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Abstract: Enteropathogenic Escherichia coli (EPEC) are important agents of acute diarrhea in
children living in developing countries. A severe dysfunction of the intestinal epithelial barrier
occurs during EPEC infection, leading to diarrhea and inflammation as consequences. EPEC main
virulence factors include the adhesins intimin and bundle-forming pilus (BFP), as well as several
effector proteins translocated to the enterocyte by the type-three secretion system. The initial
interaction of EPEC with the host cell and the role of effector proteins in this process are well
known. However, the role of the EPEC virulence factors in macrophage activation is not fully
understood. Hence, we analyzed the ability of intimin and bundle-forming pilus (BfpA) to activate
the innate response mediated by macrophages, where the production of the proinflammatory
cytokines TNF-α, IL-1, IL-6 and IL-12, as well as the anti-inflammatory cytokine IL-10 and
chemokine MCP-1, were evaluated. Our results showed that recombinant intimin and BfpA
activate macrophages in a dose-dependent manner, and the stimulated cells produced TNF-α,
IL-12, IL-6, IL-10 and MCP-1, but not IL-1β. No synergistic effect was observed in the production of
pro-inflammatory cytokines by combining BfpA and intimin, although production of IL-10, an
anti-inflammatory mediator, was potentiated at a higher dose. The effect observed was largely
attributed to these proteins, as the treatment of proteins with polymyxin B did not alter the
production of TNF-α. Thus, herein we showed that intimin and BfpA can activate the innate immune
response, inducing the production of pro- and anti-inflammatory cytokines, as well as chemokines,
playing additional role as inflammatory molecules in the early steps of EPEC infection.
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1. Introduction
Enteropathogenic Escherichia coli (EPEC) is one of the six pathotypes comprising the
diarrheagenic E. coli pathogroup, and it is still one of the major causes of acute diarrhea of children
living in developing countries [1–5]. EPEC induce a distinctive histopathological lesion on the
intestinal mucosa known as the attaching and effacing (A/E) lesion, which is characterized by
intimate adherence of EPEC to the epithelium, effacement of the intestinal microvilli and formation
of pedestal-like structures under the site of attachment, in consequence of the reorganization of actin
filaments [6].
After entering the gastrointestinal tract, EPEC adhere to the mucosa of the small and large
intestines and at least three steps for pathogenesis have been described [7]. The initial step includes
adherence to the host cell. After a multifactorial attachment via adhesive structures, in which the
bundle-forming pilus (BFP) [8] is an important structure, a type III secretion system (T3SS) injects
virulence factors in the enterocyte. Finally, an intimate bacterial attachment via intimin, an outer
membrane adhesin of 94-kDa, and its translocated intimin receptor (Tir) lead to the pedestal
formation [9–12].
In EPEC infections, inflammation is characteristic, due to increased cellular permeability. There
is intense infiltration of neutrophils and lymphocytes in the lamina propria to the infection site [13],
and other inflammatory cells, such as tissue macrophages, participate in the inflammatory response
[14]. One of the consequences of EPEC infection is the regulation of signal transduction, culminating
in the activation of NF-κB [15,16], which promotes the expression of cytokines. After the interaction
of phagocytic cells with microorganisms or their products, secretion of several pro- or
anti-inflammatory mediators occurs, including oxygen and nitrogen derivatives, cytokines such as
IL-1, IL-6, IL-8, IL-10, IL-12, IL-18 and TNF-α and chemokine’s such as MCP-1, in addition to
mediators derived from arachidonic acid [17–19]. This variety of components regulates adaptive
immunity to be developed later.
Similarly, Dann et al. [20] demonstrated that in infections by Citrobacter rodentium, a murine
intestinal pathogen widely used as an animal model of the A/E lesion [20]. Macrophages and
epithelial cells present in the colon expressing IL-6, a cytokine related to the recruitment and
activation of neutrophils, and induce the acute phase important for efficient bacteria control.
Additionally, Ramirez et al. [21], exploring the mucosal immune response in rabbits infected with
rabbit-specific EPEC (REPEC), detected an increase in mRNA expression for IL-1β, IL-6, IL-8, TNF-α
and IL-10 produced by enterocytes during the developed diarrheal disorder.
The interaction of EPEC with the host intestinal epithelium induces an innate immune response
that generates a local inflammatory response [22]. The degree of macrophage activation is one of the
factors determining the severity of the inflammatory process, since these cells coordinate the
resolution of inflammation [23]; consequently, they are fundamental for phagocytosis and define the
development of acquired immunity with reciprocal interaction between macrophages and activated T
and B lymphocytes, providing novel levels of regulation and acquisition of antimicrobial resistance.
These cells, when activated, promote the resolution of the inflammatory process through the
production of various cytokines, chemokines and growth factors [24]. The initial recognition of
EPEC effector proteins by phagocytic cells has not been elucidated; thus, such information is crucial
for understanding the inflammatory process generated during this infection. Since macrophages are
highly heterogeneous in their functions and their activation depend on the nature of the stimulus
and the environment to which they adapt [25], we investigated the pattern of cytokines after the
initial contact of intimin and bundle-forming pilus (BfpA) with primary bone marrow-derived
macrophages. Our results suggest that intimin and BfpA are potent activators of the innate immune
response that can contribute to the control of inflammation during EPEC infection.
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2. Materials and Methods
2.1. Ethics Statement
The experiments were conducted in agreement with the Ethical Principles in Animal Research,
adopted by the Brazilian College of Animal Experimentation, and they were approved by the
Ethical Committee for Animal Research of Butantan Institute (Protocol 537/08).
2.2. Cloning, Expression and Purification of Recombinant Intimin and BfpA Proteins
The intimin-encoding gene (eae) was amplified by PCR using as template the genomic DNA
from EPEC serotype O111ab:H2 [26], expressing intimin classified as subtype beta-3 (β3). The
following primers were used for amplification: F: GGATCCGCTAGCGCTTCGTCACAGTTGCAGGC
and R: AAGCTTCGATCGCATATGTACTTGATACGCC. The underlined nucleotides indicate
BamHI and HindIII restriction sites, respectively. The amplified fragment of 2176 bp, corresponding
to the intimin beta-3 gene without the signal peptide-encoding sequence, was purified, digested
with BamHI and HindIII and cloned into the same restriction sites of pQE30 expression vector
(Qiagen, Venlo, The Netherlands). The obtained construct was verified by DNA sequencing with
appropriate vector-specific primers and named pFLβ3. Competent cells of the E. coli strain M15
(pREP4) (Qiagen, Venlo, The Netherlands) were transformed with pFLβ3 plasmid and grown in
Luria–Bertani (LB) broth at 37 °C under constant shaking (250 rpm) until the optical density at 600 nm
reached 0.6. The expression of recombinant intimin was induced with 1 mM
isopropyl-1-thio-β-D-galactopyranoside (IPTG) at 37 °C for 3 h under the same culture conditions.
The 6x-His-tagged intimin β3 was purified using metal affinity chromatography, as previously
described [27].
E. coli DH5α harboring the plasmid pEU84 [28] was used for BfpA production. This
construction corresponds to the bfpA-encoding sequence from EPEC B171 cloned into the pQE-30
vector. The expression of recombinant BfpA in LB broth was induced with 0.4 mM IPTG at 37 °C for
3 h under constant shaking (250 rpm). The 6x-His-tag fusion BfpA was purified using metal affinity
chromatography [29].
The production of these proteins was confirmed by immunoblotting employing the rabbit
anti-intimin IgG enriched fraction [30] or with rabbit anti-BfpA polyclonal serum (IgG) [31]. The
level of endotoxin present in intimin and BfpA samples was tested by the Limulus Amebocyte
Lysate (LAL) assay (Lonza, Basel, CH), with a range from 0.125 to 1.25 Endotoxin Units (EUs)/μg
proteins, considering that 1 EU corresponds to 5 ng/mL of lipopolysaccharide (LPS).
2.3. Macrophages
Bone marrow-derived macrophages (BMDM) were isolated from the femur and tibia from
female C3H/HeJ mice 6–8 weeks according to Weischenfeldt and Porse [32]. The cells were
cultivated at 37 °C and 5% CO2 for 7 days at 1 × 106 mL and 0.5 mL were plated in 48 Costar well
plates (Corning, Corning, NY, USA) in RPMI 1640 medium (Gibco Invitrogen Corporation,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco Invitrogen Corporation,
Waltham, Massachusetts, USA), 0.2 mM L-glutamine, 50 UI/mL penicillin, 50 μg/mL streptomycin, 1
mM sodium pyruvate and 20% (v/v) of the L929 cell culture supernatant. At day seven, the cells were
washed with phosphate buffered saline (PBS) pH 7.2, to remove the non-adherent cells; the adherent
ones were maintained in the same medium. These cells were exclusively F4/80 (yield of 95%), since
this phenotype was confirmed by Flow Cytometry using monoclonal antibodies specific for T
lymphocytes (anti-CD3), B-lymphocytes (anti-B220) and macrophages (anti-F4/80).
2.4. Activation of BMDM with Intimin or BfpA
Adherent BMDM (5 × 105 cells/well) were activated with 0.5, 1.0, 5.0 and 10.0 μg/mL of intimin
or BfpA associated or not and cultured at 37 °C and 5% CO2. The culture supernatant was harvested
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after 20 h of stimulation for TNF-α, IL-1, IL-6, IL-10, IL-12 and MCP-1 assay. As a control, another
group of cells was stimulated with LPS (2.5, 5, 10, 50 and 100 ng/mL).
2.5. Effect of Intimin and Bfp on BMDM Viability
The viability of BMDM treated with intimin and BfpA (5–10 μg/mL) for 20 h was determined by
the activity of succinyl dehydrogenase, using 3-(4,5)-dimethyltialzolyl-2,5-diphenyltetrazolium
bromide (MTT, 5 mg/mL, Sigma-Aldrich, San Luis, MO, USA) as substrate [33]. After 4 h of
incubation at 37 °C and 5% CO2 the crystals were solubilized using v/v of 0.1N HCl solution in
isopropyl alcohol and the optical density (DO) was determined using an ELISA reader (Multiskan
EX, Primary EIA, Thermo Fisher Scientific, Waltham, MA, USA) at 550 nm. Cells treated with 0.1%
Triton X-100 representing 100% death and macrophages without treatment were used as a 100%
viability control.
2.6. Effect of Intimin and BfpA Treatment with Polymyxin B and Proteinase K
To confirm the specificity of recombinant proteins intimin or BfpA (1.5 and 10 μg/mL) were
preincubated for 1 h at 37 °C with polymyxin B (30 μg/mL) or proteinase K (50 μg/mL).
Subsequently, samples were added to cultures of the J774 A.1 Mouse BALB/c macrophage-like cell
line maintained in RPMI 1640 medium (Gibco Invitrogen Corporation, Waltham, MA, USA)
containing 10% FBS (Gibco Invitrogen Corporation, Waltham, MA, USA) and 50 μg/mL gentamicin
and incubated at 37 °C and 5% CO2 for 24 h. The LPS (100 ng/mL) and Bovine Serum albumin (BSA,
10 μg/mL, Sigma-Aldrich, San Luis, MO, USA) were used as a control [34,35]. The level of TNF-α
was analyzed in the culture supernatant comparing groups treated or not with the respective drugs.
2.7. Cytokines Assays
The presence of the cytokines TNF-α, IL-1, IL-6, IL-10 and IL-12 and the chemokine MCP-1 in
the BMDM culture supernatant were analyzed using the immunoenzymatic assay (ELISA) from the
eBioscience kit following the manufacturer’s recommendation (Thermo Fisher Scientific, Waltham,
MA, USA).
2.8. Statistical Analysis
The results represent the mean and standard error of the mean (SEM) of 3–4 independent
experiments and were analyzed by the GraphPad Prism 5® program. Differences were considered
significant when p < 0.05 by the unpaired Student t test.
3. Results
3.1. Intimin and BfpA Had No Effect on BMDM Viability
Recombinant Intimin and BfpA were purified and their identity was confirmed by
immunoblotting using specific antibodies (Figure S1). These proteins were employed throughout the
experiments. Initially the effect of both proteins on the viability of BMDM was investigated using the
MTT assay. These proteins did not cause cytotoxic effects, regardless of the employed concentration
(5 and 10 μg/mL). The optical density values were close to the control groups (absence of
recombinant proteins) (Figure S2).
3.2. Role of Intimin and BfpA in BMDM Activation
The interaction of EPEC with the host’s intestinal epithelial cells has been widely studied and
proven to generate a local inflammatory response [14]. Macrophages coordinate the severity and
resolution of inflammation in this inflammatory site. Since the role of intimin and BfpA in the
activation of these cells during EPEC intestinal colonization is not well understood, we investigated
their effect on the activation of medullary macrophages.
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Intimin and BfpA proteins induced dose-dependent cytokine synthesis. We found that 1 μg/mL
of both proteins was sufficient to activate the macrophages, however 5–10 μg/mL had more
pronounced and significant effects (p < 0.0001). This profile was repeated for the pro-inflammatory
mediators IL-6 and IL-12p40. However, we emphasize that the level of these mediators was much
higher than that described for TNF-α. The synthesis of IL-12p40 was more prominent in comparison
to other cytokines production (Figure 1). No difference was observed between intimin and BfpA in
terms of the ability to stimulate macrophages, with the levels of cytokines being analyzed close to
each other regardless of the nature of the stimulus.

Figure 1. Mφ (6 × 105 cells) were stimulated with 0.5 to 10 μg/mL of intimin or BfpA for 20 h. The
synthesis of cytokines and chemokine was analyzed in the culture supernatant by the ELISA assay.
Data represent the mean ± standard error of the mean (SEM) of three independent experiments,
performed in duplicate. The values * p < 0.05, ** p < 0.001 and *** p < 0.0001 were considered significant.
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The effect of intimin and BfpA on the synthesis of the anti-inflammatory cytokine IL-10 and
chemokine MCP-1 was investigated. Only cells treated with 5 and 10 μg/mL of intimin and BfpA
produced significant level of IL-10 (p < 0.0001) (Figure 1). However, these cells synthesized high
levels of chemokines, especially MCP-1 and IL-12, that were dose dependent. IL-1β was not detected
in the culture supernatants. These data confirm the ability of intimin and BfpA to activate
macrophages during EPEC infection.
3.3. Intimin and BfpA Do Not Work Synergistically to Activate BMDM
Microorganism proteins may improve the effect on the inflammatory processes [17–19]. Herein,
this effect was investigated by combining intimin and BfpA during BMDM activation. We
demonstrated that 10 μg/mL of intimin or BfpA increased the production of chemokines TNF-α and
MCP-1 in BMDM culture. However, the treatment of macrophages with both proteins did not
change the level of these cytokines (Figure 2). Analysis of IL-6 and IL-10 production showed a slight
increase in the level of these cytokines, and for IL-6 the observed difference was only in response to
BfpA (p > 0.05). The role of intimin in combination with BfpA was significantly observed in the
synthesis of IL-10 (p > 0.001) when compared to these proteins separately (Figure 2). This suggests
that, during an EPEC infection, IL-10 production depends on the concentration of these EPEC
virulence factors present at the site of infection.

Figure 2. Mφ (6 × 105 cells) were stimulated with the combination of intimin and BfpA (5 μg/mL and
5 μg/mL). After 20 h the supernatant was obtained for cytokines and chemokine measurement. The
results are representative of the mean ± SEM of three independent experiments, performed in
duplicate. The values * p <0.05 and ** p <0.001 were considered significant.
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3.4. The Immune Response Mediated by Intimin and BfpA Was Specific
To confirm the specificity of intimin and BfpA in macrophages activation, both proteins were
pretreated before phagocytic cell stimulation with polymyxin B, which interacts with LPS, or
proteinase K (PK), which is capable of breaking peptide bonds between protein amino acids. The
J774 A.1 cell line was used for this assay due to its high sensitivity to endotoxins. The activation of
these cells with intimin or BfpA pretreated with polymyxin B induced the production of large
amounts of TNF-α, in a dose-dependent manner; however, the treatment of LPS (100 ng/mL) with
polymyxin B drastically reduced the level of TNF-α to a level similar to that of the untreated controls
(Figure 3A). These results indicate that the immune response detected was due to the proteins
intimin and BfpA and not to endotoxins.
Subsequently, we evaluated the influence of the treatment of the two recombinant proteins with
PK on the activation of the J774 phagocytic cells. As shown in Figure 3B, intimin and BfpA
individually stimulated the synthesis of high levels of TNF-α. The pretreatment of these proteins
with PK inhibited the TNF-α response by 100%, obtaining values close to those found in untreated
cultures (p < 0.0001) (Figure 3B). These data differ in cells stimulated with LPS (100 ng/mL), since the
treatment with proteinase K did not significantly inhibit the production of this cytokine. Thus, these
data confirmed that the activation of macrophages by intimin and BfpA was not due to the action of
endotoxins, but rather due to the protein activity of these molecules.

Figure 3. J774 cells (6 x 105 cells) were stimulated with either intimin or BfpA pretreated with 30
μg/mL of polymyxin B (A) and 50 μg/mL of proteinase K (B) for 20 h. The supernatant was obtained
to measure TNF-α. The results are representative of the mean ± SEM of two independent
experiments, performed in triplicate.

4. Discussion
EPEC infection starts with intestinal epithelium colonization leading to an intimate adherence
that triggers the A/E lesion and inflammation [6,13,14]. Several virulence factors contribute to these
steps, including BFP and intimin as adhesins as well as several effector proteins injected into the host
cell via the T3SS [36]. Nevertheless, the mechanisms behind the inflammation process in the early
stages of the infection are not completely known.
We employed intimin and BfpA recombinant proteins to test their role during the first contact
with bone marrow-derived macrophages (BMDM), which is the origin of the various macrophage
populations distributed in the organism, and the consequences for the inflammatory response. It
was shown that the treatment of BMDM with recombinant intimin and BfpA did not change the
viability of these cells. The fact that these cells respond to the stimulus with these proteins
synthesizing inflammatory mediators and chemokines strongly suggests their viability.
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During the EPEC intimate binding to the host cell, proteins associated with the T3SS are
translocated directly to the infected cell, modifying and subverting the host cells function, including
those of the immune system, to cause diarrhea [37]. Most of the studies with EPEC virulence factors
explore epithelial cells as a target; however, the role of these effector proteins in macrophage
activation and the consequences for the immune system are not fully understood.
The different steps of EPEC pathogenesis are associated with specific virulence factors [38].
Among them, the fimbrial adhesin BFP is responsible for the initial adherence to the enterocytes and
contributes to the inflammatory response [3,39]. Intimin is an outer membrane protein that binds to
epithelial cells through its receptor Tir [37], which is essential for the establishment of the A/E lesion
and can determine tropism by different sites in the intestine [40]. Due to their importance in the early
steps of the EPEC pathogenesis, they were chosen for our studies. Initially, the recombinants BfpA
[29] and intimin β3 were produced.
Macrophages represent one of the main cells of the innate immune system, with multiple
functions adapted to the tissues where they reside. They are fundamental for phagocytosis and
define the development of acquired immunity with reciprocal interaction with activated T and B
lymphocytes. When activated, they promote the resolution of the inflammatory process by releasing
large amounts of immune mediators [41]. The impact of innate immunity on intestinal host defense
against A/E bacterial pathogens remains an unresolved.
BfpA and intimin stimulated in a dose-dependent manner pro-inflammatory cytokines such as
TNF-α, IL-6 and IL-12p40, as well as the anti-inflammatory IL-10, in addition to the chemokine
MCP-1. However, the presence of IL-1β was not detected. The IL-10 synthesis was dependent of
intimin high concentrations or BfpA, while low doses of these proteins were sufficient for
production of pro-inflammatory cytokines.
The specific response of the proteins intimin and BfpA was demonstrated in the assays where
these recombinants were pretreated with polymyxin B or proteinase K. The microenvironment
created during inflammation is important to contain the infection. Excessive production of
pro-inflammatory mediators in addition to being toxic to microorganisms can be toxic to the host cell
[23]. To balance the inflammatory response, the presence of anti-inflammatory cytokines is essential [14].
When used in combination, intimin and BfpA did not modify the production profile of
pro-inflammatory mediators; only anti-inflammatory IL-10 was enhanced. The IL-10 inhibits the
production of pro-inflammatory cytokines through negative feedback [42,43]. Sharma and
collaborators [44] suggest that during epithelial cell inflammation induced by T3SS proteins,
different proteins act by balancing the induction of pro- or anti-inflammatory response. The same
can occur with BMDM activated with a high concentration of intimin and BfpA, to balance the
inflammatory response of macrophages and to define the immune response to be generated later.
Intimin and BfpA are involved with the local inflammatory response, and the presence of MCP1
(monocyte chemoattractant protein-1), which confirms this hypothesis, as it recruits leukocytes for
the endothelium, in addition to controlling the activation of tissue macrophages [45]. The migration
of neutrophils, monocytes and the presence of tissue macrophages located just below the intestinal
mucosa are essential in the resolution of the inflammatory process, due to the release of immune
mediators that favor the migration of cells to the inflammatory focus and present antigens for the
local lymphocytes. To compensate, intestinal macrophages perform their anti-inflammatory function
to neutralize tissue damage and restore homeostasis [46].
Toll-like receptors (TLRs) and NOD-like receptors (NLRs) are important for the initiation of the
innate immune response [47]. The NOD-like receptor (NLR) regulates the processing and secretion
of IL-1β via caspase-1 activation [48]. The absence of apoptosis and IL-1β in the macrophage culture
supernatant suggests that intimin and BfpA do not use this signaling pathway. Toll-like receptors
(TLRs) that are located on the surface and on the endosomal membrane recognize patterns of
molecules conserved in bacteria (PAMPs) [49]. Although we have not studied the direct action of
these receptors, the binding of PAMPs to these receptors activates inflammatory signaling pathways
and leads to the production of inflammatory cytokines to further propagate and amplify the
immune response [49]. The inflammatory activity of BfpA and intimin is not associated with TLR4,
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since macrophages from C3H/HeJ mice (TLR4−/−) were considered hypo-responders to endotoxins
[50]. The treatment of cells with the maximum dose of intimin plus BfpA (10 μg/mL) did not
potentiate the synthesis of TNF-α or MCP-1.
In conclusion, our findings show that intimin and BfpA activate the innate immune response,
inducing the production of cytokines (pro- and anti-inflammatory) and chemokines independent of
TLR-4, playing an additional role as an inflammatory molecule at the beginning of the infection.
Understanding the complexity of the interaction between virulence factors and macrophages will
help to clarify the pathogenesis and immune response of EPEC infection and may assist in future
treatment strategies.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Expression
of the proteins intimin β3 and BfpA. Nitrocellulose membranes containing purified protein fractions of intimin
β3 (94 kDa) and BfpA (20 kDa) were incubated in the presence of rabbit specific IgG followed by goat anti-rabbit
IgG peroxidase-conjugated. A: intimin 3β protein; B: BfpA protein. Figure S2: Cell viability of macrophages
after treatment with intimin and BfpA. Mφ (6 × 105 cells) were stimulated with intimin and BfpA (5 μg/mL and
10 μg/mL) for 20 h. Cell viability was determined by the MTT assay. Triton X-100 (0.1%) was used as a
cytotoxicity control. The results are representative.
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