the two analyzed samples were then selected for mass spectral
identification.

These spots were selected for mass spectral identification by the merging of images

analyses. Proteins excised from the gel were reduced, alkylated, and, in situ digested
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with trypsin. The resulting peptide mixtures were analysed by nanoLC/MS/MS
experiments. The peptide mixtures were fractionated by nanoHPLC and sequenced by
MS/MS, generating sequence information on individual peptides. MSMS spectra were
used to search for a non-redundant sequence using the in-house MASCOT software,
thus taking advantage of the specificity of trypsin and of the taxonomic category of the
samples. The number of measured masses that matched within the given mass accuracy
was recorded, and the proteins that had the highest number of peptide matches were
examined leading to the identification of the protein components. As further selection
criteria, only the proteins, identified by MASCOT search with at least two peptides and
found exclusively in the replicates, were selected. The list of proteins identified by this
approach is illustrated in Table 1. Among the identified proteins, the signal
corresponding to enolase-1 showed a decrease in the treated sample as well as that of
phosphoglycerate kinase 1 (PGK1) while the signal corresponding to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) showed an increment. All these enzymes are
involved in the glycolytic methabolism and more precisely, PGK1 and enolase-1
catalyze the sixth and eighth reactions of the pathway, respectively, while GADPH is
immediately upstream (fifth reaction). Interestingly, although the increase of GADPH,
the downstream enzymes didn’t show the same trend suggesting that, in this condition,
GADPH is involved in other mechanism besides the primary metabolism. Validation of

proteomic data by western blot is currently in progress.
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Table 1 List of proteins differentially represented in CSF-treated or control HT29 cells

identified by mass spectrometry.

Spot Protein CSF/Ctr
1 GAPDH +
2 GAPDH; Annexin A2 +
3 Annexin A2 +
4 HNRNPK; HSPAS +
5 HSP60 +
6 Keratin-8 -
7 Tubulin beta-4B chain +
8 Keratin-18 +
9 Actin; SERPINB1; CCT2 -
10 Actin; PGK1; SERPINB1 -
11 PGK1 -
12 Keratin-20 -
13 Enolase 1 -
14 HSPBI +
15 NPM1; C protein -

2.4 Discussion

Although the gram positive Bacillus subtilis is commonly found in soil, more recent

evidence suggests that it inhabits the GIT and should be considered as a normal gut

commensal (Hong, et al., 2009; Fakhry et al., 2008). Moreover, a laboratory strain of B.

subtilis (PY79) is known to produce and secrete a bioactive pentapeptide (CSF),

generally involved in the gram-positive quorum-sensing mechanism, that exerts

cytoprotective effects on intestinal epithelial cells inducing the heat-shock protein 27, as

described before (Fujiya et al., 2007). However, the molecular mechanisms underlying

this cross-kingdom quorum-sensing and the associated effects are not yet well-

understood. Starting from all these evidences, this study reports a characterization of

Bacillus subtilis spp, isolated from human intestinal biopsies, with the purpose to
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investigate the induced metabolic changes on intestinal epithelial cells (HT29), using a
molecular approach. Focusing on their capacity to produce and secrete the CSF and thus
to exert cytoprotective effects, it is observed that all the strains, positive for the
production of the pentapeptide, are also able to induce the hsp27 in HT29 cell-line, as
expected. Interestingly, strain SF185 that does not produce CSF is still able to induce
Hsp27. PCR and RT-PCR analyses showed that the gene is present but not expressed,
suggesting that SF185 is able to produce and secrete another bioactive molecule
different from CSF but exerting very similar functions on epithelial cells. A preliminary
characterization of this secreted factor shows that it is smaller than 3kDa and has a
proteinaceus nature. To define the chemical nature of this molecule affecting intestinal
epithelial cells and identify its cellular and molecular targets is a challenging task,
actually in progress.

We also focused on the study of metabolic changes induced by CSF stimulation, using a
proteomic approach. Interestingly, the MS/MS analysis performed on cell lysates of
treated and not-treated HT29 shows changes in the amount of enzymes involved in the
glycolitic methabolism. More precisely, it’s observed an increase in GADPH levels and
a related decrease in phosphoglycerate kinase 1 (PGK1) and enolase-1 in the treated
sample compared to the not-treated. Since PGK1 and enolase-1 catalyze the sixth and
eighth reactions of the pathway, respectively, and GADPH is immediately upstream
(fifth reaction), these results suggest that GAPDH could have other fuctions other than
being part of the glycolytic pathway. Recent studies showed that an increase in GAPDH
levels, but not in PGK1 or enolase-1 levels, protects cells from cell-death (Jaquin et al.,
2013). In addition, when overexpressed GAPDH binds to active Akt limiting its
dephosphorylation (Jaquin et al., 2013). Phosphorylated-Akt increase leads to Bcl-xL

overexpression that is able to protect a subset of mitochondria from permeabilization
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that are required for cellular survival from caspase-independent cell death (CICD).
Moreover, in CSF-treated sample we also observed a concomitant increase of Hsp60, a
known mitochondrial heat-shock protein involved in apoptosis regulation, indirectly
supporting the pro-proliferative role of CSF. Recent studies have suggested that Hsp60
also occurs in the cytosol and plays a key role in preventing apoptosis (Kurt et al., 2000;
Ghosh et al., 2007). Experiments are in progress to validate MS/MS results by western
blot and to clarify the involvement of these stress-response proteins in the pro-survival
mechanism activated by CSF in epithelial cells. In particular, vitality assays (MTS) and
cytofluorimetric analyses are in progress to check if primary methabolism and cell-

cycle regulation are affected as well.

2.5 Materials and Methods

2.5.1 Construction of the reporter strain ED5

Chromosomal DNA from strain JH11300 (carrying a functional phrC::Cm" gene fusion)
BD2876 (carrying a functional sfiA::lacZ (Tet') gene fusion) B. subtilis were isolated
as described elsewhere (Cutting S, Vander Horn PB 1990) and were used to transform
competent cells of laboratory strain PY79, yielding strain ED1 and ED2 respectively.
Then, the chromosomal DNA from strain BD2876 was also used to transform
competent cells of ED2 (sfrA.:lacZ (Tet")) to yield isogenic ED4 strain carrying another
functional gene fusion comQ::Kan'. Finally, the chromosomal DNA of EDI
(phrC::Cm") strain was used to transform ED4 competent cells to yield ED5 strain

(phrC::Cm’, comQ::Kan', sfrA::lacZ (Tet")).

2.5.2 PCR and RT-PCR of phrC gene
The primers for phrC gene amplification were designed using the bioinformatic tool

Primer3web version 4.0.0 (http://primer3.ut.ee/): phrC For 5’-
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TGAAATTGAAATCTAAGTTGTTTGTT-3’ and phrC Rev 5’-
ACATGAAAGTCGAGTGCTTCC-3’. They amplified a 100bp fragment of phrC gene
corresponding from position 2 to 101 of phrC gene of Bacillus subtilis. PCR was
performed using 100ng of chromosomal DNA of SF185, SF155, SF106 and wild-type
strain PY79 as template and the following condition of reaction: Sminutes at 95°C and
30 cycles including 30seconds at 95°C, and 30 seconds at 52°C and 20 seconds at 72°C.
The PCR products were analyzed and checked for their length on 2% agarose gel with
ethidium-bromide staining.

Total RNA was extracted from the isolated strains SF185, SF155, SF106 and the wild-
type strain PY79 using the Qiagen minikit (Qiagen, Milan, Italy) according to the
manufacturer’s instructions. Total RNAs were dissolved in 50 ul of RNase-free water
and stored at -80°C. The final concentration and quality of the RNA samples were
estimated spectrophotometrically and by agarose gel electrophoresis with ethidium
bromide staining. Total RNAs were treated with RNase free DNase (1 U/ug of total
RNA; Fermentas) for 30 min at 37°C, and the reaction was stopped with DNase
inactivation reagent. For reverse transcription-PCR (RT-PCR) analysis a sample
containing 2 ug of DNase-treated RNA was incubated with phrC Rev at 65°C for 5 min
and slowly cooled to room temperature to allow the primer annealing. The mixture was
incubated at 50°C for 1 h in the presence of 1 ul AffinityScript multiple-temperature
reverse transcriptase (Stratagene), 4 mM dNTPs, reaction buffer (Stratagene), and 10
mM dithiothreitol (DTT). The enzyme was inactivated at 70°C for 15 min. One-tenth of
the reaction mix was used as a template in PCRs using oligonucleotide phrC For and
Rev. The PCR products were analyzed on on 2% agarose gel with ethidium-bromide

staining. For a control, PCRs were carried out with RNA alone to exclude the
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possibility that the amplification products could derive from contaminating genomic

DNA.

2.5.3 Bacterial growth and preparation of conditioned medium

Intestinal isolates of Bacillus subtilis spp (Fakhry S. et al., 2008) were grown in LB
broth (for 1 1: 10 g Bacto-Tryptone, 5 g Bacto-yeast extract, 10 g NaCl, pH 7.0) to reach
0.6- 0.8 ODgoonm at 37°C in aerobic condition and the culture diluted and used to
inoculate minimal S7 medium (50mM MOPS, 10mM (NH4),SO4, SmM potassium
phosphate pH 7.0, 2mM MgCl, , 0.9 mM CaCl, ,50 uM MnCl,, 10 uM ZnCl,, 5 uM
FeCls, 2 uM thiamine hydrochloride, 20mM sodium glutamate, 1% glucose, 0.1 mg/ml
phenylalanine, 0.1 mg/ml tryptophan). Cells were then grown aerobically for 16 hours
at 37°C. The culture was centrifuged (3000 rpm for 10 min at RT) and the supernatant
(conditioned medium, CM) was filtered-sterilized through a 0.22 um low-protein
binding filter (Millex; Millipore, Bedford, MA). The SF185 CM was size fractionated
(3-kDa cutoff spin column; Centricon, Millipore) and treated with proteinase-K
(Invitrogen) at a final 100 ug/ml concentration for 60 min at 37°C. After the enzymatic
treatments CM was fractionated as described to remove the enzymes. For the
preparation of conditioned medium in anaerobic conditions, intestinal isolates of
Bacillus subtilis spp were grown anaerobically in LB broth (for 1 1: 10 g Bacto-
Tryptone, 5 g Bacto-yeast extract, 10 g NaCl, pH 7.0) at 37°C and then used to
inoculate Difco-Sporulation-inducing (DS) medium. Cells were grown in anaerobic

condition