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on disease markers, gut microbiota
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Several pathogenic Escherichia coli strains cause diarrhea. Enteroaggregative E. coli (EAEC) strains
are one of the diarrheagenic pathotypes. EAEC cells form a “stacked-brick” arrangement over the
intestinal epithelial cells. EAEC isolates express, among other virulence determinants, the AggR
transcriptional activator and the aggregative adherence fimbriae (AAF). Overexpression of the aggR
gene results in increased expression of virulence factors such as the affgenes, as well as several genes
involved in specific metabolic pathways such as fatty acid degradation (fad) and arginine degradation
(ast). To support the hypothesis that induction of the expression of some of these pathways may

play a role in EAEC virulence, in this study we used a murine infection model to evaluate the impact
of the expression of these pathways on infection parameters. Mice infected with a mutant derivative
of the EAEC strain 042, characterized by overexpression of the aggR gene, showed increased disease
symptoms compared to those exhibited by mice infected with the wild type (wt) strain 042. Several
of these symptoms were not increased when the infecting mutant, which overexpressed aggR, lacked
the fad and ast pathways. Therefore, our results support the hypothesis that different metabolic
pathways contribute to EAEC virulence.
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Escherichia coli is one of the most important causes of diarrhea worldwide!2. Diarrheagenic E. coli (DEC) strains
are classified into distinct pathotypes, each distinguished by several features including virulence traits, host
preferences, disease burden and mode of transmission®. Enteroaggregative Escherichia coli (EAEC) is one such
pathotype*. Within the EAEC pathotype, strains exhibit genetic heterogeneity®~”’, posing a challenge to under-
standing the mechanisms by which they cause disease®. Specific virulence determinants shared by all EAEC
strains characterized to date include the plasmid-encoded aggR gene, and the aggR-regulated gene aafA. These
genes encode the transcriptional activator AggR (a member of the AraC/XylS family) and the aggregative adher-
ence fimbriae (AAF), respectively. AAF fimbriae play a crucial role in EAEC cell adhesion, facilitating attachment
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to each other and to host intestinal epithelial cells during infection. This adherence results in the formation of a
characteristic stackedbrick pattern when cultured on Hep-2 cells®.

EAEC strains are etiological agents of enteric infections, leading to both acute and persistent diarrhea in
both children and adults’~'2. They are also implicated in traveller’s diarrhea and extraintestinal infections such as
urinary tract infections'>'*. An outbreak of foodborne hemorrhagic colitis in Germany in 2011 was traced back
to an EAEC strain displaying specific genomic characteristics'®. The strain identified, belonging to the 0104:H4
serotype, expressed several typical EAEC virulence factors. However, it also expressed the Stx2a toxin, due to the
presence of a phage in its genome encoding the stx2 gene. This genotypic characteristic led to the classification
of the strain as a hybrid EAEC/STEC strain. This led to a wide range of works and the reclassification of several
strains into hybrid strains.

The prototypical EAEC strain 042, which induced diarrhea in a volunteer trial, has been extensively studied"s.
Strain 042 harbors the IncFIIA plasmid pAA2'718 which encodes various virulence determinants, including the
AggR virulence regulator and the AAF/II variant of the fimbrial adhesion determinant, which is essential for
EAEC cell adherence to human intestinal mucosa'”".

The microarray analysis technology was first used to identify the genes subject to AggR regulation in the 042
strain®. Both chromosomal and plasmidic genes were found to be regulated by AggR. AggR-dependent plasmid-
encoded virulence factors include aggregative adherence fimbriae (AAF), the Aap dispersin along with its type
I secretion system, the polysaccharide deacetylase encoded by the shf gene, and the Shigella flexneri virulence
protein VirK*-23, Additionally, chromosomal determinants under AggR regulation, such as a type VI secretion
system, are mainly located in chromosomal islands®. In subsequent studies, RNA-seq technology was used to
study the AggR regulon in strain 042%!. Comparative analysis of the transcriptome between the wt strain and an
aggR mutant, revealed the regulation of 112 genes by AggR, including all but one of the genes identified in the
previous microarray study?.

While investigating specific regulatory features of the aggR gene encoded by the plasmid pAA2, we demon-
strated the role of sequences within the 3’UTR of the aggR gene in AggR expression. Insertion of foreign DNA
sequences into this region resulted in constitutively high expression of AggR, and consequently increased expres-
sion of the AggR-regulated genes®'. We compared the transcriptomes of the wt strain and that of an aggR::3’'UTR
mutant, specifically a clone with the FRT sequence following the aggR stop codon (strain aggR+ FRT3’UTR),
which exhibited abnormally high levels of AggR when cultured in nutrient rich medium. As expected, several
genes previously identified as downregulated in the aggR mutant*', were upregulated in the 042 aggR + FRT3’'UTR
strain*!. Unexpectedly, among the genes displaying the highest foldchange values in the comparative tran-
scriptomic studies were those encoding enzymes associated with specific metabolic pathways, such as the ast
(arginine degradation) and fad (fatty acid degradation) pathways. Inactivation of these pathways in the 042
aggR + FRT3’UTR strain resulted in reduced virulence in a mouse infection model*.

Considering that these are relevant aspects of the mechanisms by which EAEC cause disease, we decided in
this study, to further investigate the correlation between the overexpression of the ast and fad pathways in the
042 aggR+ FRT3’UTR strain and its pathogenic potential. To achieve this, we evaluated the outcomes of infection
of mice with the wt 042 strain and its mutant derivatives characterized by constitutively expressing increased
levels of AggR, both with and without functional ast and fad enzymes. We investigated the immune response,
the gut microbiota composition, and the concentration of fecal short-chain fatty acids (SCFAs). Our results show
that several of the disease symptoms observed in mice infected with the 042 aggR+ FRT3’UTR strain are not
observed in mice infected with its ast fad derivative. In addition, we observed a different sex-dependent response
to infection by the 042 wt strain and its mutant derivatives.

Results

Signs of infection in male and female mice after administration of the wt E. coli 042 strain and
its mutant derivatives

In the present work, we initially investigated the immune response in mice following infection with the wt E.
coli 042 and its two mutant derivatives, based on previous findings indicating that infection of mice with these
strains alters cytokine expression in immune tissues?*. Both female and male mice were used to assess potential
sex differences in response to infection with the E. coli 042 wt, 042 aggR + FRT3'UTR and 042 aggR + FRT3'UTR
ast fad strains.

Male mice have lower leukocyte counts in the MLN than female mice (Fig. 1a). Nevertheless, strain 042
aggR+ FRT3'UTR ast fad induced lower leukocyte recruitment in the MLN than strain 042 aggR+ FRT3'UTR
in both sexes.

For Th lymphocytes, no significant differences were observed between the different strains in either in female
or in male mice (Fig. 1b). With respect to Ts/c lymphocytes, the only effect observed was a reduction in the
percentage of this subset in female mice infected with the 042 aggR+ FRT3'UTR ast fad strain (Fig. 1c). Although
Th lymphocyte activation also showed sex-dependent variation (Fig. 1d), both female and male mice exhibited
an increased percentage of activated Th lymphocytes when infected with both the 042 aggR + FRT3'UTR and
042 aggR+ FRT3'UTR ast fad strains compared to both the control group and those infected with the wt strain.

Regarding regulatory Th (Treg) lymphocytes, female mice had a lower percentage of Treg lymphocytes after
infection with each strain compared to controls. In male mice, infection with either the 042 wt or with the 042
aggR + FRT3'UTR ast fad strains did not alter the levels of Treg lymphocytes. In contrast, infection with the 042
aggR+ FRT3'UTR strain resulted in reduced levels (Fig. le). Furthermore, the ratio of activated/Treg lymphocytes
was higher in female mice infected with both mutant strains compared to uninfected mice and to mice infected
with the 042 wt strain. In male mice, this ratio was highest in mice infected with the 042 aggR+ FRT3'UTR
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Figure 1. Effect of the infection by the different E. coli strains on the presence of leukocytes in MLN from
mice. Panel (a), leukocytes count into MLN, panel (b), percentage of Th lymphocytes, panel (c), percentage of
Ts/c lymphocytes, panel (d), activated Th lymphocytes, panel (e), percentage of Regulatory Th lymphocytes and
panel (f), ratio of activated/regulatory Th lymphocytes. Results are expressed as mean + SEM (n=5-6 animals/
condition).

strain, with moderate increases observed in mice infected with the 042 wt and 042 aggR + FRT3'UTR ast fad
strains (Fig. 1f).

Regarding the expression of proinflammatory cytokines, no significant changes in the expression of II-6,
Tnf-a, II-1f3, Ifn-y or Il-4 were observed in female mice infected with any of the three strains. However, some
differences in the expression of II-17 were observed (Fig. 2). Only female mice infected with E. coli strain 042
aggR + FRT3'UTR showed a significant increase in Il-17 expression, compared to control animals. Conversely,
mice infected with the 042 aggR + FRT3'UTR ast fad strain showed lower II-17expression compared to those
infected with 042 wt or 042 aggR+ FRT3'UTR.

In male mice, Il-1 expression increased when challenged with the 042 wt or 042 aggR+ FRT3'UTR ast
fad strains compared to control mice. Mice infected with the 042 aggR + FRT3'UTR strain showed no signifi-
cant difference in II-1f3 expression compared to control mice. In addition, male mice infected with the 042
aggR + FRT3'UTR and 042 aggR + FRT3'UTR ast fad strains showed significantly increased expression of II-6
and Tnf-a compared to control mice and those infected with the wt strain. There were no changes in the expres-
sion of the cytokines II-4 and Ifn-y in male mice. In contrast, the expression of II-17 was profoundly modified in
animals infected with the 042 aggR + FRT3'UTR strain, resulting in significantly different levels compared to all
other groups, including control mice, and those infected with the 042 wt or 042 aggR + FRT3'UTR ast fad strains.

With regard to I1-10 expression in the MLN, in both males and females, it follows a profile very similar to that
observed for the percentage of regulatory T cells, reinforcing the data already observed. In female mice, its expres-
sion is reduced in animals infected with any of the E. coli, strains, although this reduction it is only significant
in animals infected with strains 042 aggR+ FRT3'UTR and 042 aggR + FRT3'UTR ast fad (Fig. 3). In male mice,
animals infected with the strain 042 aggR + FRT3'UTR showed reduced expression compared to the other groups.

Concentration of SCFAs in the fecal samples from mice infected with the different 042 strains
Considering that strain 042 aggR + FRT3'UTR has been shown to overexpress the fad enzymes in vitro**, we
hypothesized that infection with this strain would lead to a reduced concentration of SCFAs in the gut, due to
increased fad activity. To support this hypothesis, we determined the presence of acetic, propionic, and butyric
acids in fecal samples from both uninfected and infected mice. Samples from female and male mice were analyzed
separately, and the results are shown in Fig. 4.

Significant changes in the SCFAs concentrations were only observed in the fecal samples of male mice,
affecting all three SCFAs analyzed. Unexpectedly, samples from mice infected with the 042 aggR + FRT3'UTR
strain showed the highest levels of acetic, propionic, and butyric acids compared to those observed in samples
collected from mice infected with either off the other two strains. Acetic and propionic acid levels in control
mice were similar to those observed in mice infected with the 042 wt strain. In contrast, a modest increase in the
concentration of butyric acid was observed in mice infected with the 042 wt strain compared to control mice.
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Figure 2. Expression of the proinflammatory cytokines II-1b (a), II-6 (b), and Tuf-« (c), Ifn-y (d), Il-4 (e), and
II-17 (f) in mice infected with the different E. coli strains. Results are expressed as mean + SEM (n=5-6 animals/
condition).
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Figure 3. Expression of II-10 in mice infected with the different E. coli strains. Results are expressed as
mean + SEM (n=5-6 animals/condition).

Concentrations of acetic, butyric, and propionic acids were lower in samples from male mice infected with
the 042 aggR+ FRT3'UTR ast fad strain than in samples from male mice infected with either the 042 wt or the
042 aggR + FRT3'UTR strains.

Gut microbiota profiles of mice infected with the different E. coli strains

At the phylum level, Bacteroidota and Firmicutes largely predominated, with Proteobacteria, Cyanobacteria and
Actinobacteria also present (Fig. 5). Interestingly, while the Bacteroidota/Firmicutes ratio is similar between male
and female mice in uninfected animals, a sex-specific response is observed when mice are infected with the 042
strain and its derivatives: the ratio increases in female mice (1.54-2.03) and decreases in male mice (1.43-1.22)
(Fig. 5). Additional analysis at the family and genus level showed little or no differences for infected female mice
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Figure 4. Concentrations of acetic, propionic and butyric acids in fecal samples from mice infected with the
different E. coli strains. Results are expressed as mean + SEM (n=>5-6 animals/condition).
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compared to control female mice (Supplementary Figs. S1 and S2). However detectable differences were observed
between infected and control male mice, which are discussed below.

At the family level, the bacterial composition of male mice infected with the 042 wt strain was enriched in
members of the Lachnospiraceae family (23.3%) compared to uninfected animals (16.6%) (Fig. 6a). Regarding
animals infected with the two different 042 mutant derivatives, male mice infected with the 042 aggR+ FRT3'UTR
mutant showed increased levels of Muribaculaceae (41.55%) and Lactobacillaceae (6.7%), and decreased levels
of Lachnospiraceae (19.5%) compared to male mice infected with the wt 042 strain (38.56%, 4.8% and 23.3%,
respectively). However, animals infected with the 042 aggR + FRT3'UTR ast fad strain showed decreased levels
of Lactobacillaceae (1.95%) and Muribaculaceae (35.38%), and increased levels of Lachnospiraceae (20.26%)
compared to mice infected with 042 aggR + FRT3’UTR mutant strain. In fact, the changes in the bacterial com-
position of the gut microbiota of male mice infected with the 042 aggR + FRT3'UTR mutant strain compared to
mice infected with the wt strain were not detected in mice infected with the 042 aggR + FRT3'UTR ast fad strain.

At the genus level, Bacteroides increased in all groups of infected male mice when compared to uninfected
male mice, while Lactobacillus and Muribaculaceae genera decreased. When comparing the three groups of
infected male mice, mice infected with the 042 aggR + FRT3'UTR strain showed higher levels of Lactobacillus
(6.7%) and genera of Muribaculaceae (40.3%) and lower levels of the Lachnospiraceae NK4A136_group (7.75%)
than the other two groups (Fig. 6b). Differentially abundant fecal bacterial taxa were further identified by LEfSe
analysis. Mice infected with the 042 aggR+ FRT3'UTR strain exhibit significant differences in the relative abun-
dance of Clostridia UCG-014 and Enterococcaceae bacterium RF39 compared to the other two infected groups
(Supplementary Fig. S3).

Despite the differences observed in relative abundances, no significant differences were found between
infected and uninfected male mice when alpha diversity was tested using the Shannon and Chao indexes (Fig. 7).
In addition, beta-diversity using Principal Coordinate Analysis (PCoA) based on weighted and unweighted
UniFrac distances yielded similar data points on the plots of healthy and infected mice (Fig. 8).

Discussion

The results obtained in this study may contribute to a better understanding of the mechanisms by which EAEC
strains cause disease. Unexpectedly, the murine infection model used revealed significant sex differences. Previ-
ous studies have also reported sex differences in murine infection models, with evidence suggesting a correlation
between the differential response of male and female mice to an infection and the microbiota*?¢. In our murine
infection model using the EAEC strain 042 and its derivatives, significant changes in proinflammatory cytokines
were observed exclusively in male mice. This pattern persisted when analyzing both the concentration of SCFAs
in fecal samples and the gut microbiota response to infection. The differential response of male and female mice
to 042 infection can be partially explained by examining the impact of infection on the gut microbiota at the
phylum level. While the Bacteroidota/Firmicutes ratio remains constant between uninfected male and female
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Figure 6. Relative abundances at the family level (a) and at the genus level (b) of fecal samples from male mice
infected with the different E. coli strains.
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mice, it increases in infected female mice and decreases in infected male mice. Increasing the Bacteroidota/
Firmicutes ratio may enhance the resistance of female mice to EAEC strain 042 infection.

We took advantage of the higher susceptibility of male mice to E. coli 042 infection to assess whether the
wt 042 strain and its two mutant derivatives have similar effects on the immune response to infection, fecal
SCFAs concentration and gut microbiota composition. The relationship between E. coli infection, SCFAs and gut
microbiota has been extensively studied in recent years”’ . In some cases, SCFAs such as butyrate can trigger
virulence, as has been observed with enterohaemorrhagic E. coli**. Conversely, colonic SCFAs can inhibit the
proliferation of infectious microorganisms by different mechanisms, including butyrate cellular signaling®* or
intracellular acidification®. Comparative studies between healthy and EAEC-diarrheic neonatal dairy calves,
have shown that diarrheic calves have reduced levels of butyrate and acetate compared to healthy animals?. In
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addition, in an experimental infection model with calves and E. coli O1, diarrheic calves were found to have
increased Proteobacteria and decreased Firmicutes relative abundance. At the genus level, the relative abundance
of Escherichia-Shigella was increased, while that of Lactobacillus was decreased, along with the SCFA content?’.
Recent work has shown that infection of mice with the EAEC strain 042 causes dysbiosis®®.

The immunological response of male mice to infection by the 042 strain and its derivatives shows differences
between the different E. coli strains. The number of leukocytes in the MLN increased in male mice infected with
the 042 aggR + FRT3'UTR mutant strain. This increased leukocyte recruitment suggests a more intense immune
response in these males. Additionally, mice infected with the 042 aggR + FRT3'UTR strain showed an increased
proportion of activated Th lymphocytes. The combination of higher leukocyte recruitment and a greater pro-
portion of activated Th lymphocytes points to a robust inflammatory response®. Notably, this strain caused a
diminished anti-inflammatory response, as evidenced by the reduced presence of Tregs cells. In male mice, this
duality suggests that the 042 aggR + FRT3'UTR strain induces a more pronounced inflammatory milieu.

In contrast, male mice infected with the 042 aggR + FRT3'UTR ast fad strain showed reduced leukocyte
recruitment into the MLN and displayed a balance between pro-inflammatory Th cells and anti-inflammatory
Tregs. This balance may suggest a modulatory effect of the inactivated ast and fad pathways, potentially dampen-
ing the inflammatory response and promoting a more regulated immune environment?®.

The increased expression in infected mice of proinflammatory cytokines, including II-1p, I1-6, and Tnf-a, is
consistent with the increased leukocyte recruitment and Th cell activation. In particular, male mice infected with
strain 042 aggR + FRT3'UTR ast fad exhibited a significant increase in II-1f3 and II-6 expression, although they
showed a moderate Tnf-a response. This is consistent with the observed balanced Th/Treg ratio. In addition, the
expression patterns of Ifn-y, II-4, and Il-17 provide further insight into the immune modulation of these bacterial
strains. None of the strains exhibited modulation of the expression of cytokines relevant to either the Th1 (Ifn-y)
or Th2 (II-4) response, suggesting that the immune response is not biased towards either the Th1 or Th2 pathway.

II-17, which is associated with the Th17 response, was found to be significantly elevated in mice infected with
strain 042 aggR + FRT3'UTR. Th17 lymphocytes are more directly involved in fighting intracellular pathogens
and promoting inflammation®. This increase in II-17 levels provides a robust inflammatory response, as Th17
cells are essential for recruiting neutrophils and mediating the clearance of extracellular pathogens®’. Conversely,
animals infected with strain 042 aggR + FRT3'UTR ast fad exhibited diminished II-17 production.

Given that the 042 aggR+ FRT3'UTR and 042 aggR + FRT3'UTR ast fad strains differ only in the inactivation
of the ast and fad pathways, it is reasonable to expect that several infection parameters would be very similar, as
observed. Nevertheless, the specific changes in some infection parameters exclusive to the 042 aggR+ FRT3'UTR
strain support the hypothesis that specific metabolic pathways play a role in the infection properties of this strain.

Based on our previous work with the 042 strain and the 042 aggR + FRT3'UTR mutant derivative?, we
expected that proliferation of both the 042 wt and especially the 042 aggR + FRT3'UTR mutant (with upregulated
expression of the fad pathway) would result in decreased levels of SCFAs in our male mouse infection model.
Nevertheless, this was not the case. Compared to both to-uninfected animals and mice infected with the 042 wt
strain, those infected with the 042 aggR + FRT3'UTR strain showed a significantly increased concentration of
both acetic and propionic acids. In addition, animals infected with either strain show a significantly increased
concentration of butyric acid when compared to non-infected animals. Conversely, animals infected with the 042
aggR+ FRT3'UTR ast fad strain showed reduced levels of SCFAs compared to animals infected either with the
042 wt strain or with the 042 aggR+ FRT3'UTR strain. These results can be interpreted as a depletion of SCFAs
in the gut caused by the metabolic activity of the 042 aggR + FRT3'UTR strain, leading to a response from the gut
microbiota that not only restores but also increases the concentration of these SCFAs. This in turn, may result
in a less severe infection.

In contrast to other models using longer treatment times™, the effect of infection with the different 042 E. coli
strains on the gut microbiota was not very significant, probably due to the short treatment time. This is supported
by the analysis of alpha and beta diversity. However, some differences were observed. Compared to uninfected
male mice, infected males showed increased levels of Lachnospiraceae, and lacked Muribaculaceae and Lactobacil-
laceae. Taking into account that animals infected with the 042 aggR + FRT3'UTR strain showed more significantly
altered infection parameters and higher SCFAs production than those infected with the 042 wt strain, we also
compared the microbiota composition of both groups. Increased levels of Muribaculaceae and Lactobacillaceae,
and decreased levels of Lachnospiraceae were found in animals infected with the 042 aggR+ FRT3'UTR strain.
These changes were not observed in mice infected with the 042 aggR + FRT3'UTR ast fad derivative. These data
indicate that the increased production of SCFAs in animals infected with the 042 aggR + FRT3'UTR strain can
be correlated with higher levels of Muribaculaceae and Lactobacillaceae. It cannot be excluded that the observed
predominance of Clostridia UCG-014 and Enterococcaceae bacterium RF39 in the fecal samples of these infected
mice may also contribute to the increased production of SCFAs. The changes in the microbiota composition of
male mice following infection with the 042 wt strain and its mutant derivatives fit well with previously reported
data in calves and mice®”*.

We interpret the above data as follows: under the experimental conditions used, administration of the 042 wt
strain induces mild signs of infection in male mice. When the infecting strain is the 042 aggR + FRT3'UTR strain,
the symptoms of infection are more pronounced, but the infection is far from severe. Changes in the microbiota
(either in its composition or in its metabolic activity) may contribute to the avoidance of severe infection symp-
toms in mice infected with the 042 aggR + FRT3'UTR strain, partly because of the increased production of SCFAs.

The association between the increased expression of the ast and fad pathways in the 042 aggR+ FRT3'UTR
strain®® and (i) an enhanced immune response, (ii) increased levels of SCFAs, and (iii) changes in the microbiota,
compared to mice infected with the 042 wt strain, is supported by the fact that several of these distinguishing
features are absent in male mice infected with the 042 aggR + FRT3'UTR ast fad strain.
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E. coli infection has been previously associated with changes in the metabolome, both in humans and in
calves*"*2. In our model, we assume that the metabolic activity of the infecting E. coli strain is responsible for the
changes in the metabolome that favors infection. To support this, we used the double ast fad mutant instead of the
single ast and fad mutants in order to amplify and detect in vivo differences between male mice infected with the
042 aggR + FRT3'UTR strain and its derivative with altered function of specific metabolic pathways. The specific
contribution of ast, fad or other metabolic pathways whose expression is altered in the 042 aggR+ FRT3'UTR
strain, awaits further research.

We noticed limitations in the study regarding microbiota analysis. The number of mice is limited to be able
to make more robust statistical analyzes and, due to the sex differences found, this is more evident. Furthermore,
it is possible that the treatment time with the E. coli 042 strain and its derivatives was not sufficient to displace
the commensal microbiota of the mice and be able to see obvious changes in its composition.

Despite these limitations, certain trends can be seen in the composition of the microbiota depending on the
E. coli derivative with which the infection was carried out, affecting the production of SCFAs. These changes can
also be reflected in the activation of Th lymphocytes and the expression of cytokines, demonstrating the role that
certain metabolic pathways can play in the infectious process.

Materials and methods

Bacterial strains, plasmids, and growth conditions

Bacterial strains and plasmids used in this study are outlined in Supplementary Table S1. The 042
aggR + FRT3'UTR mutant harbors an insertion of the FRT sequence after the stop codon of the aggR gene on the
PAA2 plasmid. The ast mutation was generated by deleting the two first genes of the ast operon (astE and astB).
The fad mutation was generated by deleting the fadA and fadB genes. Bacterial cultures were grown in either Luria
broth (LB) medium (tryptone 10 g/L, yeast extract 5 g/L and sodium chloride 10 g/L), DMEM (supplemented
with 0.45% glucose), or M9 minimal medium (supplemented with 0.4% glucose). Cultures were maintained at
temperatures of either 25 °C or 37 °C with vigorous shaking at 200 rpm (Innova 3100 water bath shaker, New
Brunswick Scientific). Liquid cultures were inoculated with a 1:100 dilution of cells previously cultured overnight
(16 h at 37 °C) in LB with vigorous shaking at 200 rpm. When required, the media were supplemented with
specific antibiotics at the following concentrations: carbenicillin (Cb) at 50 pg/mL, kanamycin (Km) at 50 pg/
mL, chloramphenicol (Cm) at 25 pg/mL, or tetracycline (Tc) at 12.5 pg/mL.

In vivo infection of mice

C57BL/6 mice were purchased from Envigo (Bresso, Italy) and maintained under stable temperature and humid-
ity conditions with a 12-h light 12-h dark cycle and free access to food and water. Mice were fed a standard
chow diet. All animal experiments were carried out in strict adherence to the Guide for the Care and Use of
Laboratory Animals, and all protocols were approved by the Ethics Committee for Animal Experimentation of
the University of Barcelona and the Catalan government (Refs. 290/19 and 10,969, respectively). The study is in
accordance with the ARRIVE guidelines.

At 8 weeks of age, a total of 48 mice were randomly divided into four groups (6 males and 6 females per group).
The experimental groups were E. coli 042 wt infection, 042 aggR + FRT3'UTR infection, 042 aggR + FRT3'UTR
ast fad infection, and a control group. Mice were inoculated by oral gavage either with 10 bacterial CFU of the
respective bacterial strain or sterile saline with phosphate buffer (PBS), respectively. Additionally, three hours
prior to bacterial inoculation, all mice received intraperitoneal (i.p.) administration of cimetidine (50 mg/kg;
Sigma-Aldrich) to reduce acid secretion and enhance bacterial survival®.

Fecal samples collection

Fecal samples were collected at 4 days postinfection (dpi). Samples were immediately frozen in liquid nitrogen
and stored at — 80 °C until further analysis. Aliquots were used both for DNA isolation and for the quantifica-
tion of SCFAs.

Leukocyte isolation from mesenteric lymph nodes (MLN)

On the fifth dpi, mice were anesthetized with an intraperitoneal injection of ketamine/xylazine (100/10 mg/kg).
Following anesthesia, euthanasia was performed by cervical dislocation, and mesenteric lymph nodes (MLN)
were harvested and processed as previously described*. Briefly, MLN were finely minced and then incubated in a
digestion solution composed of RPMI-1640 (Invitrogen, Carlsbad, CA, USA) supplemented with 5% inactivated
fetal bovine serum (FBS), 100,000 U/L penicillin, 100 mg/L streptomycin, 10 mM HEPES, 2 nM L-glutamine,
and 150 U/mL collagenase (Invitrogen, Carlsbad, CA, USA). This incubation step was carried out at 37 °C with
agitation (Thermomixer Comfort Eppendorf, Heuppauge, NY, USA). MLN were mechanically disaggregated
and passed through a stainless-steel mesh. The cell suspension was then centrifuged at 500 g for 10 min at 4 °C,
and the pelleted cells were resuspended in PBS-FBS for further analysis.

Cell staining of leukocytes

The cell staining protocol for leukocytes was performed as described before®. Briefly, the staining was performed
on 1.5x 10* cells. For extracellular markers, cells were incubated with the primary antibodies for 30 min at 4 °C
see Supplementary Table S2 for details). Intracellular markers were stained following fixation with 4% paraform-
aldehyde and permeabilization using 0.1% Triton-X-100° (Sigma-Aldrich). Subsequently, cells were washed and
incubated with the primary antibodies specific to intracellular markers (see Supplementary Table S2). Finally,
cells were washed and maintained in paraformaldehyde until further analysis using the Gallios Flow cytometer
(Beckman Coulter, Miami, FL, USA), located at the Cytometry Unit of the Scientific-Technical Services of
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the Barcelona Science Park. Data analysis was performed using Flowjo Software (version 7.6.5, Treestar Inc.,
Ashland, OR, USA), with lymphocytes and non-lymphocytic leucocytes differentiated based on forward/side
scatter characteristics.

Determination of cytokine expression by Real-Time PCR

RNA was extracted from MLN leukocytes as described previously*:. Total RNA extracted was then reverse-
transcribed using the High-capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific, Waltham, MA,
USA). Real-time PCR was performed on a MiniOpticon Real-Time PCR System (Bio-Rad, Hercules, CA, USA),
employing primers listed in Supplementary Table S3. Product fidelity was confirmed through melt curve analysis.
Each PCR run included duplicates of reverse transcription for each sample and appropriate negative controls
(reverse transcription-free samples, RNA-free sample). Quantification of target gene transcripts was performed
using hypoxanthine phosphoribosyl transferase 1 (HprtI) gene expression as reference and was carried out using
the 2°24¢T method*.

DNA extraction and microbial profiling by 16S rRNA amplicon sequencing
DNA was isolated from fecal samples (80-100 mg per mouse) using the previously described protocol®.

For 16S rRNA sequencing, DNA samples were amplified by PCR targeting the V3 and V4 hypervariable
regions of the bacterial 16S rRNA gene using specific primers: forward 5'-TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGCCTACGGGNGGCWGCAG-3' and reverse 5-GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGGACTACHVGGGTATCTAATCC-3'. High-through sequencing was done with the Illumina MiSeq
platform (Illumina, San Diego, CA, USA) at the Genomics and Bioinformatics Service, Universitat Autonoma
de Barcelona (Bellaterra, Spain).

Bioinformatic analysis

Bioinformatic analysis of bacterial diversity was performed following stringent procedures. Raw reads underwent
quality and length filtering, which involved removing of low-quality nucleotides at the 3" end in windows of 20
nucleotides with low average quality, as well as eliminating of sequences with less than 200 nucleotides, using
prinseq*®and joined using fastq-join with a minimum overlap of 30 base pairs (bp)*. Primers and distal bases
were trimmed, and singletons were removed using USEARCH v11*°. zOTUs mapping to the human genome
(GRCh38) were filtered out using the Burrow—Wheeler Aligner in Deconseq v0.4.3 (B6). The resulting reads
were denoised and chimeras were filtered with UNOISE3*.

Taxonomic assignment of zero-radius operational taxonomic units (zOTUs) was carried out using the Ribo-
somal Database Project®'. The zOTUs were aligned with MAFFT®?, and a phylogenetic tree was constructed with
FASTTREE®, which was then midpoint-rooted. Reads classified as mitochondria and chloroplast were removed
prior to statistical analysis. The taxonomic assignment of these zOTUs was obtained with a Naive-Bayes classifier
based on the scikit-learn system and the Silva v138°,

The samples were filtered out, with less than 30,000 reads for the final data analysis.

Quantification of SCFAs profiles in fecal samples

The concentration of short-chain fatty acids (SCFAs) was determined using an Agilent GC 7890B-5977 GC-MS
system, equipped with a multipurpose sampler (Gerstel MPS). The GC column employed was an Agilent DB-
FATWAX with dimensions of 30 m x0.25 mm x 0.25 pum, operated in split mode Helium was employed as the
carrier gas with a flow rate of 1 mL per minute. Samples from female and male mice were analyzed separately,
with standard calibration curves previously established for all SCFAs analyzed.

The GC-MS analysis followed the protocol outlined®. As an internal standard, 3-methylvaleric acid was used
at a concentration of 5 mM. Standard curves for acetic, propionic, and butyric acid were utilized to quantify
SCFAs in the samples. For sample preparation, 200 mg of feces from each mouse were weighed, resuspended
in 1 mL of PBS and centrifuged at 13,000 rpm for 5 min. Subsequently, 200 uL of supernatant samples were
combined with 800 pL of the internal standard solution, 1 mL of diethyl ether, and a spoonful of Na,SO,. The
mixture was vortexed for 10 s and then centrifuged at 1500xg for 2 min at 4 °C. Finally, 200 pL of the upper phase
was transferred to a chromatography vial for analysis.

Statistical analysis

Data are expressed as mean * standard error of the mean (SEM). Statistical analysis was performed using Graph-
Pad Prism version 9 (GraphPad Software, Inc., La Jolla, CA, USA). First, Grubb’s test was applied for the detec-
tion and exclusion of outliers. Moreover, Levene’s test was used to assess the homogeneity of variance and the
Shapiro-Wilk test to verify data normality across groups. For data adhering to a normal distribution, group
comparisons were made using a two-way ANOVA, considering both the group condition and sex as factors.
Subsequent post hoc analyses were conducted using Fisher’s Least Significant Difference (LSD) test. In contrast,
the Kruskal-Wallis test was used for data that did not present a normal distribution. Statistical significance was
considered when P values were <0.05.

Alpha and Beta diversities (Unifrac matrix)® were determined using the phyloseq R package®’. Statistical
analysis was performed using ANOVA (Alpha diversity) and PERMANOVA test (Beta-diversity) from the vegan
R package®®. Furthermore, a linear discriminant analysis effect size (LEfSe) was performed to identify specific
bacterial biomarkers associated with health and disease states™ with the zOTUs assigned to genus taking the
relative abundances of the samples infected with E. coli 042 and its derivatives. Bacteria occurring less than 20
times in at least 20% of the samples were filtered out.
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Data availability
The datasets generated and analyzed during the current study are available in Zenodo repository at https://
zenodo.org/records/12095587.
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