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Abstract

5-aminosalicylate (5-ASA) is widely prescribed for the treatment of inflammatory bowel disease (IBD) and prevention of
inflammation-associated colorectal cancer (CRC). Its clinical effect is widely attributed to modulation of host inflammatory
responses. However, the recent association of intestinal dysbiosis and selective enrichment in Escherichia coli in patients
with IBD and CRC raises the possibility that 5-ASA might also affect the enteric microflora. The aim of this study was to
investigate the effect of 5-ASA on the growth and virulence of E. coli associated with IBD and CRC, and its impact on host
cell inflammatory responses. Our results show that 5-ASA inhibited E. coli growth in a dose-dependent manner and
downregulated the expression of bacterial virulence genes associated with IBD (fliC, fimH, ompC, yfgL, nipL, IpfA, htrA,
dsbA, fyuA, and chuA) and CRC (pks). 5-ASA inhibited E. coli motility (30-70%), epithelial adherence and invasion, and
IL-8 secretion (p <0.05). 5-ASA reduced E. coli survival in J774A.1 macrophages by 20 to 50% (p <0.01) and TNF-a
secretion by infected macrophages up to 30% (p < 0.05). In addition, 5-ASA reduced DNA damage in epithelial cells (Caco-
2) induced by pks-positive E. coli. Our results reveal a multifaceted and previously unrecognized effect of 5-ASA on the
growth and virulence of IBD- and CRC-associated E. coli, in addition to its inhibitory effect on host cell inflammatory
responses. These results suggest that 5-ASA may abrogate the proinflammatory and oncogenic effects of E. coli in patients
with IBD and CRC.

Introduction

5-aminosalicylic acid (5-ASA, also known as mesalamine)
has been used for several decades as a primary treatment for
IBD [1]. It remains the cornerstone of therapy to induce and
maintain remission in patients with mild to moderate
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ulcerative colitis (UC) [2]. Recent studies have demon-
strated that 5-ASA prevents the development of colorectal
cancer (CRC) in patients with long-standing colitis [3], and
inhibits tumor growth in colon cancer patients [4]. The
clinical effects of 5-ASA are widely attributed to pleiotropic
modulation of host inflammatory responses, including
inhibition of lipoxygenase and cyclooxygenase [5],
interleukin-1 (IL-1) [6], tumor necrosis factor-alpha (TNF-
a) [7], nuclear factor NF-kB [8, 9], and induction of per-
oxisome proliferator-activated receptor-gamma (PPARYy)
[10, 11].

However, our understanding of the mechanisms of action
of 5-ASA precedes the discovery of abnormalities in the
resident intestinal microflora, termed “dysbiosis”, in
patients with IBD and CRC. Mounting evidence implicates
resident enteric bacteria in the pathogenesis of inflammatory
bowel disease [12-14] and colorectal cancer [15, 16].
Resident E. coli, particularly the adherent and invasive
E. coli (AIEC) pathotype, has been consistently linked to
ileal Crohn’s disease (CD) and intestinal inflammation
across species [17-19]. Furthermore, AIEC are frequently
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Table 1 E. coli strains

Strain Source Phylogroup AIEC PKS Reference
T75 CD mucosa A - — [17, 27]
LF82 CD mucosa B2 + - [17]
24LLW-1 CD mucosa A + — [17]
524-2 CD mucosa Bl + - [17]
541-1 CD mucosa B1 + — [17, 27]
541-15 CD mucosa Bl + - [17, 27]
578-1 CD mucosa D + — [17]
NC101* Healthy mouse B2 + + [22, 28]
feces

HM44  CRC mucosa B2 - + [20]
HM164 CRC mucosa B2 b + [20]
HM213 CRC mucosa B2 —b + [20]
HM229 CRC mucosa B2 -+ 0]
HM288 CRC mucosa B2 — — [20]
HM334 CRC mucosa B2 — + [20]
HM358 CRC mucosa D — — [20]

ANC101 induces IBD and cancer in IL10™'~ mice

Because of their cytotoxicity, these strains were not tested for AIEC
characteristics

isolated from the colonic mucosa of patients with CRC [20],
suggesting a possible link between E. coli and CRC
development [21, 22]. CRC-associated E. coli frequently
harbor the pks pathogenicity island that encodes multi-
enzymatic machinery for synthesizing a peptide-polyketide
hybrid genotoxin, colibactin. Colibactin can induce double-
strand DNA breakage and, consequently, chromosomal
instability involved in CRC [23]. While the effects of 5-
ASA on host inflammatory responses are well recognized, it
has emerged that 5-ASA can also modulate the expression
of genes involved in metabolism and invasiveness of Sal-
monella [24], and the growth of Mycobacterium avium [25].
Treatment with 5-ASA has also been related to reduced
transcription of 16S rRNA in resident enteric bacteria [26].
These observations raise the possibility that the beneficial
effects of 5-ASA observed in IBD and CRC could be
mediated, in part, by modulating intestinal bacteria.

It is against this background that we sought to examine
the effects of 5-ASA on the growth and virulence of E. coli
strains associated with IBD and CRC, and on the inflam-
matory responses of intestinal epithelial cells and macro-
phages. We also investigated the effect of 5-ASA on DNA
damage induced by pks-positive E. coli. We found that
5-ASA abrogates the virulence of IBD- and CRC-associated
E. coli in a multifaceted fashion, including growth, gene
expression, motility, adhesion and invasion of epithelial
cells, survival in macrophages, and induction of host
inflammatory responses. In addition, 5-ASA inhibits DNA
damage induced by pks-positive E. coli in intestinal

epithelial cells. Our findings reveal previously unrecognized
antimicrobial activity of 5-ASA against IBD- and CRC-
associated E. coli and suggest that the beneficial effects of
5-ASA observed in patients with IBD and CRC may be due
to a dual effect on host and enteric bacteria.

Materials and methods
Bacterial strains

Fifteen well characterized E. coli strains cultured from the
intestinal mucosa of patients with IBD [17, 27] (7 strains)
and CRC [20] (8 strains) were evaluated. The seven IBD
associated strains (T75, 524-2, 541-1, 541-15, 578-1,
24L.W-1, and LF82) were isolated from the ileums of
patients with CD (Table 1). All of these strains except T75
have an AIEC pathotype. T75 is a non-pathogenic strain
from a CD patient, and was used as a non-AIEC control in
this study. Prototypical AIEC LF82 (kindly provided by
Arlette Darfeuille-Michaud) was used as a positive control
for AIEC. Of the 8 CRC-associated E. coli strains (Table 1),
7 were isolated from colonic mucosa of patients with non-
IBD associated CRC (HM44, HM194, HM213, HM229,
HM288, HM334, and HM354), and kindly provided by
Dr. Jon Rhodes [20]. Strain NC101 was isolated from the
feces of a healthy mouse, and induces CRC in IL107"~
AOM treated and monocolonized mice [22, 28]. All E. coli
strains were stored at —70°C. Experimental cultures were
derived from frozen stocks without subculture and grown in
LB broth at 37°C = treatments as described below.

Chemicals

5-ASA was purchased from Sigma-Aldrich (St. Louis,
MO). Due to its strong hydrophobicity and sensitivity to
oxidation, stock solutions were freshly made in DMSO
(Fisher Scientific, Waltham, MA), and dilutions were made
immediately before each experiment.

Standardized growth analysis

E. coli was grown in LB broth overnight at 37°C with
shaking. Overnight cultures were diluted 1:100 into fresh
LB broth containing either DMSO (Control) or 5-ASA at
specified concentrations. Growth of E. coli was monitored
for 12-24 h at 37 °C with shaking. At each time point, the
turbidity of three samples from the same treatment was
measured at ODgnp. Growth curves were plotted with ODgqq
as the function of time. For easier comparison between
5-ASA-treated and untreated control samples, the area
under each growth curve (AUC) was calculated with
Graphpad Prism7.03.
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Table 2 Primer sequences

Gene  Protein Function Primer Sequences (5'—3)
fliC*  Flagellin Motility F1: CAGCCTCTCGCTGATCACTC
R1: CCCGCTGCGTCATCCTTCGC
F2: CTGTCGCTGTTGACCCAGAA
R2: TGACCTGCTGCGTCATCTTT
fimH  Type 1 fimbrial Adhesion F: CTTATGGCGGCGTGTTATCT
subunit R: CGGCTTATCCGTTCTCGAATTA
ompC  Outer membrane Outer membrane F: GGTGGTCTGAAATACGACGCTAAC
protein C protein R: GTCGAACTGGTACTGAGCAACAGC
yfgL Lipoprotein Invasion F: CCGGTGGTCAGCGACGGTCTGG
R: CGCCACGCAAAGAGAGCGAAGGC
nlpL  Lipoprotein Invasion F: GGCTCAAGGCGGACGCAACGG
R: GAACAGTGCCGTGGCGCTGTCC
IpfA;4; Long polar fimbrial M cell translocation F: GCTGATGCAGGCGACGGTTCTG
protein A R: CACAGACTTGTTCACCTGGCCC
IpfA;s4 Long polar fimbrial M cell translocation F: CAGGTGTAGGTAGTCTGGCGTC
protein A R: GGTCGCCGTCGCCGCCAGGCGC
htrA Periplasmic protease Stress protein F: CGCAGATGGTGGAATACGGCCAGG
(Macrophage R: CCTGGCTTACGAAAGCACCGCGC
survival)
dsbA  Disulfide Oxidoreductase F: GGCGCAGTATGAAGATGGTAAAC
oxidoreductase (Macrophage R: TTCAAACTGATAGCAGTGCGG
survival)
chuA  Outer membrane Heme iron F: CGGCGACAACTATGTCGTATAA
heme/hemoglobin  acquisition R: TAGGCCACATCAAGGCTAAAC
receptor
fuA  Ferric Iron acquisition F: TCGTCGCCGAGAAATCCATCAACT
Yersiniabactin R: AAAGCTGCATGTCTTTGGTGTGGG
uptake receptor
pks Polyketide Genotoxin F: ATCTTTCCGCCTAACCCGA
synthetase production
uidA p-glucuronidase House keeping F: TCAACAGACGCGTGGTTACAGTCT R:

TCCATCGCAGCGTAATGCTCTACA

*fliC primers: F1 and R1 were designed for all E. coli strains, except for LF82, 524-2, and 24LW-1, F2 and
R2 were for E. coli LF82, 524-2, and 24LW-1.

Transcriptional analysis of virulence genes

E. coli was grown in media with or without 5-ASA
(1.5mgml ") to mid log phase. RNA was extracted using
the Qiagen RNAProtect-RNeasy Kit per manufacturer’s
protocol. Total RNA was treated with TURBO DNA-Free
Kit (Ambion), followed by a two-step qRT-PCR reaction,
using Qiagen’s QuantiTect Reverse Transcription Kit and
QuantiNova SYBR Green PCR Kit. Twelve genes asso-
ciated with virulence of IBD- and CRC-associated E. coli
[29-36] (see Table 2) were selected for transcriptional
analysis in response to 5-ASA. E. coli uidA (Table 2) was
used as the reference/house-keeping gene. Each qPCR
reaction contained 1 ul of cDNA, 1.4 ul of each forward and
reverse primers (10 uM), 10 uL of 2 x SYBR Green Master
Mix, 2pul of QN ROX Reference Dye, and 5.2ul of
nuclease-free water to make the total volume of 20 pl. The
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reaction was run with ABI7000 (Applied Biosystems). The
comparative quantification (AC;) method was used to
determine the up- or downregulated genes. The relative
change of a targeted gene expression was calculated by
using the equation RQ = 2744¢T,

Motility assay

E. coli was grown overnight at 37 °C in LB broth. Soft agar
plates (1% tryptone, 0.5% NaCl, 0.25% agar) were prepared
the day before assay. DMSO or 5-ASA was added into the
agar to make final concentrations of 0, 1, and 1.5 mg ml~ L,
After transferring 2 ul of the overnight culture on to the
center of each plate, high-motility E. coli strains were
allowed to grow at 37 °C for 8 h; low motility strains grew
for 18 h. Motility was quantified by measuring the diameter
of the circular swarming area formed by the growing motile
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bacteria. E.coli T75, HM334, and HM358, were found to be
non-motile and excluded from 5-ASA testing.

Cell lines and culture conditions

Human colonic epithelial cell line Caco-2 (ATCC HTB-37)
and murine macrophage cell line J774A.1 (ATCC TIB-67)
were obtained from the American Type Culture Collection.
The HEK-Blue KD-TLRS5 cell line was purchased from
InvivoGen (San Diego, CA, USA). Caco-2 and
J774A.1 cells were grown and maintained in media as
described by Baumgart et al [17]. HEK-Blue KD-TLRS
cells were grown in DMEM (Gibco, Rockville, MD, USA)
supplemented with 10% FBS. Monolayers of all cell lines
were maintained at 37 °C with 5% CO,.

Adhesion and invasion of cultured epithelial cells

E. coli was cultured overnight in LB broth + 5-ASA (1 mg
ml~!") or DMSO (1%, Control) at 37°C with shaking.
Bacterial pellets were resuspended in PBS before dilution in
cell culture media+ 5-ASA (1 mg ml™!) to an m.o.i (mul-
tiplicity of infection) of 10. Caco-2 cells were grown and
infected with bacteria by the same procedure as described
by Baumgart et al [17]. At 3 h post infection, the cells were
washed 3x with PBS and lysed with 1% Triton X-100.
Serial dilutions of the lysates were made in PBS and plated
on LB agar. The total number of colonies recovered was
used to calculate the number of adherent bacteria. For
invasion assays, the cells were treated with gentamicin (100
ugml~!) for one hour after initial infection and 3x wash
with PBS to kill extracellular bacteria. Cells were then
washed 3x after gentamicin treatment, lysed, and plated as
described above.

E. coli survival in macrophages

Murine macrophage J774A.1 cells were seeded in 24-well
plates (1 x 10° cells/well) and grown for two days at 37 °C
with 5% CO,. E. coli was grown in LB broth with either 5-
ASA (1 mg ml~") or DMSO (1%) overnight at 37 °C. E. coli
was diluted in cell culture media at an m.o.i of 20.
J774A.1 cells were infected with E. coli for 1 h at 37°C,
washed 3 xwith PBS, and treated with gentamicin
(100 ugml™") for 1h to kill extracellular bacteria. For E.
coli uptake assays, J774A.1 cells were washed 3x with
PBS, lysed in 1% Triton X-100, and enumerated by quan-
titative plating as described above. For intracellular survival
assays, after the initial gentamycin treatment (100 pg ml~"),
the cells were kept in medium containing 25 ug ml~' gen-
tamycin overnight at 37 °C. At 24 h post infection, the cells
were washed 3x with PBS, and lysed with 1% Triton X-

100. The number of E. coli survived was determined by
quantitative plating. The bacterial survival rate was calcu-
lated as R = (# survived/# uptaken) x 100.

Proinflammatory cytokine secretion

Supernatants of Caco-2 (at 3 h post infection) and J774A.1
(at 24 h post infection) cell cultures were collected and
centrifuged to remove any cells or cell debris. The con-
centrations of IL-8 secreted by Caco-2 cells, and TNF-a by
J774A.1 cells were analyzed by ELISA methods, using
Human IL-8 Antibody Pair Kit (Invitrogen), and mouse
TNF-a Antibody Pair Kit (Invitrogen) per manufacturer’s
instructions.

NF-kB activation assay

HEK-Blue KD-TLRS cells were used to detect the induc-
tion of NF-kB by E. coli infection. The cells were seeded in
96-well plates at a density of 5 x 10* cells per well. E. coli,
grown overnight in LB containing either 5-ASA (1 mgml™)
or DMSO (1%), was diluted into the HEK-Blue KD-TLR5
medium at an m.o.i of 200 as 10 xinocula; 10 pl of this
inoculum was added into each well containing 100 ul of
medium for a final m.o.i of 20. Three replicates were per-
formed for each strain and treatment. After 3 h of infection
at 37 °C, the medium was removed gently from each well,
and replaced with 100 pl of fresh medium containing gen-
tamycin (200 ugml~'). At 24 h post infection, the spent
medium was collected, and centrifuged at 12,000 r.p.m. for
5 min to remove any particulate matter. Five microliters of
the supernatant were used to quantify the production of
SEAP (secreted alkaline phosphatase), an indicator of
NF-kB promotor activity, with the QUANTI-Blue Kit
(InvivoGen, San Diego, CA, USA) following the manu-
facturer’s instructions. The SEAP activities were detected as
optical density at 620 nm.

PPARy and TNF-a gene expression

Caco-2 cells at density of 1 x 10° cells/well in 12-well plates
were treated with either DMSO (0.75%) or 5-ASA
(0.75 mg ml’l) for 16 h at 37°C (low concentration of
5-ASA was used here because at higher concentrations,
>1%, DMSO decreased cell viability in our preliminary
tests). The cells were washed once with PBS, and infected
with overnight cultures of LF82 pretreated with either
DMSO (1%) or 5-ASA (1 mgml ™) for 16 h at 37°C. After
3 h of incubation at 37°C, the cell medium was removed,
and the cell surface was rinsed once with PBS, then
detached with a rubber placeman and centrifuged at 10,000
r.p.m. for 3 min at 4 °C. The cell pellet was used to extract
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total RNA with Qiagen’s RNeasy Kit as per manufacturer’s
instructions. PPARy mRNA was analyzed by qRT-PCR
with the same procedure as described above for bacterial
virulence genes. The primers for PPARy [10] included:
Forward primer (F-primer) 5-CCTGATAGGCCCCAC
TGTGT-3" and Reverse primer (R-primer) 5'-CAGGTGG-
GAGTGGAACAAT-3'. The primers for the human house-
keeping gene p-actin are 5-TCACCCACACTGTGCC
CATCTACG-3" (F-primer) and 5-CAGCGGAACCGCT
CATTGCCAATG-3’ (R-primer).

Mouse macrophage cell line J774A.1 was used for
examining TNF-a gene expression. J774A.1 cells in 12-well
plates were pretreated as described for Caco-2 cells and
infected with LF82 (see above) for 60 min at 37 °C. The
cells were washed, harvested, and processed for total RNA
isolation by the same procedure as for Caco-2 cells. The
gPCR primers [10] for mouse TNF-a are 5-TGGGAG
TAGACAAGGTACAACCC-3" (F-primer), and 5-CATC
TTCTCAAAATTCGAGTGACAA-3’ (R-primer). The mouse
p-actin was used as the house-keeping gene, and its gPCR
primers are 5'-GGGTCAGAAGGATTCCTATG-3" (F-pri-
mer), and 5'-GGTCTCAAACATGATCTGGG-3" (R-primer).
Quantitative RT-PCR was carried out with the same pro-
cedure as described above.

Comet assay

The impact of 5-ASA on the genotoxicity of pks-positive
E. coli was evaluated using single cell electrophoresis
(comet assay). Three CRC-E. coli strains were evaluated:
two pks-positive (NC101 and HM334), and one pks-nega-
tive (HM288). The comet assay was performed in dim light
to reduce background DNA damage. For sample prepara-
tion, Caco-2 cells in 12-well plates were infected with
E. coli with or without 5-ASA pretreatment as described
above at an m.o.i of 20. After 3 h incubation at 37 °C, the
cells were washed once with Ca™- and Mg+2-free PBS, and
lifted with 200 pl of pre-warmed trypsin-EDTA (Invitrogen)
for 2 min at room temperature, and followed by addition of
500 pl of fresh cell medium to stop trypsin reaction. The cell
suspension was centrifuged for 5 min at 3000 r.p.m. at 4 °C,
and the cell pellet was resuspended in cold PBS (Ca™- and
Mg -free) to achieve a density of 1 x 10° cells ml~". Tre-
vigen’s Comet Assay Kit was used for the downstream
process of comet assay, and the manufacture’s instruction
was followed for all steps.

Statistical analysis
Differences in growth, gene expression, motility, adhesion,
invasion, cytokine production, and NF-kB activation

between control and 5-ASA -treated samples were analyzed
by 2-way ANOVA with Dunnett’s test for multiple
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comparisons. All statistical analyses were performed with
GraphPad Prism 7.03 software and p < 0.05 was considered
significant.

Results
5-ASA downregulates E. coli activity in free culture
Inhibition of growth

The hydrophobicity and low solubility of 5-ASA in DMSO
(maximum 5-ASA concentration = 100 mg ml ') in concert
with the adverse effects of DMSO on bacterial growth at
concentrations > 2% (see Supplementary Data Figures S1A-
G), restricted experiments to 5-ASA concentrations of
<2mgml~!. In preliminary experiments we observed that
5-ASA at 1.5 mg ml~! inhibited the growth of 15/15 E. coli
strains (Table 1) after 24 h (data not shown). On this basis,
we performed a series of titration experiments with 7
representative strains (Control: T75; AIEC: LF82, 5411,
541-15, and NC101; and CRC: HM334 and HM288), at
5-ASA concentrations of 1, 1.5, and 2 mg ml™! (@ 6.5 to
13 mM), which spans the clinically relevant range of 1-100
mM [24, 37], to identify minimal inhibitory concentrations
of 5-ASA. Our results show that 5-ASA inhibited E. coli
growth in a dose-dependent manner: 2>1.5>1mgml ™!
(Fig. 1). For 6 out of 7 strains growth was inhibited
(p < 0.05) by 5-ASA at the lowest concentration (1 mg ml™").
At lower concentrations (<1 mg ml 1), 5-ASA had no effect
on E. coli growth (data not shown).

Control
1 mg/mL
1.5 mg/mL
S 2mg/mL

Fig. 1 5-ASA inhibits growth of E. coli. E. coli was grown in LB broth
containing either DMSO (Control) or 5-ASA at 1, 1.5, and 2 mg ml~'.
Data were from one of three separate experiments, each with three
replicates. AUC = area under the curve. The error bars show standard
deviation (SD). *p <0.05; **p <0.01; ns, not significant
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Table 3 5-ASA regulates virulence gene transcription in E. coli

Fold change (242"

Gene name

Gene function

CRC-associated E. coli

CD-associated E. coli

Healthy control

24LW-1  524-2 541-1 541-15 578-1 NC101* HM44 HMl164 HM213  HM229 HM334  HM288  HM358

LF82

T75

6.915%*
1.335%

0.552%*  (0.409%*  0.549**  1.088* 0.701 0.442 0.136%*  0.449*%*  0.0669**  na na
0.126*
0.339

0.186%*

0.167*%* 0.704

0.256*

fiic

Motility

0.258**  (.770%*
0.683

0.188**

0.566%*

0.454%%  0.618**  0.151%*%  0.434%*  (0.340%*  (.392* 0.554%*
0.371*

0.731%+
1032

SfimH

Adhension and invasion

4.086%*

1.119%%*
1.340%*

0.169%*

0.064%*  0.235%*%  (0.592%* 0.455%* 0.437%*
0.419*

0.617%*

0.327%*
0915

0.121%*
0.244%
1.759

na

ompC
WL

5.398%*

0.571%*
1.005

na
0.708

0.164%*
0.441
na

0.377%*
0.935
na

0.216*
0.176

na

0.485%*
0.992
na

0.454

0.111%*  (0.220%*

0.503%*
1.051
na

0.740%+
1357
1.160*

11.596%*

na

2.144%%

0.558
na

1.031
na

3.689%*

na

0.306%*

na

1.006
na
0.216%*
0.606
0.67
na

nilpL

na

IpfAl4]

3.560%*
0.874

2.19

1.21

na na na na

na

0.195%*  0.172%*%  0.496%**

0.637%*

na

IpfAl54
htrA
dsbA
fyuA

0.336%*
0.695

0.094%* 0.386%*

0.218%*
0.322
0.85

0.314%*  0.175%*%  0.372%%  (0.343%%  (.125%*
0.632 0.398*
0.392

0.121%*

0.443%+

0.679

0.107%*

Survival in macrophage

0.325%+

0.093%*

0.328%*
0.832

0.269%*
0.610*

0.177%*

0.161%*

na

0.534%*

na

1.508
0.331*

0.201%*
na

3.157*

1.710%*
2.000%*

na

0.418%*

0.3327%*

0.593

0.527%*
na

Iron acquisition

10.157%%*

na

0.404* 0.513%*  0.307**%  0.361%*  0.130%* 0.372%*

0.365*

0.842

na na na

0.869
na

na

chuA
pkS

0.278%%  0.445%F 00513+  0.708**

0.281%*

na na na

na

na

Genotoxicity

na gene absent in the strain
*p <0.03, **p<0.01

3NC101 induces IBD and cancer in IL10~~ mice. Therefore, it belongs to both groups

Inhibition of virulence gene transcription

Quantitative RT-PCR (qRT-PCR) was used to examine
the effects of 5-ASA on the expression of a panel of 11
genes involved in the virulence of E. coli associated with
IBD and CRC [29-36] (Table 2). This panel spans
motility (fliC), epithelial cell adhesion and invasion
(fimH, ompC, yfgL, nlpL, and IpfA), stress (htrA and
dsbA), siderophores (chuA, and fyuA), and genotoxin
(pks). As shown in Table 3, 5-ASA (1.5 mg ml ') uni-
formly downregulated 10 representative virulence genes
in CD-associated E. coli. The two stress-related genes,
htrA or dsbA, involved in macrophage survival of E. coli
[31, 32], were downregulated 2 to 5 folds in 5 of the 7 CD
strains. Similar results were also observed with CRC-E.
coli (Table 3). The transcription levels of the 11 virulence
genes were broadly downregulated by 5-ASA treatment,
especially in the 6 pks-positive strains (Table 3). In
contrast, the two pks-negative strains (HM358 and
HM288) responded differently to 5-ASA, with majority
of the genes upregulated.

Inhibition of motility

E. coli motility impacts mucosal colonization [29, 38].
5-ASA inhibited the transcription of the motility-related
gene (fliC) in 5/7 CD-associated E. coli strains, and 5/6
fliC-positive CRC strains (Table 3). 5-ASA inhibited
swarming of all motile CD- and CRC-E. coli (p <0.05,
Fig. 2a, b). The degree of inhibition was dose-dependent,
e.g., the motility of strain 541-15 was 75 and 37% of the
DMSO control at 1 and 1.5 mg ml~" of 5-ASA (Fig. 2a),
respectively. Strains T75, HM334, and HM358 were non-
motile and excluded from this analysis.

5-ASA downregulates E. coli infectivity and
proinflammatory responses of intestinal epithelial
cells

Inhibition of E. coli infectivity

Due to its impact on virulence gene expression and
motility, we hypothesized that 5-ASA might also impair
the ability of E. coli to adhere to and invade intestinal
epithelial cells. Four of the 6 pks-positive strains (HM44,
HM164, HM313, and HM229) were excluded from these
experiments because of their cytotoxic effect on host cells
(data not shown). To some extent, 5-ASA reduced the
ability of all E. coli strains to adhere to or invade Caco-2
cells (8 out of 11, p <0.05) (Fig. 3a). The magnitude of
the effect of 5-ASA on adhesion and invasion varied by
strain and the impact on adhesion was independent of the
impact on invasion, e.g., for CD-E. coli, the average
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Fig. 2 5-ASA inhibits E. coli A
motility. Overnight cultures in
LB broth were applied to the
soft agar plates containing
DMSO (Control), or 5-ASA at
different concentrations (see
Methods). Average diameters of
the radial growth were used to
calculate the relative motility.

a Relative motility of different
E. coli strains. The error bars
(SD) and significance were

Relative motility (%)

derived from 4 replicates.
**p <0.01. b E. coli swarming
images in the soft agar plates

inhibition of adhesion and invasion was 58 and 40%,
respectively, whereas for CRC-E. coli, the average inhibi-
tion of adhesion and invasion was 55 and 62%,
respectively.

Reduction of IL-8 secretion by caco-2 cells

Bacterial infection induces the secretion of proinflammatory
cytokines (e.g., IL-8) by intestinal epithelial cells [39]. Pre-
treating CD-E. coli (5 of 7 strains) with 5-ASA reduced IL-
8 production by Caco-2 cells in a strain-dependent fashion
(p<0.05; Fig. 3b). In addition, CD-associated E. coli
induced more IL-8 secretion (p <0.05) than CRC strains
(Fig. 3b), and they also displayed greater inhibition
(40-60%) of IL-8 production by 5-ASA than CRC-
associated E. coli (10-20%). The basal secretion of IL-8
by Caco-2 cells without bacterial infection was 7.90 + 1.23
pgml~L.

Suppression of NF-kB activation

The nuclear factor, NF-xB, and its signal transduction
pathway can be activated by bacterial infection [40], and is
involved in IL-8 production [41] and colon cancer [42].
Treatment of E. coli with 5-ASA inhibited the activation of
NF-xB (p <0.05) in HEK-Blue KD-TLRS cells by all but
2 strains—the pks-negative cancer strains, HM288 and
HM358 (Fig. 3c). For 9/11 strains, 5-ASA treatment
inhibited NF-kB activation by 35-75% relative to untreated
controls (— 5-ASA). Activation of NF-kB was undetectable
in the absence of bacteria.

Promotion of PPARy gene expression
PPARYy is a transcriptional factor that promotes anti-
inflammatory responses of intestinal epithelial cells and

macrophages. Gene expression of PPARy was upregulated
by 5-ASA treatment of Caco-2 cells (p <0.01, Fig. 3d and
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Supplementary Data Table S1). In contrast, LF82 infection
inhibited PPARy gene expression in Caco-2 cells more than
2 fold (p <0.01). However, pretreatment of LF82, Caco-2,
or both with 5-ASA before infection reduced the suppres-
sion of PPARy expression by LF82 (p <0.01, Supplemen-
tary Data Table S1).

5-ASA inhibits intracellular survival and
proinflammatory responses of E. coli-infected
macrophages

Inhibition of E. coli survival in macrophages

Granuloma formation is considered a hallmark of CD, and
E. coli DNA has been identified in resected granulomas
[43]. The ability of CD-associated E. coli, mainly AIEC, to
replicate in macrophages implicates them in the inflamma-
tory response and elaboration of TNF-a. Therefore, we
examined the effect of 5-ASA on E. coli survival in J774
A.1 macrophages. As expected, the non-AIEC control E.
coli T75 (see Table 1) survived poorly (<50%) in J774 A.1
in the absence of 5-ASA treatment (Fig. 4a). In contrast, the
other 10 E. coli strains had survival rates greater than 100%
(indicating replication within J774A.1 cells) without 5-ASA
treatment (Fig. 4a). Nevertheless, 5-ASA reduced the
intracellular survival (p <0.01) of 5/6 CD-associated AIEC
and 1/4 CRC-E. coli in macrophages (Fig. 4a).

Reduction of TNF-a secretion and transcription

TNF-a is the prototypical cytokine of CD and antibody
blockade can induce remission [44]. 5-ASA treatment of
E. coli reduced TNF-a production by J774A.1 cells by
20-30% when infected with 5/6 CD-associated AIEC and
one (HM288) of the two pks-negative CRC-associated
E. coli strains at 24 h post infection (p < 0.05; Fig. 4b). In
contrast, 5-ASA stimulated TNF-o production (by 30%;
p <0.01,) by J774A.1 cells infected with the two pks-
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Fig. 3 5-ASA inhibits E. coli
infectivity and host cell
inflammatory responses.
Overnight cultures grown in LB
broth containing either DMSO
or 5-ASA (1 mg ml~") were used
for infection. a Relative
adhesion and invasion (three
replicates); b IL-8 production
(four replicates); ¢ NF-kB

Adhesion and invasion >
(% of Control)
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activation (3 replicates);
d Relative PPARy gene

expression (three replicates). In
(d), the lowercase letters (above
each column) represent the
significance between treatments:
same letters indicate no
difference (p > 0.05), whereas
different letters indicate
significant difference (p <0.01;
see the Supplementary Data
Table S1 for complete p values).
The pre-treatments are shown in
the parentheses along the x-axis.
Error bars = SD. *p <0.05,

*#p <0.01
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positive CRC-associated E. coli strains, NC101 and
HM334, under the same conditions (Fig. 4b). The basal
secretion of TNF-o was 0.041+0.013ngml™! in the
absence of bacterial infection. The transcriptional level of
TNF-o in J774A.1 cells decreased more than 2 fold after 5-
ASA treatment (p < 0.01; Fig. 4c), but increased ~30-fold
after LF82 infection (p<0.01). Pretreatment of LF82,
J774A.1, or both, with 5-ASA before infection dramatically
reduced TNF-a gene expression (>100-fold; p <0.01)
(Fig. 4c and Supplementary Data Table S1).

5-ASA inhibits genotoxicity of CRC-E. coli

Treatment of E. coli with 5-ASA downregulated pks gene
transcription in all pks-positive CRC-associated E. coli
strains (Table 3). Colibactin, a product of the pks island,
plays a crucial role in the genotoxicity of E. coli [45]. We
therefore employed the comet assay to investigate the effect
of 5-ASA treatment of pks-positive E. coli on DNA
breakage in the colonic epithelial Caco-2 cells (Fig. 5a).
E. coli treated with 5-ASA caused less DNA damage in the
infected Caco-2 cells than untreated controls, e.g., 14% (at
2mg ml~! 5-ASA) vs 34% (Control) for NC101 (» <0.01),
38 (at 2mgml ! 5-ASA) vs 50% (Control) for HM334 (p
< 0.01; Fig. 5b). As a control strain, HM288 (pks-negative)
did not cause any DNA damage (data not shown).

CRC

Discussion

5-ASA has been used as a primary treatment of IBD [1] for
over 60 years and is the mainstay of therapy to induce and
maintain remission in patients with mild to moderate UC
[2]. 5-ASA can also prevent or inhibit the development of
colorectal cancer in patients with UC [3, 4]. The mechan-
isms behind the beneficial effects of 5-ASA are poorly
understood, and precede the implication of intestinal dys-
biosis and pathosymbiont E.coli in the etiopathogenesis of
IBD and CRC. To explore the possibility that the clinical
benefits of 5-ASA may due to its action on both E.coli and
the host, we examined the effect of 5-ASA on the growth
and virulence of E. coli associated with IBD and non-IBD
CRC, and its impact on host cell inflammatory responses.
Our findings reveal substantial and pleiotropic antimicrobial
activity of 5-ASA against IBD- and CRC-associated E. coli.

At concentrations (=1 mgml~! =>6.5 mM) that parallel
the intraluminal concentrations of 5-ASA in IBD patients (1
to 100mM) [24, 37], 5-ASA consistently inhibited the
growth of CD- and CRC-associated E. coli in vitro. These
findings support the possibility that 5-ASA could inhibit
E. coli proliferation and consequently abrogate dysbiosis in
patients with IBD and non-IBD CRC. Concomitantly,
5-ASA reduced the growth of non-AIEC T75. Although this
could hamper the beneficial effects of symbiont E.coli, the
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Fig. 4 5-ASA reduces E. coli survival and alters TNF-a production in
infected J774A.1 cells. J774A.1 macrophages were infected with
E. coli grown in LB broth with either DMSO or 5-ASA (1 mg ml™)
overnight at 37 °C. Intracellular bacteria were determined at 1 and 24 h
post infection. Spent media at 24 h post infection was used for TNF-a
quantification. *p<0.05; **p<0.01. Error bar=SD. a Relative
E. coli survival in J774A.1 macrophages (three replicates); b TNF-a
secretion (four replicates); ¢ Relative TNF-a expression (three

ability of 5-ASA to temper the proinflammatory and pro-
oncogenic effects of dysbiotic opportunistic pathosymbiotic
AIEC likely outweighs any negative impact on commensal
E. coli.

We demonstrated that 5-ASA downregulated the tran-
scription of a broad range of virulence genes in 80% of
E. coli strains evaluated. Reduced transcription correlated
with reduced virulence in functional assays. For example,
reduced transcription of fliC by 5-ASA was associated with
decreased E. coli motility. Similarly, downregulation of
fimH, yfgL, ompC, and nilpL in E. coli treated with 5-ASA
was associated with reduced adhesion and invasion of
intestinal epithelial cells, and IL-8 secretion. In addition,
5-ASA also downregulated stress-related genes (dsbA and
htrA) and the secretion of TNF-a induced by the persistence
of E. coli in macrophages [46]. As bacterial motility,
adhesion, invasion, intracellular survival, and cytokine
elaboration are central to the virulence of CD- and CRC-
associated E. coli, our findings raise the possibility that the
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replicates). In (c), the lowercase letters (above each column) represent
the significance between treatments: same letters indicate no difference
(p > 0.05); different letters indicate significant difference (p <0.01; see
Supplementary Data Table S1); “J774A.1 control” column shows the
relative expression level of TNF-a in the absence of 5-ASA and
bacterial infection; the pre-treatments are shown in the parentheses
along the x-axis

ability of 5-ASA to impact these traits of E. coli may be
related to its clinical effects in patients with IBD, and could
be beneficial for treating non-IBD CRC.

Colibactin induces inflammation-associated CRC in mice
[22] and in sporadic CRC [47]. In this report we show for
the first time that 5-ASA treatment reduced the expression
of the pks gene, and inhibits DNA damage caused by pks-
positive CRC-E. coli in colonic epithelial cells (Caco-2).
How these 5-ASA-associated changes impact the expres-
sion or effects of colibactin, or whether the protective effect
of 5-ASA is reproduced in vivo remains to be determined.

IL-8 and TNF-a are proinflammatory cytokines that are
upregulated in IBD and CRC [48, 49], and in part by the
NF-kB pathway [50]. Our observations that 5-ASA
decreases CD- and CRC-E. coli-induced-activation of NF-
kB, the secretion of IL-8 by Caco-2 epithelial cells, and
TNF-o by J774A.1 support the concept that 5-ASA may
inhibit proinflammatory host-bacterial interactions impli-
cated in the pathogenesis of IBD and CRC in vivo.
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Fig. 5 5-ASA inhibits E. coli-induced DNA damage in Caco-2 cells.
The pks-positive strains NC101 and HM334 were treated with either
DMSO or 5-ASA at concentrations of 1.5 or 2mg ml~" for 17 h before
infection of Caco-2 cells at an m. o. i. of 20. At 3 h post infection (see
Methods), about 500 Caco-2 cells (infected and un-infected) were
mixed with low-melting agarose pre-warmed at 40 °C, and transferred

In contrast to other E. coli strains, the two pks-positive
CRC-associated E. coli strains (NC101 and HM334)
increased TNF-a production after 5-ASA treatment. Kaiser
et al. [51] reported that at low concentrations (0.006—0.06
nM), TNF-a promotes intestinal epithelial cell growth,
while at high concentrations (6—60 nM) it inhibits epithelial
cell growth through different receptor activation. Thus 5-
ASA treatment of pks-positive E. coli might exert a dual
chemo-protective function, reducing pks gene expression
and genotoxicity, while inhibiting epithelial cell growth by
stimulating TNF-o production.

PPARY belongs to a family of nuclear receptors. Studies
have shown that PPARy functions as an endogenous reg-
ulator of anti-inflammation in murine intestine [52, 53].
Rousseaux et al. [10] speculated that PPARy mediates the
therapeutic action of 5-ASA. Our finding of increased
PPARYy gene transcription in 5-ASA-treated Caco-2 cells
supports this concept. Moreover, pretreatment of E. coli
LF82 with 5-ASA partially neutralized the depression of
PPAR-y gene expression in Caco-2 cells induced by LF82
infection. This suggests a dual activity of 5-ASA to up-
regulate host anti-inflammatory responses to infection while
down-regulating E. coli virulence.

In conclusion, our data reveal multifaceted and pre-
viously unrecognized effects of 5-ASA on growth and
virulence of CD- and CRC-associated E. coli and

on to a Comet slide. After electrophoresis, the genomic DNA was
stained with SYBR green, visualized and quantified under UV light.
The data were from one of three independent experiments. a Comet
cell images (arrow showing one of the comets). b Comet formation,
which is expressed as a percentage of total cells counted (200-250
cells). **p <0.01, ns not significant, Error bar = SD

their interactions with cultured host cells in vitro. We
hope these findings will inform future studies directed
at further elucidating the anti-inflammatory and anti-
bacterial activity of 5-ASA in patients with IBD and CRC.
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