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ABSTRACT

Background: Colorectal cancer, one of the most common malignancies worldwide, is
associated with a high mortality rate, mainly caused by metastasis. Comparative metagenome-
wide analyses between healthy individuals and cancer patients suggest a role for the human
intestinal microbiota. Nevertheless, which microbial molecules are involved in this
communication is largely unknown, with current studies mainly focusing on short chain fatty
acids and amino acid metabolites as potential mediators. However, quorum sensing peptides
are not yet considered in this microbiome-host interaction: their in vivo presence nor any in vivo
host-effect have been reported.

Results: For the first time, we showed that a quorum sensing peptide metabolite, EntF*
produced by intestinal microbiota (E. faecium), is present in the blood circulation of mice.
Moreover, it significantly promotes colorectal cancer metastasis in vivo, with metastatic lesions
found in both liver and lung tissues, using an orthotopic mice model evaluating
bioluminescence as well as macroscopic and microscopic presence of metastatic tumour
nodules. In vitro tests on E-cadherin expression levels thereby indicated that the first, second,
sixth and tenth amino acid of EntF* were critical for the epithelial-mesenchymal transition
(EMT) effect, responsible for tumour metastasis.

Conclusion: This paper adds a new group of molecules, the quorum sensing peptides, as an
additional causative factor explaining the microbiome-host interaction. The presence of a
selected quorum sensing peptide (metabolite) in the mouse was proven for the first time and its
in vivo effect on colorectal metastasis was demonstrated. We anticipate our in vivo results to be
a starting point for broader microbiome-health investigations, not only limited to colorectal
cancer metastasis, but also for developing novel bio-therapeutics in other disease areas, giving

due attention to the QSP produced by the microbiome.
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BACKGROUND
Colorectal cancer (CRC) is the third most common malignancy worldwide and

associated with a high mortality rate, mainly caused by metastasis (MCRC). Primary CRC
originates from epithelial cells that line the gastrointestinal tract, usually (but not always)
through an adenoma-carcinoma sequence in the CRC tumorigenesis': normal colorectal
epithelium transforms to an adenoma and ultimately to an invasive and metastatic tumour. In a
first step of the metastasis process, the epithelial CRC cells switch towards a mesenchymal
phenotype, known as epithelial-to-mesenchymal transition (EMT)?. Although a clear hereditary
component in CRC tumorigenesis is present in some cases, a strong association with diet and
lifestyle has been demonstrated as well®. Moreover, also inflammation is believed to play a role
in CRC cancer development, as a driver, illustrated by colitis-associated colon (CAC) cancers
in patients with inflammatory bowel diseases (IBD), as well as a consequence, seen in patients
with sporadic colorectal cancer®.

Growing evidence obtained in the last decade also suggests a role for the human
intestinal microbiota in CRC®>’. For example, by comparing faeces from healthy persons and
patients, higher abundances of Enterococcus, Escherichia and Fusobacterium species were
observed in multiple intestinal disorders, including colorectal cancer (CRC) and Crohn's
disease® !, However, the causative factors for disease development or progression are not well
understood and current research is mainly limited to bacterial-derived short-chain fatty acids
and amino acid-derived amines2,

Quorum sensing peptides are traditionally regarded as intra- and inter-bacterial
communication molecules; however, given their wide structural variety and co-evolution, we
anticipate that these bacterial metabolites may also interact with the host. Different quorum
sensing peptides were indeed previously found to influence the behaviour of the host cells,
going from cancer cells (colorectal and breast cancer) towards brain and muscle cells'®6, In

colorectal cancer, specific microbial quorum sensing peptides were found to promote tumour

4
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83  cell invasion and angiogenesis in vitro, indicating the possible pro-metastatic properties of these

84  peptides. In this study, we focus on Enterococcus faecium, one of the most abundant species in

85 the human intestinal microbiota, which synthesizes the enterocin induction factor, i.e. the

86  propeptide of the EntF quorum sensing peptide (AGTKPQGKPASNLVECVFSLFKKCN).

87  This peptide serves as a communication signal, regulating the production of enterocin A and B

88  toxins, which are produced to inhibit the growth of similar or closely related bacterial

89  strains!’?2,

90 Up till now, however, quorum sensing peptides have not yet been unambiguously

91  demonstrated to be present in biofluids. Only an indirect indication of the in vivo presence of

92 an unidentified quorum sensing peptide was described in the stool of patients suffering from a

93  Clostridium difficile infection?®. Indicating the biological presence of certain quorum sensing

94  peptides in mice, together with their in vivo effect on the host, may stimulate the research

95  towards the additional role of quorum sensing peptides in the microbiome-host interaction.

96

97 RESULTS AND DISCUSSION

98  Biological presence of EntF* in mice

99 In vitro metabolization studies of EntF (Fig. 1a) in faeces and colonic mice tissue
100  homogenates quickly yielded a 15-mer peptide EntF* (SNLVECVFSLFKKCN) (Fig. 1b), with
101 amean (+s.e.m.) formation rate of 1.71 (+ 0.27)% min*t and 0.11 (+ 0.01)% min™*, respectively.
102 Similar to other quorum sensing peptides!4, this EntF* peptide is also able to cross the intestinal
103  barrier in vitro, using a CaCo-2 monolayer permeability assay, with a mean (£ s.e.m.) apparent
104  permeability coefficient of 3.70 (+ 0.22) x 10° cm s (Fig. 1c). These in vitro studies thus
105  indicated that EntF* can be present in the blood circulation of the host, i.e. after degradation of
106  the endogenously present EntF to EntF* in the colon or faeces and subsequent intestinal

107  absorption of the EntF* peptide.
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108

109 To unambiguously demonstrate the in vivo presence of EntF*, a bioanalytical method
110 using reversed phase ultra-high-performance liquid chromatography coupled to a triple
111 quadrupole mass spectrometer (RP-UPLC-TQ-MS) in Multiple Reaction Monitoring (MRM)-
112 mode was developed and optimized, aiming to avoid carry-over and adsorption, as well as to
113  maximize the selectivity and sensitivity. Critical methodological aspects to achieve these goals
114  were: (1) a suitable sample preparation method using a novel bovine serum albumin (BSA)-
115  based anti-adsorption solution?* and the combination of solvent/acid/heat sample treatment
116  followed by solid phase extraction, and (2) appropriate MS detection settings, including the
117  selection of quantifier (b2: m/z= 202.08) and qualifier (bz: m/z= 315.17) ions. The method was
118  suitably verified and found to be appropriate for its purpose (Supplementary Fig. 1). Serum
119  samples of 35 healthy, non-manipulated mice (C57BL/6 mice, aged 5-18 months) were
120  collected and analysed for the endogenous, natural presence of EntF* (Fig. 1d), using the
121 developed RP-UPLC-TQ-MS (LC:-MS;1) method. For six mice, the presence of EntF* was
122 observed in their serum above the limit of quantification (LOQ) of 100 pM (Fig. 1e). Taking
123 into account all mice results, i.e. including the <LOQ (zero) values, an overall estimated mean
124  value of 305 pM (s.e.m.=138 pM; n=35) was obtained (Supplementary Table 1). Following
125  these findings, further evidence was obtained by subjecting a selected set of samples to three
126 additional chromatographic methods: Hydrophilic Interaction Liquid Chromatography
127  (HILIC)-UPLC-TQ-MS (LC>-MS;) (Fig. 1f) as an orthogonal separation system, and RP-
128  UPLC-QTOF-MS (LCi-MS3) and RP-UPLC-QOrbitrap-MS (LC1-MS3) as high-resolution
129  mass spectrometers. Serum samples of eight mice (four positive and four negative samples (i.e.
130 above and below the LOQ, respectively, based on the RP-UPLC-TQ-MS findings)) were
131 analysed using these additional methods (Fig. 1f-h). The presence and identity of EntF* was

132 confirmed using the isotopic distribution of the doubly charged precursor ion (Fig. 1g) and the
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133 presence of fragment ions y11 (m/z= 1315.61) and y12 (m/z= 1414.69) (Fig. 1h) in the four
134  positive serum samples (Supplementary Table 1). Finally, quantitative real-time PCR analysis
135 on the associated faeces samples was performed to demonstrate the existence of EntF*-
136  containing E. faecium DNA copies (Supplementary Fig. 2, Supplementary Table 1): EntF*
137  DNA copies were indeed observed in all four positive samples. The faeces samples that
138  contained the EntF* gene but tested negative during the serum UPLC-MS analyses (e.g. sample
139  20181011S8) could possess specific E. faecium strains that show a reduced translational
140  efficiency. This is also observed in the data that are presented in Supplementary Table 2: out of
141  the three E. faecium strains that contain the EntF gene, only one strain produced EntF in vitro
142 (LoD = 1.5 nM). In addition, standard protein BLAST searches indicated no endogenous
143 presence of the EntF* peptide sequence in the murine genome (maximum sequence alignment
144  of 67%), which is again a strong indication of the microbial origin of the in vivo found EntF*
145  peptide.

146

147  Invitro activity and molecular target of EntF*

148 EntF* was previously found by our group to selectively promote angiogenesis and
149  tumour cell invasion in screening in vitro experiments using HCT-8 colorectal cancer cellst*4,
150  These in vitro effects were now confirmed and extended. Using Western blotting, EntF* and
151 some alanine- or D-amino acid derived analogues affected E-cadherin expression, which is
152  linked to the epithelial-mesenchymal transition (EMT) of cancer cells (Fig. 2a, 2b and 2c,
153  Supplementary Fig. 3). A mean significant decrease of 38% in E-cadherin expression was
154  determined for EntF*. When the first, second or tenth amino acid of EntF* was replaced by an
155  alanine amino acid, this decrease was significantly flattened out. These three amino acids are
156  thus important for their contribution to the EMT-promoting effects of EntF*, while the other

157  amino acids contribute to a much lesser amount, as determined by the Fisher’s LSD p-values
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158  and confirmed using the Jenks natural break algorithm. Replacing the sixth amino acid of EntF*
159 by its unnatural D-amino acid isomer did also restore the E-cadherin expression to placebo
160 levels. These results thus indicate that also the stereochemical configuration of the sixth amino
161 acid of EntF* is of importance for its EMT-promoting effects. Moreover, by using the
162  antagonist Nef-M1 for the CXCR4 receptor, together with EntF* on HCT-8 colorectal cells, the
163  E-cadherin expression level increased from 62% to 94% (Cohen’s d effect size of 1.2),
164  indicating the interaction of EntF* with the CXCL12 (or SDF-1)/CXCR4 pathway in tumour
165  metastasis (i.e. EMT promotion). Interestingly, the modified peptide EntF*1A, where the serine
166  amino acid at position 1 of EntF* is replaced by an alanine amino acid, could also be identified
167 as having an antagonistic activity towards EntF* on the CXCR4 receptor: E-cadherin
168  expression levels increased from 62% to 92% (Cohen’s d effect size of 0.8) when EntF*1A was
169  added to the EntF*-treated cells (Fig. 2d).

170

171 Invivo pro-metastatic properties of EntF* in mice

172 Having demonstrated the presence of EntF* in vivo as well as its in vitro effects, we
173 evaluated its in vivo metastasis-promoting activities using an orthotopic colorectal cancer
174 mouse model?>2¢, Before the luciferase-transfected HCT-8 cells were implanted into the wall
175  of the caecum of the mice, cells were treated daily for five days with EntF* (100 nM),
176  phosphate-buffered saline (PBS) vehicle or Transforming Growth Factor a (TGFa, positive
177 control) (0.1 pg mL™). On the sixth day, 6-weeks-old female Swiss nu/nu mice were
178  orthotopically injected with the luciferase-transfected colorectal cancer cells, followed by a
179  once-daily i.p. treatment of EntF* (100 nmol kg™), PBS vehicle or Epidermal Growth Factor
180  (EGF, positive control) (100 pg kg™) (Fig. 3a). The in vivo distribution profile of EntF* in these
181  mice was then determined, after which the EntF* daily exposure after i.p. treatment of 200 nmol

182 kg was calculated. Additionally, the natural endogenous daily exposure was calculated from
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183  the obtained endogenous EntF* levels, described in supplementary Table 1. Based on both
184  exposure calculations, it could be concluded that daily injections of 100 nmol kg™ EntF* gave
185  daily peptide exposures which were five times higher than the endogenous (natural) exposure
186 in those mice, hence, in the range of the “positive” mice, thus demonstrating the biological
187  relevance of this experimental set-up (Fig. 3b). Bioluminescent imaging of the mice was
188  performed weekly to monitor the tumour growth (Fig. 3c). During the course of 6 weeks, EntF*
189  caused a statistically significant increase in luciferase activity compared to vehicle (p=0.030).
190  This increase was even not significantly different from the well-established positive control
191  EGF (p=0.319; Fig. 3d). Our results thereby demonstrated, after 6 weeks treatment, an effect
192  size of 128% increase in bioluminescence for EntF* compared to the placebo PBS, varying
193  from -75%, a relative small negative association, to a 1494% increase, a substantial positive
194  association (Fig. 4a). For the positive control EGF, a median effect size of 316% was obtained,
195  ranging from -145% to 850%. This was confirmed by the number of tumour nodules counted
196  macroscopically on the caecum, which was again statistically significantly higher with EntF*
197  in comparison to PBS (p=0.036) (Fig. 3d-e), demonstrating the in vivo 3-fold increase in the
198  number of nodules due to this quorum sensing peptide metabolite while EGF showed a 4.5-fold
199 increase (Fig. 4b).

200 Histopathological data further showed a significant higher number of tumours in both
201 lungs and liver: a significantly higher number of tumour nodules was found in the liver
202  (p=0.014) and lungs (p=0.026) after EntF* treatment for 6 weeks, compared to vehicle
203  treatment (Fig. 5a-d). This is important, as the liver is the most common site of metastases from
204  colorectal cancer: in clinical practice, up to half of all patients with colorectal cancer will
205  develop hepatic metastases, with a median survival of only 8 months and a 5-year survival of

206 less than 5%726-30,
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207 Another quorum sensing peptide (i.e. Phr0662 from Bacillus species), which also
208  promoted in vitro cell invasion in our initial screening experiments®, showed no in vivo
209  metastasis-promoting effects in the same orthotopic colorectal cancer mouse model
210  (Supplementary Fig. 4). These findings indicate the selectivity of the quorum sensing peptides
211 on the in vivo metastasis effects.

212 To evaluate the possible human relevance of our findings, the potential of E. faecium bacterial
213 strains from human sources to produce EntF* was investigated. Next to an initial BLAST
214  search, bacterial strains, isolated from human faecal samples, were investigated at DNA level.
215  The results showed that different EntF-containing E. faecium strains are present in different
216  human faecal samples (Supplementary Tables 2 and 3), while on the other hand, also E. faecium
217  strains without this EntF gene in their genome exist (Supplementary Table 2).

218

219 CONCLUSIONS

220 Collectively, our findings demonstrate that EntF*, a microbiota-derived quorum sensing
221  peptide metabolite, is present in vivo in biofluids of mice and promotes the metastasis of CRC
222 inan orthotopic animal model, with a potency comparable to that of the well-established human
223 colorectal cancer growth factor, EGF. Our findings are the first indication that quorum sensing
224  peptides are an additional factor in microbiota-host interactions potentially influencing CRC
225  metastasis. Our results offer new perspectives in research and development, ultimately offering
226  new possibilities in disease prevention, diagnosis and therapy by selective modulation of the
227  gut microbiome.

228

229 METHODS

230  Tissue homogenate preparation

10
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231 Krebs-Henseleit (KH) buffer (pH 7.4) (Sigma-Aldrich, Belgium) was prepared by
232 dissolving the powdered medium in 900 mL water while stirring. To this solution, 0.3790 g
233 CaClx2H,0 and 2.098 g NaHCOs are subsequently added while stirring. NaOH or HCI was
234  used to adjust to pH 7.4. This solution was then further diluted to 1000 mL using ultrapure
235  water.

236 For the preparation of colon tissue homogenate that was used for the EntF in vitro
237  metabolization study, two colons were collected from two C57BL/6 female mice after cervical
238  dislocation. The used mice received no treatment. After cleaning and rinsing the organs using
239 ice-cold KH buffer, the colons were cut in little pieces and transferred into a 15 mL tube to
240  which 5 mL ice-cold KH buffer was added. The colons were then homogenized for 1 minute.
241  After the larger particles were allowed to settle for about 30 minutes at 5°C, approximately 2
242  mL of the middle layer was dispensed into a 2 mL Eppendorf tube, and stored at -35°C until
243 use. Just before use, the homogenate was diluted to a protein concentration of 0.6 mg/mL.

244 Faeces homogenate was prepared by collecting faeces from two non-treated C57BL/6
245  female mice after cervical dislocation. The same procedures as with the colon tissue were
246  performed. Just before use, the homogenate was diluted to a protein concentration of 0.6
247  mg/mL.

248

249  Peptide adsorption

250 Due to adsorption of EntF* to different kinds of plastic and glass material, all tubes and
251  containers were coated before use with a BSA-based anti-adsorption solution?*,

252

253  Metabolization kinetics

254 500 pL of tissue homogenate and 400 puL of KH buffer were mixed, together with 100

255  uL of KH buffer (blank) or 1 mg/mL EntF peptide solution (test), all equilibrated and incubated

11
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256 at 37°C. After 0, 5, 10, 30, 60, 120 and 180 minutes, 100 uL aliquots were taken and
257  immediately mixed with 100 pL of 1% V/V trifluoroacetic acid solution in water, heated for 5
258  min at 95°C, and cooled for 30 min in an ice-bath. After centrifugation at 16,000 g for 30 min
259  at 5°C, supernatants were analysed by LC:-MS; for EntF* quantification.

260

261 Cell culture

262 Caco-2 and luciferase transfected HCT-8/E11 cells were grown in DMEM medium
263 supplied with 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin (10,000 U/mL)
264  solution. The cells were cultured in an incubator set at 37°C and 5% CO.. When confluent, cells
265  were detached using 0.25% trypsin-EDTA.

266 E. faecium strains (LMG 20720, LMG 23236, LMG 15710 and ATCC 8459) were
267  grown overnight at 37°C in BHI medium under aerobic conditions.

268

269  Western Blot analyses

270 1 x 108 HCT-8 cells were seeded in each well of a 6-well plate. 24 hours post-seeding,
271 cells were treated with EntF* and its synthesised alanine-derived analogues (100 nM) or
272 placebo. For the antagonist study, 1 uM Nef-M1 and EntF*Al were mixed with EntF* (500
273 nM). After 24 hours, cells were detached from the surface and lysed with Thermo Scientific
274  RIPA-buffer. The protein concentration was then determined using the modified Lowry protein
275  assay kit, according to the manufacturer’s instructions. All samples were diluted to the same
276  concentration (i.e. 4 pug/uL) using water and diluted 1:1 using 2x Laemmli buffer. Next, the
277  samples were boiled for 5 min at 95°C for denaturation, after which centrifugation for 5 min at
278 16,0009 was performed; the supernatant was then used for Western blot analyses. Therefore,
279  proteins (20 pg) were separated using a Bio-Rad Any kD gel (SDS-PAGE) and transferred to a

280 PVDF membrane. Before the membranes were incubated with antibodies, non-specific binding

12
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281  sites were blocked using 5% skimmed milk solution (1 hour). Western blot was performed using
282  an anti-E-cadherin (1/1000) antibody and incubated overnight at 4°C. Signal intensity was
283  normalized against the total protein content in the lanes. Anti-rabbit-HRP antibody was used
284  for detection (1/2000) (1 hour). Finally, the substrate (5 min) was added and the results were
285 analyzed using the Bio-Rad ChemiDoc EZ imager and Image Lab software. TBS buffer with
286  0.05% Tween 20 was used for washing between the different steps.

287

288 Intestinal permeability

289 Caco-2 cells were seeded on Transwell polycarbonate membrane filters (0.4 um pore
290 size) (Corning, Germany) at a density of 2.6 x 10° cells/cm? and the permeability study
291 performed as described by Hubatsch et al.!. Cells were filled with Hank’s Balanced Salt
292  Solution (HBSS) and the TER values measured before and after the experiment. Peptide
293  solution (1 uM) was added to the apical chamber and 300 pL aliquots taken after 30, 60, 90 and
294 120 min of incubation. Samples were analysed using LC1-MS;. Linear curve fitting was used
295  to calculate the apparent permeability coefficient (Papp).

296

297  Sample collection and preservation

298 Mice (C57BL/6), possessing their natural microbiome (i.e. unmanipulated mice, without
299  any peptide or bacterial administration), were euthanized by cervical dislocation and the blood
300 collected. After standing for 30 min on ice, blood was centrifuged at 1,000 g for 10 min (room
301 temperature). The supernatant (serum) was then transferred and stored at -35°C until use.

302 After defaecation, two droppings of faeces were immediately collected and put in liquid
303  nitrogen for max. 1 h. The samples were then stored at -80°C until use.

304

305 Sample preparation
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306 50 pL of mice serum was mixed with 150 pL of 0.5% formic acid in acetonitrile. After
307  sonication for 5 min and vortexing for 5 sec, the mixture was heated for 30 sec at 100°C. The
308  solution was again vortexed and centrifuged for 20 min at 20,000 g (4°C). The supernatant was
309 then further purified using solid phase extraction (SPE) on HyperSep Cis plates (Thermo Fisher
310 Scientific, Belgium), which were previously conditioned with acetonitrile and equilibrated with
311  75% acetonitrile in water, containing 0.375% formic acid. After loading 150 pL of the samples,
312 120 pL eluent was collected and the organic solvents evaporated using nitrogen (1 L/min) for
313 5 minutes. The resulting solutions were then further diluted with 30 pL of BSA-based anti-
314  adsorption solution, followed by LC-MS analysis.

315 Bacterial culture medium was centrifuged for 10 min at 2095 g and 4°C, after which the
316  supernatant was filtered through a 0.20 um filter. For the purification of the culture medium,
317 200 pL of broth was loaded on an Oasis HLB pElution plate (Waters, Belgium), previously
318 conditioned and equilibrated with acetonitrile and water, respectively. EntF was then eluted
319  from the column using 200 uL of 70% methanol in water containing 2% of formic acid, and the
320  organic solvents evaporated using nitrogen (1 L/min) for 4 minutes. The resulting solution was
321  then further diluted with 150 pL of acetonitrile containing 2% of formic acid, followed by LC»-
322 MS; analysis.

323

324 RP-UPLC-TQ-MS (LC1-MS:) analysis

325 EntF* was detected and quantified on a Waters Acquity UPLC H-class system, connected
326  to a Waters Xevo™ TQ-S triple quadrupole mass spectrometer with electrospray ionization
327  (operated in positive ionization mode). Autosampler tray and column oven were thermostated
328 at 10°C £ 5°C and 60°C £ 5°C, respectively. Chromatographic separation was achieved on a
329  Waters Acquity® UPLC BEH Peptide C1s column (300 A, 1.7 um, 2.1 mm x 100 mm). The

330 mobile phases consisted of 93:2:5 water:acetonitrile:DMSO (V/V) containing 0.1% formic acid
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331 (i.e. mobile phase A) and 2:93:5 water:acetonitrile:DMSO (V/V) containing 0.1% formic acid
332 (i.e. mobile phase B), and the flow rate was set to 0.5 mL/min. From the samples, a 10 pL
333  aliquot was injected. The gradient program started with 80% of mobile phase A for 1 minute,
334 followed by a linear gradient to 40% of mobile phase A for 3.5 minutes. Gradient was then
335 changed to 14.2% mobile phase A at 5 min, followed by a 1 min equilibration, before starting
336  conditions were applied. EntF* showed retention at 4.25 — 4.45 min.

337 An optimised capillary voltage of 3.00 kV, a cone voltage of 20.00 V and a source offset
338  of 50.0 V was used. Acquisition was done in the multiple reaction monitoring (MRM) mode.
339  Theselected precursor ion for EntF* was m/z 865.7 with two selected product ions at m/z 202.08
340 (36 eV, by fragment) as quantifier and m/z 315.17 (31 eV, bs fragment) as qualifier.

341 A sample was considered positive for the presence of EntF* when following criteria were
342  met: correct retention time, quantifier/qualifier peak area ratio’s between 2.0 and 4.0, both
343  quantifier and qualifier with a signal-to-noise ratio above 3.0 and a concentration above the
344  LOQ of 100 pM.

345

346 RP-UPLC-QTOF-MS (LCi1-MS2) analysis

347 Chromatographic separation was achieved on a Waters Acquity® UPLC HSS T3
348 Column (100 A, 1.8 um, 2.1 mm x 100 mm), with detection using the Waters SYNAPT G2-Si
349  High Definition Mass Spectrometry with electrospray ionization (operated in the positive
350 ionization mode). Gradient composition and UPLC-MS settings were the same as with the LC;-
351  MS; method; a TOF-MS/MS mode was applied with a fixed mass on the quadrupole of 865.157,
352  afixed trap collision energy of 30 eV and an acquired MS/MS over the range of 100-1450 m/z
353  (scan time 1 second). EntF* retention was observed between 3.40-3.50 min. When at least four

354  daughter ions (m/z £ 0.05) of EntF* were detected at the expected retention time and at least
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355 three of the most abundant isotope parent peaks (m/z + 0.05) were detected, the sample was
356  considered to contain the EntF* peptide.

357

358 RP-UPLC-QOrbitrap-MS (LC1-MS3) analysis

359 While the UPLC separation system was the same as with the LC1-MS1 method, the third
360  detection system consisted of a Thermo Fisher Q Exactive™ Hybrid Quadrupole-Orbitrap Mass
361  Spectrometer. The mass spectrometer was operated using a heated electrospray ionization
362  source with the following setting: capillary temperature set at 300°C, S-Lens RF level set at 50,
363  spray voltage set at 3.00 kV and auxiliary gas flow set at 20.

364 A full MS/MS mode was applied with a fixed mass on the quadrupole of 865.157, a fixed
365 trap collision energy of 30 eV and 35 eV and an acquired MS/MS over the range of 100-1800
366 m/z. EntF* retention was observed at 4.13-4.16 min. When at least two daughter ions (m/z £
367 0.005) of EntF* were detected at the expected retention time and at least four of the most
368  abundant isotope parent peaks (m/z £ 0.005) were detected, the sample was considered to be
369  positive for the presence of EntF*.

370

371 HILIC-UPLC-TQ-MS (LC2-MS1) analysis

372 Chromatographic separation was achieved on a Waters Acquity® UPLC BEH Amide
373 Column (130 A, 1.7 um, 2.1 mm x 100 mm). Mobile phase composition, sample volume, flow
374 rate and MS settings were the same as described for the LCi-MS: method. For EntF*
375  quantification in mouse serum, the gradient program started with 10% of mobile phase A for 2
376  minutes, followed by a linear gradient to 40% of mobile phase A for 3.0 minutes. Gradient was
377  then changed to 85% mobile phase A at 6 min, followed by a 1 min equilibration, before starting
378  conditions were applied. EntF* showed retention at 4.85 — 4.95 min. A sample was considered

379  positive for the presence of EntF* when following criteria were met: correct retention time,
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380  both daughter fragments (i.e. b2 (quantifier) and bz (qualifier) fragment ions) with a signal-to-
381 noise ratio above 3.0 and quantifier/qualifier peak area ratio’s between 2.0 and 4.0.

382 For the quantification of EntF in culture medium, the gradient program started with 100%
383  of mobile phase B for 2 minutes, followed by a linear gradient to 40% of mobile phase B for 7
384  minutes, cleaning at 85% B and re-equilibration at starting conditions. Acquisition was done in
385 the multiple reaction monitoring (MRM) mode. The selected precursor ion for EntF was m/z
386  667.1 with three selected product ions: m/z 129.0 (30 eV, b, fragment) and m/z 662.6 (22 eV,
387  bys fragment), both as qualifier, and m/z 949.4 (22 eV, y17 fragment) as quantifier.

388

389  DNA extraction of faeces

390 To 20-40 mg faeces, 500 mg of unwashed glass beads, 0.5 mL CTAB buffer
391  (hexadecyltrimethylammonium bromide 5% (w/v), 0.35 M NaCl, 120 mM K;HPO.) and
392 0.5 mL phenol-chloroform-isoamyl alcohol mixture (25:24:1) were added. The mixture was
393  homogenized two times for 1.5 min at 22.5 Hz using a TissueLyser Il (Qiagen, Belgium). The
394  mixture was centrifuged for 10 minutes at 8,000 rpm and 300 pL of the supernatant was
395 transferred to a new Eppendorf tube. For a second time, 0.25 mL of CTAB buffer was added to
396 the original DNA sample, which was again homogenized in the TissueLyser and centrifuged
397  for 10 minutes at 8,000 rpm. Of this supernatant, 300 uL was added to the first 300 pL
398  supernatant. The phenol was removed by adding an equal volume of chloroform-isoamyl
399 alcohol (24:1) followed by centrifugation at 16,000 g for 10 sec. The aqueous phase was
400 transferred to a new tube. Nucleic acids were precipitated with 2 volumes PEG-6000 solution
401  (polyethyleenglycol 30% (w/v), 1.6 M NaCl) for 2 h at room temperature. The pellet was
402  obtained by centrifugation at 13,000 g for 20 min and washed with 1 mL of ice-cold 70% (v/v)

403  ethanol. After centrifugation at 13,000 g for 20 min, the pellet was dried and resuspended in 50
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404 pL de-ionized water. The quality and the concentration of the DNA was examined
405  spectrophotometrically.

406

407 gPCR on faeces

408 gPCR was performed using SYBR-green 2x master mix in a Bio-Rad CFX-384 system.
409  Each reaction was done in sixfold in a 12 pL total reaction mixture using 2 puL of the DNA
410 sample and 0.5 uM final gPCR primer concentration. The gPCR conditions used: 1 cycle of
411  95°C for 10 min, followed by 40 cycles of 95°C for 30 sec, 60°C for 30 sec, and stepwise
412  increase of the temperature from 65° to 95°C (at 10 sec/0.5°C). Melting curve data were
413  analysed to confirm the specificity of the reaction. Samples with aspecific melting peaks were
414  discarded from further analyses. The copy numbers of samples were determined by comparison
415  of their Ct values to the standard curve. For the creation of the standard curves, the PCR product
416  was generated using the standard fragment PCR primers, listed in Supplementary Figure 2, and
417  DNA from E. faecium strain 100-1. After purification (MSB Spin PCRapace, Stratec Molecular,
418  Berlin, Germany) and determination of the DNA concentration, the concentration of the linear
419  dsDNA standard was adjusted to 1x10" to 1x10* copies per pL with each step differing by 10-
420 fold. Because the Cq values of the EntF* qPCR analyses were around the limit of detection
421  (LOD), with a notable amount of left-truncated data (data below LOD), a maximum likelihood
422 (ML) approach was used to find the best estimation of mean and standard deviation for each
423  sample.

424

425  Standard protein BLAST

426 The amino acid sequence of the EntF* peptide was blasted against the NCBI non-

427  redundant (nr) database by Basic Local Alignment Search Tool protein (BLASTp). This blast
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428  search was performed with the organism limited to bacteria (taxid:2). Only alignment hits with
429  a100% coverage and 100% identity were retained.

430

431  Orthotopic colorectal cancer mouse model

432 All in vivo experiments were performed according to the Ethical Committee principles of
433 laboratory animal welfare and approved by our institute (Ghent University, Faculty of Medicine
434 and Health Sciences, approval number ECD 17-90). Mice were maintained in a sterile
435  environment with light, humidity and temperature control (light-dark cycle with light from
436 7:00 h to 17:00 h, temperature 21-25°C and humidity 45-65%). Before the experiment, mice
437  were allowed to acclimatize for a minimum of seven days.

438 Six-weeks old female athymic nude mice (Swiss nu/nu) were anesthetized and a small
439  midline laparotomy executed to localize the caecum. The caecum was then gently exteriorized
440  and luciferase transfected HCT-8/E11 cells (1 x 108 cells) in a volume of 20 pL serum-free
441  DMEM medium with matrigel (1:1) injected into the caecal wall. Cells were previously treated
442  with EntF* (10 nM, 100 nM or 1 uM), Phr0662 (100 nM) or with the vehicle (PBS) or positive
443 control (Transforming Growth Factor a (TGFa), 0.1 pg mL™) solution for 5 days before they
444  were implanted in the mice. The caecum was then carefully returned to the abdominal cavity
445  and the laparotomy closed in two layers by sutures of PDS 6/0. Starting from the day after
446  tumour cell injection, mice were daily treated with vehicle (PBS, n = 15), EntF* (10 nmol kg
447 1, n=12;100 nmol kg?, n=18; 1 umol kg%, n = 8), Phr0662 (100 nmol kg%, n = 5) or positive
448  control (Epidermal Growth Factor (EGF), 100 pg kg2, n = 18) for 6 weeks. Once a week, mice
449  were investigated for tumour growth and metastases using bioluminescent imaging with the
450  IVIS Lumina Il (Perkin Elmer, Belgium) after i.p. injection with 200 pL luciferin (150 mg kg
451 1), After 6 weeks, mice were euthanized using cervical dislocation, followed by macroscopic

452  evaluation of the liver, diaphragm, lungs, caecum, duodenum and peritoneum for the presence
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453  of tumour nodules. Liver and lung tissues were then fixed in formalin during 24 h and stored in
454  70% ethanol for max. 3 days before embedding in paraffin. Afterwards, a haematoxylin & eosin
455 (H&E) staining was performed on 8 pm sections and 3 sections were visualized per mouse
456  using microscopy. The slides of all tumour-bearing mice were scored by two blinded,
457  independent investigators using a scoring system as described in Supplementary Table 4. In the
458  case of a difference in scoring, the slide was scored again by a third blinded, independent
459  investigator for consensus.

460 Daily peptide exposures were calculated after i.p. injection of 25 pL of a 100 uM EntF*
461  solution into female Swiss nu/nu mice (n=14), followed by LC1-MS; analyses of mice serum
462  atdifferent time points after injection. A distribution and early exponential phase (a, 0-30 min),
463  followed by a terminal elimination phase (5, 30-180 min) could be distinguished. The exposure
464 was determined for 24 hours (x) as follows: Exposure (nM x min) = [ Ae™ + [ B e F¢.
465

466  PCR on E. faecium strains

467 E. faecium was grown in BHI medium. DNA was extracted using alkaline lysis after
468  which the EntF* fragment was amplified using 2x Biomix (Bioline, Belgium) in a Mastercycler
469 PCR system (Eppendorf, Belgium). Each reaction was performed in a 10 uL total reaction
470  mixture using 1 pL of the DNA sample and 0.5 uM final primer concentration (EntF*-PCR
471  primers, Supplementary Fig. 2). The PCR conditions used: 1 cycle of 94°C for 5 min, followed
472 by 30 cycles of 94°C for 30 sec, 55°C for 30 sec and 72°C for 1 min. Final elongation was
473  performed at 72°C for 10 min, after which the PCR product was hold at 4°C. The PCR
474  amplification products were visualized on 1.5% agarose gel.

475

476  Statistical analyses
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A quantitative approach was used to evaluate the importance of each amino acid, where
the Fisher’s LSD p-values of (1) the multiple comparison between EntF* and the alanine scan
and (2) the multiple comparison between different peptides of the alanine scan are combined.
Subsequently, based on the combined P-score, the amino acids were classified in 5 classes using
a hierarchical cluster analysis, and confirmed using the Jenks natural break algorithm with
K=5.

The Kolmogorov-Smirnov test was used to assess if data obtained were normally
distributed. For sample sizes of n < 10, non-parametric tests (Mann-Whitney U test) were
performed directly. Slope comparison was based on linear regression analysis. Bootstrapped
medians and Hedges G-values were used to calculate the effect size when sample sizes were
different between the groups. Cohen’s d values were calculated as a measure of the effect size

when similar standard deviations for both groups were found and sample sizes were the same.
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596  Figure 1: In vitro formation and in vivo presence of the EntF quorum sensing peptide-
597 derived metabolite. a, Sequence of the quorum sensing propeptide enterocin induction factor,

598  the mature quorum sensing peptide EntF and its metabolite EntF*. b, The in vitro formation
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599 rate of EntF* from EntF in colon and faeces homogenate. Bars represent mean formation rate
600 + s.e.m from 6 (colon), resp. 4 (faeces) independent experiments. Statistically significant
601  differences were determined by a Mann-Whitney U test with indicated p-values. ¢, CaCo-2
602  apparent permeability coefficients (Papp) Of 3 different quorum sensing peptides. Bars represent
603  mean Pgp-values £ s.e.m. (n=5-6 independent experiments per group); the shaded area
604  represents the limit of detection. d, Flow chart of in vivo data acquisition, from sampling of
605  serum samples to detection and confirmation of EntF*. Different LC-MS methods: reversed-
606  phase ultra-high-performance liquid chromatography (RP-UPLC) using triple quadrupole (TQ)
607 in MRM mode (LC:-MS;), high-resolution quadrupole time-of-flight (LCi-MS>), high-
608  resolution quadrupole-orbitrap (LC1-MS3) and HILIC-amide UPLC using TQ in MRM mode
609  (LC2-MS:). gPCR was performed on faeces samples from those mice to demonstrate the
610 presence of EntF*-containing E. feacium DNA copies. e, Chromatographic profile of (1)
611  negative serum sample; (2) positive serum sample; (3) serum of mice i.p. injected with EntF*;
612  all using RP-UPLC with detection by electrospray ionization mass spectrometry (ESI-MS)
613  using TQ in MRM mode (m/z= 865 - 202.08 + 315.17). f, Chromatographic profile of (1)
614  negative serum sample; (2) positive serum sample; (3) serum of mice i.p. injected with EntF*;
615 all using HILIC amide UPLC with detection by ESI-MS using TQ in MRM mode (m/z= 865
616 > 202.08 +315.17). g, Isotopic distribution of the double charged EntF* measured in a positive
617  serum sample using RP-UPLC with detection by ESI-MS using quadrupole-orbitrap. h, High-
618  resolution tandem mass spectrum of EntF* with characteristic fragments, using RP-UPLC with
619  detection by Q-TOF.

620
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Figure 2: In vitro activity of the EntF* peptide. a, Effect of alanine-derived EntF* analogues
on E-cadherin expression. Ranking in five classes (blue to red: increasing significance) was
performed using the Fisher’s LSD p-values, which was confirmed using the Jenks natural break
algorithm. Based on ranking, it was proven that the first, second and tenth amino acid of EntF*
are the most important amino acids for the epithelial-mesenchymal promoting (EMT) effects
of EntF*. b, Effect of EntF* on E-cadherin expression. A significant mean decrease of 38% in
E-cadherin level for EntF* in comparison with placebo was observed (one-way ANOVA,
Fisher’s LSD). ¢, The antagonistic effects of Nef-M1 on the E-cadherin reducing effect of EntF*
on HCT-8 cells. Statistically significant differences were determined by a one-sided student's t
test. d, The antagonistic effects of EntF*1A on the E-cadherin reducing effect of EntF* on

HCT-8 cells. Statistically significant differences were determined by a one-sided student's t test.
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635  Figure 3: In vivo metastasis-inducing effect of EntF* in an orthotopic colorectal cancer
636 mouse model. a, Experimental schematic timeline. Female Swiss nu/nu mice were
637  orthotopically injected with 1 x 10° luciferase transfected HCT-8 cells at the age of 5 weeks.
638  During 6 weeks, the mice were daily i.p. injected with 100 nmol kg EntF*, PBS control or 0.1
639 mg kg* EGF positive control. Bioluminescent imaging was performed weekly to determine
640  cancer progression. After 6 weeks, the mice were euthanized and the caecum, liver and lungs
641  collected. b, The daily exposure in the female Swiss nu/nu mice (n=65 placebo mice, with
642  negative mice (< LoQ = 100 pM) set as 0 pM) (black) and the female Swiss nu/nu mice after
643  injection with EntF* (gray, n=14) is given. Error bars represent s.e.m. values. It could be
644  concluded that the daily exposure after i.p. injection of 100 nmol kg™ EntF* (used for the
645  orthotopic colorectal cancer mouse model) is 5 times higher than the natural occurring EntF*
646 levels. c, A representative image comparing the basal bioluminescence activity between the
647  three treatments. Mice were i.p. injected with 150 mg kg-1 luciferine and imaged 10 minutes
648 later in the supine position. d, Tumour growth curves of the three groups. Based on linear
649  regression slope comparison, the EntF* as well as the positive control EGF treatment resulted
650 in a significant increase of tumour growth compared to the vehicle control with indicated p-

651  values. Data represent mean fold change £ s.e.m. (n= 17-18 mouse per group). e, Macroscopic,
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652  representative caecum pictures of the three treatments at the end of the experiment. f, Caecum
653  tumour nodules were counted and the data represent the mean * s.e.m. Statistically significant
654  differences were determined by a Mann-Whitney U test (n= 15-38 per group) with indicated p-
655  values.
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Figure 4: Effect size for bioluminescence and the number of nodules on the caecum in the

orthotopic mouse model after 6 weeks treatment. a, After 6 weeks treatment, an effect size

of 128% increase in bioluminescence for EntF* compared to the placebo PBS was observed,

while for the positive control EGF, a median effect size of 316% was obtained. When

calculating the effect size according to Hedges’ G values, a median to high effect was observed

for both the EntF* and the EGF treatment groups, compared to the placebo group. b, After 6

weeks treatment, a 3-fold increase in the number of nodules on the caecum was observed for

EntF* compared to the placebo PBS, while for the positive control EGF, a 4.5-fold increase

was obtained. When calculating the effect size according to Hedges’ G values, a median and

high effect was observed for the EntF* and EGF treatment groups, respectively, compared to

the placebo group.

[Figure prepared in R-script: https://github.com/JoachimGoedhart/PlotsOfDifferences]
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Figure 5: Histopathological evaluation of CRC metastasis after EntF* treatment. a,
Haematoxylin and eosin (H&E) staining of the liver with magnified images (x10 and x40). b,
Histopathological scores with statistically significant differences determined by a Mann-
Whitney U test (n= 8 for PBS, n= 30 for EntF*, n=9 for EGF) with indicated p-values. ¢, H&E
staining of the lungs with magnified images (x10 and x40). d, Histopathological scores with
statistically significant differences determined by a Mann-Whitney U test (n= 8 for PBS, n=
30 for EntF*, n= 9 for EGF) with indicated p-values.
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