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ABSTRACT Enterohemorrhagic Escherichia coli (EHEC) infections can result in a
wide range of clinical presentations despite that EHEC strains belong to the O157:H7
serotype, one of the most pathogenic forms. Although pathogen virulence influences
disease outcome, we emphasize the concept of host-pathogen interactions, which
involve resistance or tolerance mechanisms in the host that determine total host fit-
ness and bacterial virulence. Taking advantage of the genetic differences between
mouse strains, we analyzed the clinical progression in C57BL/6 and BALB/c weaned
mice infected with an E. coli O157:H7 strain. We carefully analyzed colonization with
several bacterial doses, clinical parameters, intestinal histology, and the integrity of
the intestinal barrier, as well as local and systemic levels of antibodies to pathogenic
factors. We demonstrated that although both strains had comparable susceptibility
to Shiga toxin (Stx) and the intestinal bacterial burden was similar, C57BL/6 showed
increased intestinal damage, alteration of the integrity of the intestinal barrier, and
impaired renal function that resulted in increased mortality. The increased survival
rate in the BALB/c strain was associated with an early specific antibody response as
part of a tolerance mechanism.
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nterohemorrhagic Escherichia coli (EHEC) include a diverse population of Shiga

toxin (Stx)-producing E. coli that can cause illness in humans. There are important
differences in epidemiology, transmission, and clinical characteristics of patients
according to genetic variations in EHEC strains (1). In Argentina, as well as in other
countries, E. coli 0157:H7 is the most common EHEC serotype associated with the sys-
temic complication hemolytic uremic syndrome (HUS) (2). Despite this, it is not clear
why EHEC infections, even those caused by the O157:H7 strain, can result in a wide
range of clinical presentations, from healthy carriers and watery diarrhea to HUS (1-3).
Different outcomes in O157:H7-infected patients could reflect differences in health sta-
tus, host tolerance/resistance, inflammatory response, anti-Stx or anti-LPS antibody ti-
ter, and/or genetic polymorphisms, among other factors (1-3).

Although virulence factors in the pathogen influence disease outcome (4), its ability
to induce disease commonly depends on the context in which the microbe-host inter-
action takes place. In this regard, the biology of host-pathogen interaction determines
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that bacteria and host genotypes and their interactions are responsible for pathogenic-
ity (5-8).

Thus, the aim of this work was to contribute to the understanding of how host-
pathogen interactions during EHEC infections cause disease in a percentage of individ-
uals, while a large proportion of the same species not only has a favorable outcome,
but also mounts protective immune responses.

Thus, taking advantage of the genetic differences between mouse strains, we ana-
lyzed the clinical progression in C57BL/6 (C57) and BALB/c mice infected with an O157:
H7 strain belonging to clade 8. Since strains belonging to clade 8 have a greater
capacity to adhere to epithelial cells and induce in vivo pathology, they are the most
pathogenic EHEC group (4, 9, 10). We carefully analyzed colonization with several bac-
terial doses, clinical parameters, intestinal histology, and the integrity of the intestinal
barrier, as well as local and systemic levels of antibodies against pathogenic factors.
We chose the HUS model secondary to gastrointestinal infection by using weaned
mice, due to their increased susceptibility compared to adults. We preferred this model
over the antibiotic-treated or gnotobiotic mouse models, in which sensitivity of adult
mice to EHEC infection is reached by the absence of competence with resident micro-
biota, as this is an important component of defense mechanisms against pathogens.

To reveal the role of genetic variation of mice in the defense mechanisms against
0157:H7, we used the conceptual and analytical framework used during plant defense
against parasites and herbivores (11), as well as animal host-parasite relationships (12).
Through this point of view, defense mechanisms can be divided into tolerance and re-
sistance. While resistance is the ability to limit microbial burden (i.e., to reduce O157:
H7 colonization), tolerance is the ability to limit the disease severity or tissue damage
induced by a certain pathogen burden (13).

C57 mice presented a worse outcome than BALB/c mice after infection with O157:
H7 bacteria, leading to severe intestinal damage and epithelial barrier dysfunction, to-
gether with significant Stx-dependent renal damage and death in an increased per-
centage of mice. This different outcome after O157:H7 infection was not a conse-
quence of an increased intestinal colonization or sensitivity to Stx in C57 mice, but
rather a defense mechanism triggered in BALB/c mice that protected them from bacte-
rial damage. In fact, BALB/c mice showed an early local production of IgA directed to
the whole pathogenic bacteria, as well as systemic anti-Stx type 2 (Stx2) IgG. In addi-
tion, C57 mice treated with specific anti-Stx2 antibodies or sera from infected BALB/c
mice obtained at 7 days postinfection survived the O157:H7 infection, confirming that
the toxin is responsible for death. In addition, this result supports the hypothesis that
specific antibodies can protect BALB/c mice.

This experimental approach allowed us to demonstrate that the kinetics of an
appropriate and specific humoral immune response is a central point for distinguishing
different host outcomes after the infection with O157:H7 strains, from healthy carriers
to a benign and self-limited infection, or all the way to bloody diarrhea or HUS.

RESULTS

Survival rates and disease severity according to 0157:H7 infective dose in C57
and BALB/c mice. Weaned specific-pathogen-free (SPF) C57 and BALB/c mice were
gavaged with 2.8 x 10'° CFU of O157:H7. While all C57-infected animals died at 3 to
4 days postinfection (p.i.), most BALB/c mice (~80%) were alive at day 7 p.i. (Fig. 1A).

Disease severity after infection results from the balance between bacterial insult
and anti-pathogen defense mechanisms, which classically include two components: re-
sistance and tolerance (5-8). To analyze these components of defense, we tested dis-
ease severity by dividing mice in a binary manner as alive or dead according to their
final outcome, along a range of infective doses ranging from 1.5 to 3.5 x 10" CFU/kg
of O157:H7. As observed in Fig. 1B and C, disease severity was relatively unaffected by
increasing pathogen burden in both mouse strains, at least in the tested dose range, in
such a way that while the great majority of BALB/c mice remained alive, the great
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FIG 1 In vivo challenge with different infective doses of the O157:H7 strain. BALB/c and C57 mice were infected at the same time and immediately after
weaning, as described in the Materials and Methods. The animals were observed daily until day 7, when survivors were euthanized. (A) High infective

dose: 16 BALB/c and 17 C57 mice received 2.8 x 10" CFU of O157:H7 in 3 independent experiments. The data were analyzed by log rank test;

Fkkk
i

P < 0.0001. (B) Dose-response curve in BALB/c mice; 27 BALB/c mice were challenged with different O157:H7 doses depicted as CFU/kg body weight and
classified according to their outcome as alive or dead. (C) Dose-response curve in C57 mice. Same as in (B); n=34. Data in figures (B) and (C) were

analyzed by exact Fisher's test. Difference between mouse strains: ****, P < 0.0001.

majority of C57 mice died at 4days p.i. These results suggest that BALB/c mice were
able to manage O157:H7 infection by maintaining a better health status than C57
mice.

Clinical and biochemical parameters in C57 and BALB/c mice infected with
0157:H7. Death after infection is associated with Stx2-dependent clinical signs, includ-
ing weight loss, morbidity, and increased plasma urea levels (14-18). While C57 mice
exhibited increased plasma urea levels compatible with Stx2-induced renal injury at
day 3 post O157:H7 infection, BALB/c mice showed normal values (Fig. 2A).

Leukocytosis and neutrophilia are two phenomena associated with EHEC infections
and HUS progression in humans and mice (18-20). Although both mouse strains
showed similar numbers of total leukocytes in peripheral blood (Fig. 2B), BALB/c mice
showed an increased percentage of circulating neutrophils (% polymorphonuclear leu-
kocytes [PMN]) compared to their own controls and C57 infected mice at day 3 p.i.
Infected C57 mice did not show differences compared to their controls (Fig. 2C). We
conclude that the increase in circulating PMN after infection may reflect the immune
and inflammatory response throughout the infection course.

As expected, control mice from both strains showed a partial weight loss after
weaning and starvation (10 to 20%) that was rapidly overcome starting at the second
day of the experiments. Infected BALB/c mice showed a delay in weight recovery con-
sistent with lower food consumption compared to control mice up to the third day p.i.
(Fig. 2D and F). In contrast, infected C57 mice showed a lower percentage of weight
loss during the first days of infection than noninfected mice and also compared to
infected BALB/c mice (P < 0.05 at day 1; and P < 0.0001 at days 2 and 3, C57 versus
BALB/c), but afterward they never recovered food intake and their body weight signifi-
cantly decreased until death (Fig. 2E and G). These data suggest that transient anorexia
observed in BALB/c mice was a consequence of weaning and gastrointestinal infection,
but perhaps was also important for controlling O157:H7 virulence and sustaining host
health during infection. Renal histology at day 3 p.i. confirmed that kidneys from
infected C57 mice were severely affected by Stx2a, while BALB/c mice kidneys were rel-
atively conserved. In fact, kidneys from infected C57 mice showed a marked tubular
damage with apoptotic cells, a typical injury associated with Stx2 toxicity, while
infected BALB/c mice showed only mild damage, mainly vascular congestion and tubu-
lar lumen dilation (Fig. 2H).

Survival rates and disease of C57 and BALB/c mice after Stx2a intravenous
intoxication. To evaluate if genetic variations were related to Stx2 susceptibility, both
mouse strains were intravenously (i.v.) inoculated with a lethal dose of Stx2a (1 ng/
mouse) at weaning.
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FIG 2 Clinical, biochemical and histological studies during infection with O157:H7. BALB/c and C57 mice were infected with 2 to 3 x 10'> CFU/kg of
0157:H7. They were weighed daily and bled at day 3 p.i. The food intake was also recorded daily until the end of the experiments. Each bar or point
represents the mean plus the standard error of the mean (mean = SEM) of 5 mice for the control group and 9 mice for the infected group of each
strain. Data from A to G were analyzed by two-way ANOVA test with Tukey's posttest. (A) Plasma urea concentration. (B) Total leukocyte count. (C)
Differential PMN count. (D) Percentage of weight gain or loss of BALB/c mice. (E) Percentage of weight gain or loss of C57 mice. (F) Food intake of
BALB/c mice. (G) Food intake of C57 mice. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. (H) Kidney histology. Representative images are shown.
An infected BALB/c mouse presents vascular congestion in the cortex (white arrowhead) and tubular dilation (black arrows) compared to control. An
image from an infected C57 mouse shows areas of tubular necrosis, with loss of epithelium and scaled cells into tubular lumen (black arrows). White

arrows show normal tubules from control BALB/c and C57 mice.
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Results depicted in Fig. 3A show that BALB/c and C57 mice presented similar sur-
vival rates. In correspondence with previous reports (19, 20), all dying mice showed
increased plasma urea concentration at day 3 post injection (Fig. 3B) and neutrophilia
(Fig. 3C). In addition, BALB/c and C57 mice showed a similar weight loss after Stx2a
intoxication, except for two C57 mice that survived (Fig. 3D and E), who reached their
body weight a few days after Stx2a injection. The fact that both mouse strains pre-
sented a similar pathological response to i.v. Stx2a strongly suggests that genetic dif-
ferences between these mouse strains have impacts on the susceptibility to O157:H7
infection rather than to Stx2 susceptibility.

0157:H7 burden in the intestine of infected C57 and BALB/c mice. As intestinal
colonization is the first step in the pathogenic cascade that leads to systemic illness,
we analyzed the level of O157:H7 intestinal colonization versus the infective dose for
both mouse strains. 0157:H7 CFU recovered from cecum, small intestine, and large
intestine of BALB/c mice at day 3 p.i. showed a positive correlation with the inoculum
in the three intestinal segments (r=0.65, P<0.05; r=0.90, P< 0.001; and r=0.84,
P < 0.01, respectively). Positive correlations were also observed in the three intestinal
segments from C57 mice (r=0.88, P<0.01; r=0.89, P<0.01; and r=0.76, P <0.05,
respectively). In addition, the slope of the lines obtained by linear regression for each
segment was not statistically different between mouse strains, showing a similar level
of colonization at the same O157:H7 infective dose. Also, there was no preferential site
of colonization within the same strain.

We conclude that there were no significant differences in the pathogen burden af-
ter infection between C57 and BALB/c mice (Fig. 4A to F).

When we evaluated the O157:H7 excretion level, we found a positive correlation
between the number of CFU in feces at day 3 p.i. and the inoculum in both mouse strains
(BALB/c: r=0.93, P < 0.01; C57: r=0.90, P < 0.01). Moreover, the slope of the lines obtained
by linear regression was not significantly different between C57 and BALB/c mice, suggest-
ing that similar levels of pathogenic bacteria were excreted when they were infected with
the same O157:H7 dose (Fig. 4G and H). These data indicate that BALB/c mice remained
healthy during infection despite an intestinal colonization level similar to C57 mice.

Histological changes in the intestine of C57 and BALB/c mice after 0157:H7
infection. The small and large intestines from C57 and BALB/c mice were histologically an-
alyzed in noninfectious conditions (control) and after 3 days of infection with O157:H7. As
observed in Fig. 5, the intestines from control C57 and BALB/c mice did not show patho-
logical alterations. Small and large intestines from infected BALB/c mice showed slight
inflammation evidenced by vascular congestion (Fig. 5A). On the other hand, infected C57
mice showed a significant depletion of goblet cells, increased mucosal leukocyte infiltra-
tion, and vascular congestion in both intestinal segments. In addition, infected C57 mice
showed extended areas of epithelium disruption along the large intestine at day 3 p.i. (Fig.
5A). Taken together, these results indicate BALB/c mice had less intestinal tissue damage
and minor inflammation compared to infected C57 mice, despite a similar level of 0157:H7
intestinal colonization. It remains unknown whether this observation was a direct conse-
quence of an increased bacterial damage or a deregulated or exacerbated inflammatory
response in C57 compared to BALB/c mice.

Intestinal barrier function of C57 and BALB/c mice after O157:H7 infection.
Colonization of the intestinal epithelium with O157:H7 causes intestinal damage, inflamma-
tion, and increased permeability to and translocation of toxins, of which LPS and Stx are the
most pathogenic. Using a fluorescein isothiocyanate-conjugated dextran (FITC-Dx) assay, we
found that infected C57 and BALB/c mice showed a higher level of FITC-Dx in serum com-
pared to their corresponding noninfected control group at day 3 p.i. However, infected C57
mice showed a significantly higher FITC-Dx level in serum compared to infected BALB/c
mice (Fig. 6). These data indicate that BALB/c mice had reduced damage in the intestinal
barrier function induced by O157:H7 infection compared to C57 mice.

Local IgA response in C57 and BALB/c mice during 0157:H7 infection. Next, we
wondered whether a dissimilar local antibody response between these mouse strains
could account for the different outcomes observed during O157:H7 infection. We analyzed
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FIG 3 Susceptibility to Stx2a i.v. injection. Eight mice of each strain were challenged with Stx2a (1 ng/mouse) or PBS (control) (n=5 of each strain) at
weaning. They were weighed and observed daily and bled at the third day. (A) Survival curve. (B) Plasma urea concentration. (C) Differential count of
PMN. (D) Percentage of weight gain or loss of BALB/c mice. (E) Percentage of weight gain or loss of C57 mice. (B to E) Data were analyzed by two-way
ANOVA test with Tukey’s posttest (**, P<0.01; ***, P<0.001; ****, P < 0.0001). (E) ***, P < 0.001; compared to Stx2a-injected nonsurviving C57 mice.

the presence of specific antibodies in feces by enzyme-linked immunosorbent assay
(ELISA) and flow cytometry. Fecal supernatants from noninfected (control) BALB/c or C57
mice were not able to bind to O157:H7 on ELISA plates (Fig. 7A). Although free anti-O157:
H7 IgA was also undetectable in supernatants from infected mice of both strains as soon
as 3days p.. by ELISA (Fig. 7A), IgA-coated bacteria were detected only in fecal pellets
from infected BALB/c mice by flow cytometry (Fig. 7C to E). These results suggest that
infection with O157:H7 stimulated the production of local IgA, which was excreted
attached to bacteria in feces from BALB/c but not from C57 mice. In line with these results,
free anti-O157:H7 IgA was detected in fecal supernatants from all surviving BALB/c mice at
day 7 p.i., when no pathogenic bacteria remained in the intestines of mice (Fig. 7B). On the
other hand, no C57 mice survived at day 7 p.i. According to the increased survival observed
during 0157:H7 infection, these results confirmed that only BALB/c mice were able to
mount a specific and early local humoral response.

Systemic anti-Stx2 antibody response in C57 and BALB/c mice after 0157:H7
infection. We then analyzed if these two mouse strains were able to mount a systemic
anti-Stx2 humoral response after O157:H7 infection, as it has been demonstrated that
these antibodies are protective against Stx2-induced renal damage (15, 21). Mice were
bled at day 3 p.i. and anti-Stx2 IgG levels were determined by ELISA in serial dilutions
of serum. As shown in Fig. 8A, BALB/c mice presented anti-Stx2 IgG levels where C57
mice did not, given that their absorbance values were similar to those obtained from
noninfected BALB/c and C57 mice. Sera from infected BALB/c mice showed higher lev-
els of anti-Stx2 antibodies after 7 days of infection (Fig. 8B). Thus, BALB/c mice were
also able to develop a systemic anti-Stx2 antibody response, which could neutralize
Stx2 entering systemic circulation during O157:H7 infection.

Protection experiments in infected C57 and BALB/c mice. Results obtained during
antibody response measurement suggested that different outcomes observed between
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FIG 4 Colonization and bacterial excretion in C57 and BALB/c mice. Eleven BALB/c mice and eight C57 mice were euthanized at day 3 p.i. to determine
colonization in the cecum, small intestine, and large intestine. The stools of 7 BALB/c and 7 C57 mice were removed from the large intestine to determine
the bacterial excretion. The graphs represent the CFU of 0157:H7/cm of intestinal segment or the CFU of O157:H7/g of feces versus the bacterial dose
administered as CFU x 10'?/kg. (A to C) Colonization of the small intestine (A), large intestine (B), and cecum (C) from infected BALB/c mice. (D to F)
Colonization of the small intestine (D), large intestine (E), and cecum (F) from infected C57 mice. (G and H) Bacterial excretion by infected BALB/c mice (G)
and infected C57 mice (H). Data were analyzed by Spearman’s correlation test. All associations (log CFU/cm intestinal segment or log CFU/g feces versus

CFU x 10'%/kg) show positive correlations: *, P < 0.05; **, P < 0.01; ***, P<0.001.

BALB/c and C57 mice after infection probably relied on different kinetics in mounting an
effective and protective humoral response. To test if C57 mice would have an outcome
similar to infected BALB/c mice in the presence of Stx2-neutralizing antibodies, weaned
C57 mice were infected with a high dose of 0157:H7 and immediately after oral gavage
mice were administered phosphate-buffered saline (PBS) or neutralizing anti-Stx2 antibod-
ies. Figure 9A shows that while PBS-treated mice were all dead at day 4 p.i, anti-Stx2
treated mice remained alive. In addition, urea levels and weight curves of the antibody-
treated group were normal and significantly different from the PBS-treated one (Fig. 9B
and C).

Since these results allowed us to associate the better outcome in BALB/c mice with a
specific antibody response against Stx2, we conducted two additional and complementary
experiments to directly evaluate whether the anti-Stx2 antibody response in BALB/c mice
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mean = SEM. Data were analyzed by two-way ANOVA test with Tukey’s posttest. Large intestine (B to E): **, P<<0.01; ****, P<0.0001. Small intestine (F to
1): *, P<0.05; **, P<<0.01; ****, P<0.0001.

was responsible for protection against O157:H7 infection. In one experimental schedule,
Stx2 toxicity was evaluated in BALB/c mice at day 7 p.i. and compared with toxicity in non-
infected litter mates. Both groups of mice were inoculated i.v. with 1 ng of Stx2a, and mor-
tality rates and urea levels were measured at day 3 post intoxication. As can be observed
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FIG 6 Intestinal permeability. BALB/c and C57 mice received orally 0.1 ml PBS containing FITC-Dx at
day 3 p.i. After 4 h of treatment, they were bled to determine relative fluorescence units (RFU) in

serum. Each bar shows the mean * SEM of 3 control and infected mice for each strain. The data
were analyzed by two-way ANOVA test with Tukey's posttest: ****, P < 0.0001.

in Table 1, infected BALB/c mice were completely protected, remaining alive and showing
urea levels significantly lower than the noninfected litter mates.

In a second approach, sera from infected BALB/c mice obtained at day 7 p.i. were
transferred to C57 mice by two intraperitoneal (i.p.) injections, at 2 and 24 h after infec-
tion. The control group received the same injections of sera from noninfected BALB/c
mice. Table 1 shows that sera from infected BALB/c mice were able to confer protec-
tion to C57 mice after O157:H7 infection. These results demonstrate that the antibody
production by infected BALB/c mice was responsible for the protection against the re-
nal damage induced by Stx2a during O157:H7 infection.

DISCUSSION

EHEC strains belonging to clade 8, which frequently carry stx2a and stx,. genes,
cause an unusual high frequency of HUS cases. However, there is a considerable vari-
ability in disease severity even among patients infected with this particular lineage.

To gain insight into the influence of host genetic variability on defining the pathogenic
response to EHEC, we studied the host fitness, intestinal colonization, tissue damage, and
antibody immune response in two mouse strains, BALB/c and C57, after O157:H7 infection.
Here, we showed that genetically distinct mouse strains have a different outcome to intra-
gastrical 0157:H7 bacterial infection, but a similar response to i.v.-injected Stx2a. Although
similar bacterial counts were excreted in feces and collected from intestines from both
mouse strains, C57 mice showed signs of severe tissue damage at the intestinal level while
BALB/c mice only showed slight vascular congestion and inflammatory alterations when
infected with the same O157:H7 bacterial dose. Moreover, BALB/c mice showed a minor
passage of FITC-Dx through the intestinal barrier, while C57 mice showed a significantly
increased permeability. The increased intestinal damage and decreased barrier function in
C57 compared to BALB/c mice probably allowed the passage of pathogenic factors such as
LPS and Stx2, which led to renal damage and death, despite a similar level of intestinal col-
onization in both mouse strains.

When clinical parameters were recorded to follow the infection progression in mice,
an increased neutrophilia was observed in BALB/c compared to C57 mice.

The interpretation of this result is not clear. On one hand, control BALB/c in the
infection model showed an increased %PMN compared to control C57 mice (Fig. 2),
but it was not observed in the Stx2a-intoxication model (Fig. 3). This suggests that the
difference could be related to experimental conditions and the response to stressors
and/or food privation, instead of being a real difference between strains.

Further, the absence of neutrophilia in C57 mice in the infection model was not
observed in the Stx2a-intoxication model, in which both strains showed a similar neutro-
philia. Thus, we conclude that neutrophilia during O157:H7 infection in BALB/c mice
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FIG 7 Local humoral response during O157:H7 infection. Contents of the small and large intestine from noninfected (control) or infected mice were
prepared as described in the Materials and Methods to determine anti-O157:H7 IgA in supernatants (1/2 dilution) by ELISA and IgA-coated bacteria in
pellets by flow cytometry. Antibody levels were expressed as OD,q,.g~". (A) Free anti-O157:H7 IgA in fecal supernatants at day 3 p.i. Each bar shows the
mean * SEM of 4 control mice and 6 infected mice for each mouse strain. (B) Free anti-O157:H7 IgA in fecal supernatants at day 7 p.i. The medians and
interquartile ranges of 6 controls and 9 infected BALB/c mice are shown. Mann-Whitney test: ***, P< 0.001. (C) IgA-coated bacteria at day 3 p.i. Each bar
shows the mean = SEM of 4 control and 6 infected mice for each mouse strain. Two-way ANOVA test with Tukey’s posttest: *, P < 0.05; ***, P < 0.001. (D
and E) Representative histograms of unstained samples (autofluorescence, dotted lines) and FITC anti-mouse IgA-stained samples from control (black lines)

or infected (gray lines) BALB/c (D) and C57 (E) mice, assayed in parallel.

reflected an immune response against the gastrointestinal infection and it was probably
not a sufficient condition to induce systemic damage.

In addition, an increased weight loss was observed in BALB/c compared to C57 mice,
both in control and infected mice. This could be related to how this strain responded to
food restriction but not to sickness, because it was transient and rapidly reversed after a max-
imal weight loss at day 3 p.i,, which also correlated with the lowest food intake. In contrast,
(57 also showed a maximal weight loss and the lowest food intake at day 3 p.i, but these
animals did not survive. Thus, although anorexia and weight loss are related to health condi-
tions, it did not correlate with severity of O157:H7 infection. On the other hand, whether sick-
ness-induced anorexia is beneficial to the host is largely dependent on how the fasted state
functionally influences host resistance and tolerance, along with pathogen fitness (22, 23).

In conclusion, both models analyzed together support the concept that an
increased neutrophilia and anorexia in BALB/c mice after infection are complex phe-
nomena that could be related to the inflammatory, immune, and/or stress response
triggered by intestinal infection and confirm that differences in renal damage and mor-
tality after infection were not related to a differential susceptibility to the toxin activity.

Traditionally, the defense response in animals against microbes has been attributed pri-
marily to the immune response, whose primary function is to sense and eradicate microbes
through the participation of microbial killing pathways, collectively referred to as
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FIG 8 Systemic humoral response during infection with O157:H7. Anti-Stx2B IgG levels were determined in
serum from BALB/c and C57 mice at day 3 p.i. and from surviving BALB/c mice at day 7 p.i. by ELISA. Antibody
levels were expressed as OD,,,. The data were analyzed by two-way ANOVA test with Tukey's posttest. (A)
Stx2B-specific 1gG in serum at day 3 p.i. Each point shows the mean = SEM of 3 control mice and 8 infected
mice for each strain. *, P<0.05; **, P<0.01; ****, P<<0.0001 compared to infected C57 and BALB/c control
mice at the same dilution. (B) Stx2B-specific IgG in serum from BALB/c mice at day 7 p.i. Each point shows the
mean = SEM of 3 mice for the control group and 8 mice for the infected group. *, P<0.05; ***, P<0.001

compared to the control group at the same dilution.

“resistance mechanisms.” However, BALB/c mice maintained their healthy condition in the
primary tissues of infection without killing the pathogen, indicating that genetic or epige-
netic factors may induce antivirulence mechanisms known as “tolerance mechanisms” to
disease, at least at the tested infective doses. Both mouse strains showed similar levels of
intestinal colonization and pathogen excretion in the range of O157:H7 infective doses
tested, suggesting that both mouse strains were equally resistant to O157:H7. However,
C57 mice showed increased tissue damage with a worse outcome than BALB/c mice. Thus,
we propose that BALB/c mice are more tolerant to O157:H7 infection than C57 mice. It has
been previously demonstrated that an inflammatory immune response is a promising
mechanism for limiting infection (11, 22, 23), but also has a high potential to damage host
tissues when it is exacerbated or it is not appropriate. Further research is necessary to
define if the increased tissue damage observed in C57 mice was caused directly by the
pathogen or indirectly by the host immune response.

In this regard, other authors have shown that C57 mice are more likely to develop
inflammatory colitis compared to BALB/c mice and require lower doses of dextran sul-
fate sodium (DSS) to induce a comparable disease severity (24-28). The basis of this
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FIG 9 Administration of Stx2-neutralizing antibody to C57-infected mice. Immediately after infection, C57 mice were randomly administered i.v. with PBS
or neutralizing anti-Stx2 antibody (NA; 30 pmol). Mice were weighed daily and bled at day 3 p.i. to determine the plasma urea concentration. (A) Survival
rates. The data were analyzed by log rank test: **, P<<0.01. (B and C) Each point or bar shows the mean * SEM of 4 mice for each experimental group.
(B) Plasma urea levels. The data were analyzed by Student’s t parametric test: **, P < 0.01. (C) Percent weight gain or loss of PBS and NA-treated mice. The
data were analyzed by two-way ANOVA test with Tukey’s posttest: ****, P<0.0001 compared to PBS-treated mice at the same day.
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TABLE 1 /n vivo toxin neutralization and C57 protection by transferring BALB/c sera“

Mortality rate Urea
Groups Treatment (dead/total) (median = SEM; mg%)
BALB/c control Stx2a i.v. 5/5 326 =71
BALB/c infected Stx2ai.v. 0/3° 92 =+ 26°
C57 infected BALB/c control sera 3/3 175 + 21
C57 infected BALB/c infected sera 0/3° 106 += 11¢

aControl and infected BALB/c mice received 1 ng of Stx2a by intravenous (i.v) injection at day 7 p.i. C57 mice
were i.p. injected with sera from noninfected (control) or infected BALB/c after infection, as detailed in the
Materials and Methods. Mortality rate (dead/total) and plasma urea levels (mg%) at day 3 post Stx2a injection
(for BALB/c experiments) or at day 3 p.i. (for C57 experiments) are shown.

bSignificantly different by log rank test (P < 0.05) compared with the respective control group.

<Significantly different by Student's t test (P < 0.05) compared with the respective control group.

difference has been attributed to the Th1-Th2 immune balance in these mice, given
that BALB/c mice are known as prototypical Th2-type mice, while C57 mice show a
more Th1-driven response. However, other authors have demonstrated that severity of
acute colitis may be due to the direct cytotoxicity of DSS on epithelial cells and that
functional lymphocytes are not involved in this process (28).

Recently, it has been proposed that BALB/c mice exhibit a more efficient mucosal
immune system compared to C57 mice as a consequence of better retinoic acid (RA)-
mediated signaling (29). It is known that RA favors homing of T regulatory lymphocytes
to the intestine (30, 31), improves epithelial integrity, and, thus, increases the intestinal
barrier function. In addition, RA affects innate lymphoid cells (ILCs) driving the
response toward interleukin 22 (IL-22)-producing group 3 ILCs, which protect against
mucosal-associated pathologies. In the same line of findings, it has been recently
reported that BALB/c mice have a noticeable amount of innate secretory IgA independ-
ent of microbiota colonization. This could be associated with the abundance of B cells,
particularly the B1a subtype, in this mouse strain compared to C57 mice (32).

In our experimental approach, none of the noninfected BALB/c or C57 mice showed
significant amounts of free innate or polyreactive IgA that cross-reacted with O157:H7
in the intestinal contents assayed by ELISA, nor a significant amount of IgA-coated bac-
teria determined by flow cytometry. This observation suggests that the local anti-
0157:H7 IgA found in infected BALB/c mice was the consequence of a specific immune
response. Although polyreactive IgA did not bind to O157:H7, this IgA could play an
immune regulatory role in triggering the anti-O157:H7 response in BALB/c mice. In this
regard, it has been demonstrated that innate IgA at the intestinal environment plays
an important role in controlling Salmonella enterica serovar Typhimurium infection and
in achieving a better outcome in BALB/c than C57 mice (33). In addition, IgA-coated
bacteria were exclusively detected in the pellet fraction of intestinal contents from
BALB/c mice at day 3 p.i. Afterward, while IgA-coated bacteria were not detected in
the intestinal content from infected BALB/c mice (7 days p.i., data not shown), levels of
anti-0O157:H7 IgA were found in fecal supernatants. Altogether these results confirm
the specificity of the IgA response and indicate that when pathogenic O157:H7 was
absent, specific IgA was free and detectable in fecal supernatants. These results sug-
gest that an early stimulation of local IgA production during the infection course was
triggered in BALB/c mice but not in C57 mice. Besides the exclusion function, IgA has
been shown to allow the limited entrance of IgA-antigen immune complexes or IgA-
coated bacteria into Peyer's patches (34-36), favoring the triggering of specific local
and systemic immune responses.

In addition, BALB/c mice were able to produce detectable levels of anti-Stx2 IgG in serum
as soon as 3 days p.i, while C57 mice did not. As the Stx2 amount necessary to induce renal
damage is very low, it has been demonstrated that low concentrations of neutralizing anti-
bodies are able to protect mice against systemic injury (15, 21). In this regard, we demon-
strated that a very small quantity of neutralizing anti-Stx2 antibodies iv. injected into C57
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mice immediately after infection were able to completely counteract their death, which clearly
depended on Stx2 entering systemic circulation. Furthermore, BALB/c mice that survived
0157:H7 infection were protected against the Stx2a challenge, and protection of C57 mice
against O157:H7 infection was achieved by transferring serum from infected BALB/c mice.

In summary, an early and specific antibody response mounted in BALB/c mice
against pathogenic factors was responsible for their better outcome compared to C57
mice after O157:H7 infection.

The critical role of local antibacterial antibodies and/or serum anti-Stx2 antibodies to
contain EHEC intestinal infections in humans has been proposed. In fact, the presence of
neutralizing anti-Stx2 antibodies in serum of two resistant human populations, such as
recovered HUS-patients and adults from areas of endemicity, constitutes indirect evidence
for the correlation between the specific antibody response and protection against systemic
complications secondary to EHEC infections (37-39). In addition, an anti-EHEC vaccine for
children under 11 years old led to a diminished incidence of HUS (40).

In conclusion, we demonstrated that BALB/c mice present a better outcome sec-
ondary to 0157:H7 infection through the activation of a tolerance mechanism mainly
based on an early and efficient antibody response.

MATERIALS AND METHODS

Mice. BALB/c and C57BL/6 mice (indistinct sex) were purchased from the Charles River Laboratory
and maintained in specific-pathogen-free (SPF) conditions at the animal facility of the IMEX-CONICET-
Academia Nacional de Medicina, Buenos Aires, Argentina. Mice were housed in standard polypropylene
transparent cages under environmentally controlled conditions (temperature, 24 = 2°C; humidity,
50% =+ 10%) with a 12 h light:12 h dark cycle.

Ethical statement. All procedures were approved by the Institutional Animal Care and Use
Committee at IMEX-CONICET in accordance with the principles set forth in the Guide for the Care and
Use of Laboratory Animals (41) (protocol number 58/2018). Health and behavior of mice were assessed
twice a day. Any unnecessary pain, discomfort, or injury to animals was avoided. Mice becoming mori-
bund were humanely euthanized by cervical dislocation. Institutional Animal Care and Use Committee
(IACUCQ) guidelines were used to define humane endpoints.

Bacterial strains and bacterial culture for mice infection. The enterohemorrhagic E. coli strain
used in this study was isolated from a fecal specimen of a patient with HUS. This strain belongs to the
serotype 0157:H7 and clade 8 (9, 14) and harbors the eae, ehxA, and stx,, genes, but not stx, (14). It also
has the Stx2 phage inserted in the yehV site (9), a high Stx2a activity measured on Vero cells in vitro, and
a high toxicity in vivo (14).

For preparation of O157:H7 stocks for infection, single colonies that were streaked on LB agar plates
were grown in tryptic soy broth (TSB) (Difco, Le Point de Claix, France) in a 37°C shaker until the culture
reached the exponential phase. Then, 0.5 ml of this culture was transferred to an Erlenmeyer flask con-
taining 50 ml TSB and incubated overnight in a 37°C shaker. The culture was centrifuged for 30 min at
2,000 rpm, then the bacterial pellet was washed three times and resuspended in sterile PBS to obtain an
optimal dose ranging from 1.0 x 10"" to 3.5 x 10" CFU/ml.

The dose was adjusted by measuring the optical density at 600 nm (OD,,) of the bacterial suspen-
sion (diluted 1/100 ~0.750 to 1.100 OD units) and interpolating it in a standard curve (ODy,, versus CFU/
ml) performed with the same O157:H7 strain used for infection. Inoculums were confirmed for every
experiment by plating dilutions on LB agar plates and quantifying CFU.

Mouse models. Infection protocol: For infection experiments, mice were withheld from feeding for
4 h immediately after weaning (17 to 19 days of age; 6 to 10 g of body weight) and then gavaged with
0.1 ml of bacterial suspension by using a stainless steel cannula (model 7.7.1; 0.38 mm x 22G, Harvard
Apparatus, USA), as previously described (14). Control animals received the same volume of sterile PBS.
All subsequent assays were performed at day 3 postinfection (p.i.), as this is a critical time in which C57
mice start to die.

Stx2a toxicity assays: For experiments in which Stx2-dependent specific effects were analyzed,
Stx2a was prepared as described previously (15). A volume of 0.1 ml sterile PBS containing 1 ng of Stx2a
was injected intravenously (i.v.) into the retro-orbital plexus of isoflurane-anesthetized mice. Control
mice receiving this dose die 3 to 4 days post injection. The same batch and dose of Stx2a was used for
all experiments. The control group received the same volume of sterile PBS.

Anti-Stx2 antibody protection assays: C57 mice were randomly separated in two groups immedi-
ately after infection with a high dose of 0157:H7. One group of isoflurane-anesthetized mice received an
i.v. injection of 0.1 ml containing sterile PBS into the retro-orbital plexus and the other group received a
single i.v. dose of 0.1 ml containing an anti-Stx2 neutralizing antibody (30 pmol/mouse), which was pre-
pared and tested in the laboratory (21).

To test toxin neutralization in vivo, infected BALB/c mice received 1 ng of Stx2a at 7 days p.i. as described
above. Some noninfected litter mates (control group) received in parallel the same Stx2a dose.

Serum transfer in vivo assays: Infected or noninfected (control) BALB/c mice were bled at day 7
p.i. and the serum was isolated and stored at —20°C until use. To test the protective capacity of these
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sera, C57 mice were randomly separated into two groups immediately after infection with a high dose
of 0157:H7. One group of mice received two intraperitoneal (i.p.) injections of 0.2 ml serum from BALB/c
infected mice (1/5 dilution) at 2 and 24 h p.i. The other group received two i.p. injections of 0.2 ml serum
from noninfected control BALB/c mice (1/5 dilution).

Food and water were provided ad libitum after infection or Stx2a injection, and the animals were
observed daily for activity level. Food intake and body weight were recorded until the end of the experi-
ments, when survivors were euthanized. The body weight was expressed as the percentage of weight
gain or loss with respect to the initial value. Food consumption per mouse was calculated as the differ-
ence in food weight between consecutive days and considering the number of animals in each cage.
Blood samples were obtained by puncturing the submandibular plexus at day 3 after bacterial inocula-
tion or Stx2a injection to analyze total and differential blood lymphocytes in a hematologic counter
(Abacus Junior Vet, Diatron, USA) and plasma urea levels by a commercial kit (WienerLab, Argentina) fol-
lowing the manufacturer’s instructions. Urea levels were expressed as mg urea per 100 ml serum (mg%).

Colonization and bacteria shedding. Mice of each strain were euthanized at day 3 post bacterial
inoculation to determine intestinal colonization as previously described (14). Briefly, 5 cm of each intesti-
nal segment and the cecum were removed, washed, and homogenized separately in 0.5 ml sterile PBS.
The stools were removed from the large intestine and diluted to a concentration of 0.1 g/ml in sterile
PBS. CFU were determined by plating dilutions of the homogenized intestinal tissues and the stools
onto MacConkey agar plates and incubating for 16 h at 37°C. Non-sorbitol-fermenting colonies were
counted and selected at random for confirmation by multiplex PCR to detect stx,, stx,, and rfbo157
genes using the primers described by Leotta et al. (42). The number of CFU per intestinal segment was
calculated by considering the CFU per milliliter and the total volume of each homogenized tissue.

Histological analysis. To assess histological alterations, three randomly selected mice from each ex-
perimental group were euthanized 3 days p.i. and kidney and intestines were excised. Samples of these
tissues were fixed in 4% formaldehyde, embedded in paraffin, and stained with hematoxylin and eosin
(H&E Muto Pure Chemicals, Japan). Images were acquired using brightfield microscopy (Eclipse E-200,
Nikon). Kidney damage was shown mainly by tubular necrosis. Intestinal damage was evidenced by the
following parameters: depletion of goblet cells, presence of vascular congestion, infiltrating leukocytes,
and epithelium disruption for large intestines or the shortening of the upper third of the villi for small
intestines. Ten separated fields of each tissue were scanned at 200x magnification. Using a grid super-
imposed on the images, quantification was performed on 90 fields of each histological preparation with
ImageProPlus 6 software (Image Pro Plus 6, Media Cybernetics, USA) (43).

Gut permeability assay. To assess the intestinal barrier function, a fluorescein isothiocyanate (FITC)-
conjugated dextran (FITC-Dx; mean molecular weight 4kDa) (Sigma-Aldrich, USA) assay was performed as
previously described with modifications (16). A volume of 0.1 ml sterile PBS containing 80 g/liter FITC-Dx was
administered by oral gavage after 3 days of O157:H7 infection. The fluorescence of FITC-Dx was measured in
serum after 4 h of treatment using a microvolume fluorimeter (Thermo Scientific NanoDrop, USA).

Determination of IgA-coated bacteria by flow cytometry. Feces from small and large intestines
were collected and transferred to a tube where they were diluted to 1 g/ml in sterile PBS containing
1 mM phenylmethylsulfonyl fluoride (PBS-PMSF). Each sample was vortexed for 5min and then centri-
fuged at 4,500 rpm for 5 min to precipitate debris. Supernatants were collected and then centrifuged at
13,300 rpm for 5min to precipitate bacteria. The supernatants obtained were stored at —80°C to deter-
mine free anti-O157:H7 IgA levels. The pellets were resuspended in PBS-PMSF and incubated with FITC-
conjugated rat anti-mouse IgA (BD Biosciences, USA) for 1 h at 4°C sheltered from the light. Then, bacte-
ria pellets were washed by centrifugation at 13,300 rpm, resuspended in 2% paraformaldehyde, and
incubated for 30 min at 4°C sheltered from the light. Samples were analyzed by flow cytometry for analy-
sis of IgA-coated bacteria as previously described (44). Samples were acquired immediately on a Becton,
Dickinson (BD, Franklin Lakes, NJ, USA) fluorescence activated cell sorter (FACScan). Bacteria were delim-
ited by size and granularity (in a logarithmic scale for forward and side scatter) and 200,000 events were
acquired for subsequent analysis using FlowJo 7.6 software.

Determination of free anti-O157:H7 IgA in fecal supernatants by ELISA. The supernatants
obtained by centrifugation of feces at 13,300 rpm for 5min were stored at —80°C to determine anti-
0157:H7 IgA levels. These antibodies were analyzed by enzyme-linked immunosorbent assay (ELISA) as
previously described (17). Intact formalin-killed O157:H7 were prepared as follows. Bacteria were grown
in TSB overnight at 37°C with slow agitation, washed twice with sterile PBS by centrifugation, and resus-
pended in PBS containing 0.5% neutralized formalin. The bacterial suspension was stored for 3 days at
room temperature and then washed twice with sterile PBS to remove free Stx2a. Afterward, 96-well
MaxiSorp plates (Greiner Bio-One, Germany) were incubated with the formalin-killed O157:H7 suspen-
sion diluted to an ODg,, of 0.1 per ml of 15 mM carbonate-25 mM bicarbonate buffer (pH 9.6) overnight
at 4°C. Wells were washed with 0.05% Tween20 in PBS (PBS-T), blocked with 2% bovine serum albumin
(BSA; Sigma-Aldrich, USA) in PBS (PBS-BSA) for 1.5 h at room temperature, washed again with PBS-T, and
finally incubated with the fecal supernatants (1/2 dilution) overnight at 4°C. After incubation, wells were
washed with PBS-T and incubated with peroxidase-conjugated goat anti-mouse IgA (Chemicon
International, USA) diluted (1/2,000) in PBS-BSA for 1.5 h at room temperature with orbital agitation.
Plates were washed and the reaction was carried out with 2 mg/ml o-phenylenediamine (Sigma-Aldrich,
USA) and 0.33% H,0O, in 0.1 M citrate-0.2 M phosphate buffer (pH 5.0). The reaction was stopped with 2
M H,SO, and absorbance at 492nm was measured on an Asys UVM340 microtiter plate reader
(Biochrom Ltd., Cambridge, UK). Results were expressed as OD at 492 nm (OD,,) units per gram of feces,
which represent the value obtained for each sample minus the OD,,, obtained for its nonspecific bind-
ing and considering the dilution made.
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Determination of specific anti-Stx2 IgG in serum by ELISA. ELISA was performed as previously
described (17, 21). Briefly, 96-well MaxiSorp plates were coated with 5 ug of purified Stx2-B subunit con-
jugated to histidine per ml 15 mM carbonate-25 mM bicarbonate buffer (pH 9.6) overnight at 4°C and, af-
ter washing with PBS-T, blocked with PBS-BSA for 1.5 h at room temperature. Then, the plates were
washed with PBS-T and incubated with serially diluted mouse serum overnight at 4°C. After washing,
plates were incubated with peroxidase-conjugated goat anti-mouse IgG (Chemicon International, USA)
diluted (1/2,000) in PBS-BSA for 1.5 h at room temperature with orbital agitation. Plates were washed
and the reaction was developed as described above. Antibody levels were expressed as OD,,,, which
represent the value obtained for each sample minus the OD,,, obtained for its nonspecific binding.
Statistical analysis. Survival data were analyzed for significance by using a log rank test. Data
expressed as the mean= standard error of the mean (SEM) were analyzed for statistical differences using
Student’s t test or a one- or two-way analysis of variance (ANOVA) followed by Tukey’s posttest. The
assumption of Gaussian distribution (Shapiro-Wilk's test) and heteroscedasticity (Spearman'’s test) were
evaluated. In cases where the raw data did not fulfill these assumptions, a nonparametric Mann-Whitney
test was used for comparing two groups, or else log transformation was performed to use the two-way
ANOVA followed by a Tukey's posttest. Contingency analysis was done using the Fisher's exact test.
Correlations were analyzed with the Spearman’s test. Slope comparisons were done using a t test post-
linear regression. All data were analyzed by the Prism 8.0 software (GraphPad, United States).
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