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Enteropathogenic Escherichia coli (EPEC) is an important cause of infant diarrhea in developing countries.
EPEC uses a type III secretory system to deliver effector proteins into the host cell. These proteins cause the
characteristic attaching and effacing lesion on enterocytes. Lactoferrin, a glycoprotein present in human milk,
inhibits EPEC adherence to mammalian cells. To determine the effect of lactoferrin on the initial host cell
attachment step that is mediated by the type III secretory system, we focused on EPEC-induced actin
polymerization in HEp2 cells, on the hemolytic activity, and on measurement of E. coli secreted proteins A, B,
and D (EspABD). Lactoferrin blocked EPEC-mediated actin polymerization in HEp2 cells and blocked
EPEC-induced hemolysis. The mechanism of this inhibition was lactoferrin-mediated degradation of secreted
proteins necessary for bacterial contact and pore formation, particularly EspB. The proteolytic effect of
lactoferrin was prevented by serine protease inhibitors. This disruption of the type III secretory system implies
that lactoferrin could provide broad cross protection against the enteropathogens that share this mechanism.

Enteropathogenic Escherichia coli (EPEC) is one of the ma-
jor causes of infant diarrhea in developing countries. EPEC
usually produces an acute watery diarrhea, but it can produce
chronic diarrhea and lead to malnutrition (39).

EPEC induces a distinctive histopathology known as the
attaching and effacing lesion, which is characterized by the
intimate attachment of bacteria to the epithelial surface and
the effacement of host cell microvilli. There are three stages in
EPEC pathogenesis: (i) initial adherence to the host cell
through the bundle-forming pilus, (ii) production and translo-
cation of bacterial proteins through a needle complex via a
type III secretory system, and (iii) actin polymerization-asso-
ciated intimate attachment and pedestal formation (20, 39, 53).

The type III secretory system is present in many pathogenic
gram-negative bacteria (Salmonella, Shigella, and Yersinia spp.,
Shiga toxin-producing E. coli, and Pseudomonas spp.). Its func-
tion is to transport virulence proteins from the bacterial cyto-
plasm into the host cell plasma membrane and cytoplasm upon
contact with target cells (14, 20, 24). In EPEC, the type III
secretory system forms a needle complex made of E. coli se-
cretion component F (EscF), which is anchored to the inner
and outer membranes of the bacteria through an inner and
outer ring. Multimers of E. coli secreted protein A (EspA)
attach to the tip of the needle, forming a tube-like structure
between the bacterium and the host cell. Bacterial proteins
(EspB, EspD, translocated intimin receptor [Tir], and others)
are introduced into the mammalian cell via this tube. EspB and
EspD create pores in the eukaryotic cell membrane. Intimin,
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an outer membrane bacterial protein binds to its receptor Tir,
following the translocation and surface expression of Tir on the
host cell. Intimin-Tir binding triggers polymerization of actin
and other cytoskeletal components at the site of attachment,
which then disrupts the normal enterocyte microvilli, forming
the distinctive pedestal (10, 33, 53).

Development of specific immunity to these E. coli secreted
proteins may play a role in protecting against infection. Chil-
dren infected with EPEC have serum immunoglobulin G (IgG)
against intimin, EspA, and EspB (38). Moreover, human milk
contains antibodies to intimin, EspA, EspB, and Tir (36, 37, 41,
42, 45). Breastfeeding protects infants from respiratory and
intestinal infections (25, 26, 54), including EPEC (4). Incuba-
tion with colostrum and human milk (samples from Mexico
and Brazil) inhibits the adherence of EPEC to cultured cells (7,
9, 13). There are limited data suggesting that immunoglobu-
lins, free secretory components, and lactoferrin from human
milk each contribute to the inhibition of EPEC adherence to
HeLa cells (11).

Lactoferrin is a glycoprotein present in milk, in other mu-
cosal secretions (tears, saliva, and vaginal secretions, etc.), and
in the specific granules of neutrophils. It is an iron-binding
protein with multiple physiological functions: antimicrobial,
anti-inflammatory, and immunomodulatory, among others (6,
34, 57). In vivo and in vitro studies have shown a protective
effect of lactoferrin against gram-negative infections. Lactofer-
rin protects mice from a lethal dose of parenterally adminis-
tered E. coli (61), protects against endotoxin-induced lethal
shock in piglets (35), neutralizes endotoxin (62), protects rats
from gut-related E. coli systemic infections (17), protects rab-
bits from Shigella flexneri-induced inflammatory enteritis (22),
and decreases invasiveness of S. flexneri in HeLa cells (23).

The purpose of this study was to determine the effect of
lactoferrin on the type III secretory system of EPEC. We first
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evaluated the effect of lactoferrin on attachment and actin
polymerization. To isolate the initial steps in pathogenesis
(needle complex-dependent secretion of EspABD), we fo-
cused on the hemolytic activity of EPEC. This approach al-
lowed us to determine the effect of lactoferrin on the events
prior to intimin-Tir-induced actin polymerization.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Wild-type EPEC O127:H6 E2348/69,
a well-characterized virulent strain, was used in this study. Bacteria were grown
under conditions that are known to induce the formation of the needle complex
(31). Bacteria from overnight growth in Luria broth were inoculated at a final
concentration of 1.7 X 10° CFU/ml in Dulbecco’s modified Eagle’s medium
(DMEM) with 25 mM HEPES, pH 7.4, and incubated at 37°C in a 5% CO,
incubator.

Lactoferrin. Recombinant human lactoferrin purified from Aspergillus
awamori was provided by Agennix Corporation (Houston, Tex.). This lactoferrin
preparation was 11% iron saturated. Unless otherwise noted, all experiments
were done with a concentration of 10 mg of lactoferrin/ml (0.125 mM), which is
approximately the concentration present in human colostrum.

Adherence assay and induction of actin polymerization. The ability of lacto-
ferrin to block EPEC attachment and actin polymerization was evaluated in a
HEp2 cell assay system. A subconfluent layer of HEp2 cells was infected with
EPEC E2348/69 at bacterium-to-target ratios of 50:1 and 500:1 with or without
lactoferrin (10 mg/ml) and incubated at 37°C in 5% CO, for 4 h. HEp2 cells were
then washed vigorously to remove nonadherent bacteria, fixed with 4% formalin,
permeabilized with Triton X-100, and stained with BODIPY-phallacidin (for
actin) and 4’,6'-diamidino-2-phenylindole (DAPT) (for cell nucleus and bacterial
DNA). The percentage of cells showing fluorescent actin staining (FAS) was
determined. A HEp2 cell was considered FAS positive if there was a microcolony
with at least 10 bacteria with associated actin polymerization. A minimum of 200
HEp?2 cells were counted on each slide.

Hemolysis assay. The initial attachment of EPEC was studied by a hemolysis
assay. An intact type III secretion system is required to cause hemolysis of red
blood cells in vitro (29, 49, 56). Human erythrocytes were obtained from volun-
teers after informed consent. Erythrocytes were washed three times with 10 mM
phosphate-buffered saline (PBS; pH 7.4) and added to EPEC (final concentra-
tion, 1.7 X 10° CFU/ml) in DMEM-HEPES; the erythrocytes were at a final
concentration of 2% of the total volume. This preparation was incubated in the
presence or absence of lactoferrin (0 to 10 mg/ml). After 6 h of growth in
lactoferrin-DMEM-HEPES, erythrocytes and bacteria were removed by centrif-
ugation (17,000 X g for 5 min) and supernatants were monitored for hemoglobin
release by measuring the optical density at 543 nm (ODs,3). Myoglobin, an
iron-containing protein, was used as a control.

Measurement of EspABD. The effect of lactoferrin on the secretion of E. coli
proteins that are responsible for hemolysis was determined. Bacteria were grown
in DMEM-HEPES without erythrocytes in the presence or absence of lactoferrin
(10 mg/ml) for a period of 7 h. Bacterial growth was monitored spectrophoto-
metrically at the ODj. Aliquots were serially removed and centrifuged (17,000
X g for 10 min), and pellets and supernatants were prepared. The supernatants
were assayed in an enzyme-linked immunosorbent assay (ELISA) to measure the
amount of released proteins. Ninety-six-well microtiter plates (Immulon 2 HB;
Thermo Labsystems, Franklin, Mass.) were coated with duplicate samples of 100
wl of each supernatant and incubated overnight at 4°C. Plates were then blocked
with 5% bovine serum albumin for 1 h at 37°C. Affinity-purified anti-EspA from
human milk (M. Noguera-Obenza and T. G. Cleary, unpublished data) and
monoclonal antibodies against EspB (15) and EspD (49) diluted in 0.1% bovine
serum albumin were used for the detection of secreted proteins. Peroxidase-
conjugated anti-human secretory IgA was used for EspA detection, and perox-
idase-conjugated anti-mouse IgG was used for EspB and EspD detection. The
reaction was developed with o-phenylenediamine and H,O,, and it was stopped
by adding 2.5 N sulfuric acid. The plates were read at the OD 4.

Pellets obtained as described above were washed twice with PBS and resus-
pended in sample buffer (2-mercapthoethanol, sodium dodecyl sulfate [SDS],
and 0.1% bromophenol blue). Samples were then resolved by SDS-12.5% poly-
acrylamide gel electrophoresis, transferred to nitrocellulose, blocked with 3%
skim milk, and incubated overnight at 4°C with either affinity-purified anti-EspA
or monoclonal antibodies to EspB and EspD and the conjugates listed above.
Western blots were developed by using H,O, and 0.3% 4-chloro-1-naphthol. The
development was stopped by washing with distilled water.
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FIG. 1. Effect of lactoferrin on EPEC actin polymerization in
HEp2 cells. HEp2 cells were incubated with EPEC at bacterium-to-cell
ratios of 50:1 and 500:1 in the presence (white bars) or absence (filled
bars) of lactoferrin (10 mg/ml). Actin polymerization was determined
by the percentage of cells showing FAS. Lactoferrin significantly de-
creased FAS positivity (means = SD of results from three experi-
ments).

Studies with purified EspB. Purification of EspB was done by using E. coli
M15 containing the plasmid encoding C-terminally histidine-tagged EspB (orig-
inally cloned from Shiga toxin-producing E. coli O26:H strain 413/89-1) (16).
This strain was grown in Terrific broth (ENE Mate; ISC Bioexpress, Kaysville,
Utah) until the ODy, was 0.7. Bacteria were induced to express EspB by adding
isopropyl-B-p-thiogalactopyranoside (final concentration of 1 mM) and phenyl-
methylsulfonyl fluoride (1 mM) at 30°C for 3 h. The cells were harvested by
centrifugation, and the pellet was lysed by lysozyme and sonication. The resulting
supernatant was incubated with nickel nitrilotriacetic agarose (Qiagen, Valencia,
Calif.) for 1 h at 4°C. The agarose was then poured into a column and washed
with increasing concentrations of imidazole in PBS to elute the purified protein.
All steps during the purification were performed under nondenaturing condi-
tions according to the manufacturer’s instructions. SDS-polyacrylamide gel elec-
trophoresis was performed to confirm the purity of the eluted protein.

To determine the stability of purified EspB in lactoferrin, EspB (0.5 to 8
pg/ml) was incubated with various concentrations of lactoferrin (0 to 10 mg/ml)
in DMEM-HEPES for 4 h at 37°C in a 5% CO, incubator. EspB remaining after
incubation with lactoferrin was assessed by ELISA and Western blotting. A
standard curve was made by using defined concentrations of EspB to enable an
exact quantitation of the amount of protein in unknown samples. There was a
linear relation between the amount of EspB and the OD determined by ELISA
(OD = 0.4231 EspB + 0.0395).

Pure EspB (2 pg/ml) was then incubated with lactoferrin (10 mg/ml) in the
presence or absence of protease inhibitors, antipain (100 uM), aprotinin (800
nM), chymostatin (100 wM), and soybean trypsin inhibitor (5 mM), for 2 h at
37°C in a 5% CO, incubator. The EspB remaining after incubation was assessed
by Western blotting.

Statistical methods. Data are expressed as means * standard deviations (SD)
unless otherwise noted. Regression analysis was used for comparison of secreted
proteins over time in the presence or absence of lactoferrin. Paired data were
analyzed by two-tailed Student’s ¢ test.

RESULTS

Lactoferrin inhibits EPEC-induced actin polymerization.
To determine the effect of lactoferrin on EPEC attachment
and induction of actin polymerization in mammalian cells, a
HEp2 cell model was used. FAS positivity was significantly
decreased in the presence of lactoferrin (P < 0.01, n = 3
experiments). Lactoferrin inhibited EPEC-induced FAS by
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FIG. 2. Effect of lactoferrin on human red blood cell hemolysis
caused by EPEC. Lactoferrin at different concentrations (0 to 10 mg/
ml), incubated with 2% erythrocytes and bacteria in DMEM-HEPES
for 6 h, blocked EPEC-induced hemolysis in a dose-dependent man-
ner.

70.4%, with a bacterium-to-target ratio of 50:1, and by 65.3%,
with a bacterium-to-target ratio of 500:1 (Fig. 1). Since previ-
ous data with the Shigella model (21) suggested that lactoferrin
disrupts the type III secretory system, we next focused on
EPEC-induced hemolysis so that we could isolate the first steps
in EPEC type III secretory system function.

Lactoferrin blocked EPEC-induced hemolysis. Lactoferrin
blocked EPEC-induced hemolysis in a dose-dependent man-
ner (r = 0.9637, P < 0.01) (Fig. 2). Lactoferrin (0.125 mM)
reduced hemolysis by 43% = 5%; this was significantly differ-
ent from myoglobin (0.125 mM), which reduced hemolysis by
1% =+ 6% (P < 0.02). This reduction in hemolysis could be
explained by a possible effect of lactoferrin on EPEC’s growth
or an effect on the type III secretory system. We therefore next
determined whether lactoferrin decreased bacterial growth un-
der the assay conditions.

Lactoferrin did not impair growth of EPEC. Lactoferrin, at
a concentration of 10 mg/ml (37°C, 7-h incubation in DMEM-
HEPES), did not affect the growth of EPEC. Growth was
determined by hourly measurements of the ODy, for an initial
inoculum of 1.7 X 10° CFU/ml. Saturation with ferric chloride
at a 2:1 molar ratio of iron to lactoferrin had no effect on
growth (Fig. 3). We next evaluated the effect of lactoferrin on
type III secretory system secreted bacterial proteins that are
critical for hemolysis.
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FIG. 3. Growth curve of EPEC in the presence of lactoferrin. Bac-
teria were incubated in DMEM-HEPES, pH 7.4, at 37°C in a 5% CO,
incubator for 7 h in the presence or absence of lactoferrin. Bacterial
growth was monitored every hour spectrophotometrically at the
ODg. Bacteria in DMEM-HEPES (4) and DMEM-HEPES satu-
rated with iron (m) had growth similar to that of bacteria in DMEM-
HEPES with lactoferrin (10 mg/ml) (A) or DMEM-HEPES with lac-
toferrin saturated with iron (2:1 molar ratio of iron to lactoferrin) (O)
(means of results of three experiments).

Lactoferrin decreased the ability to detect EspABD secreted
into growth media. Bacteria in DMEM-HEPES, when not
treated with lactoferrin, started secreting EspABD after 2 to
3 h of incubation, with a peak at 6 to 7 h. When bacteria were
grown in the presence of lactoferrin, the amount of EspB
detected by ELISA dramatically decreased in the supernatant
(n = 3 experiments, P < 0.0001), as did the amount of EspA
(P < 0.001). The effect of lactoferrin on EspD was less dra-
matic. Saturation with iron (2:1 molar ratio of iron to lacto-
ferrin) did not affect these results (Fig. 4).

Bacteria were then grown in DMEM-HEPES for 5 h, a time
point at which there are large amounts of secreted proteins in
the supernatant as described above. At 5 h, lactoferrin (10
mg/ml, final concentration) was added to the culture media,
and 15 min later, the amount of EspABD in the supernatant
was measured. Lactoferrin produced an immediate and signif-
icant decrease in the amount of EspB in the supernatant
(96.4% = 0.7% reduction, P < 0.03, n = 3 experiments). It also
decreased EspA (61.1% =+ 22.1%) and EspD (51% =+ 27.8%).

Since the most significant effect of lactoferrin was seen on
EspB, we focused on this protein. Lactoferrin (0.01 to 10 mg/
ml) was added to bacteria after growth in DMEM-HEPES for
5 h. Immediately after lactoferrin was added, as well as 15 and
30 min later, the amount of EspB present in the supernatant
was measured by ELISA. Lactoferrin produced an immediate
decrease in the amount of EspB in the supernatant in a dose-
dependent manner (Fig. 5). This decrease in the detection of
the proteins could be explained by a possible effect of lacto-
ferrin blocking the ELISA plates, by binding of lactoferrin to
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the proteins, or by lactoferrin-mediated proteolytic digestion.
To evaluate these possibilities, we assessed the effect of lacto-
ferrin on these proteins by Western blot analysis.

Lactoferrin decreased the amount of cell-associated EspABD
in the bacterial pellet. Bacteria in DMEM-HEPES started to
have detectable amounts of cell-associated EspABD after 2 to
3 h of incubation, with a peak at 5 to 6 h (Fig. 6). Lactoferrin
at a concentration of 10 mg/ml dramatically decreased the
amount of cell-associated EspA, EspB, and EspD at 3, 5, and
6 h of incubation. The most striking change was with EspB.
This reduction in the amount of the secreted proteins could be
explained by a possible effect of lactoferrin on the synthesis of
the proteins (down-regulation of the espA, espB, and espD
genes) or on degradation of the proteins. Since it is known that
lactoferrin has a proteolytic effect on proteins secreted by
Shigella and Haemophilus spp. (21, 43), we focused on the
latter possibility. For this purpose, we used purified EspB.

Lactoferrin caused degradation of EspB. Pure EspB (0.25 to

* 8 pg/ml) was incubated with lactoferrin (0 to 10 mg/ml) for 4 h,

Amount of EspA (OD 490)

0 1 2 3 4 5 6 7 at 37°C in a 5% CO, incubator. The final concentration of
. EspB was measured by ELISA. Lactoferrin decreased the
Time (hours) amount of EspB in a dose-dependent manner (Fig. 7).

The above-described experiments suggested that lactoferrin
was causing degradation of the secreted proteins. To confirm
these findings, lactoferrin (10 mg/ml) was incubated with pure
EspB (2 pg/ml) for 2 h and then Western blotting was per-
formed; it showed that EspB was degraded into three bands.
Since previous studies suggest that lactoferrin has a serine
protease activity, the ability of serine protease inhibitors to
block proteolysis was investigated. EspB degradation was in-
hibited by antipain, chymostatin, and soybean trypsin inhibitor

(Fig. 8).
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EPEC, like many bacterial pathogens, uses a type III secre-
tion system to deliver effector proteins into host cells (30). The
supermolecular structure of the EPEC type III secretory sys-
tem has been extensively studied (10, 12, 27, 33, 48, 58). In this
Time (hours) study, we have demonstrated that lactoferrin impairs the func-
tion of the type III secretory system. It blocks actin polymer-
ization due to interference with the initial step in EPEC mam-
malian cell attachment. Lactoferrin blocked FAS and
hemolysis by causing degradation of the proteins necessary for
bacterial contact and pore formation.

The type III secretory system is necessary to cause hemolysis
in vitro (29, 49, 56). The ability of lactoferrin to block EPEC-
induced hemolysis implies an effect of lactoferrin on compo-
nents of the type III apparatus, especially the secreted proteins
EspA, EspB, and EspD, which are known to be key elements
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FIG. 4. Effect of lactoferrin on the amount of EspA (a), EspB (b),
and EspD (c) secreted into the growth media. Bacteria in DMEM-
0 1 2 3 4 5 6 7 HEPES (®) and DMEM-HEPES saturated with iron ([J) begin se-

Time (hours) creting EspABD, measured by ELISA, at 2 to 3 h of incubation, with

a peak at 6 to 7 h. Lactoferrin (10 mg/ml) (A) decreased the detection

of EspA and EspB in the supernatant and delayed the detection of

EspD. Saturation of lactoferrin with iron (O) did not affect these
results (means = SD of results of three experiments).
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FIG. 5. Effect of lactoferrin added after 5 h of EPEC growth on
supernatant concentration of EspB. Bacteria were grown in DMEM-
HEPES for 5 h before lactoferrin was added at the following concen-
trations: 0.01 (m), 0.1 (A), 1 (#), and 10 (®) mg/ml. Immediately after
adding lactoferrin, 15 and 30 min later, the amount of EspB in the
supernatant was measured by ELISA. Lactoferrin produced an imme-
diate decrease in the amount of EspB in a dose-dependent manner.

of EPEC hemolytic activity. In this study, the most dramatic
effect of lactoferrin was observed on EspB, a protein that is
critical for the development of the attaching and effacing lesion
characteristic of EPEC infection. It has been demonstrated
that in the absence of EspB no alterations in the cytoskeleton
are observed, Tir does not become localized to the cell mem-
brane, and flux of inositol phosphate is not observed in in-
fected cells (19, 32). EspB is required for changes in short
circuit current across polarized intestinal epithelial cells and
for membrane depolarization in Caco-2 cells (8, 50). EspB is
also required for induction of NF-«kB activation, for interleu-
kin-8 secretion, for transepithelial migration of neutrophils,
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FIG. 6. Composite Western blot showing the effect of lactoferrin
on cell-associated EspA, EspB, and EspD. Bacteria were grown in
DMEM-HERPES, and their pellets were evaluated for the presence of
EspABD. In the control groups with DMEM-HEPES at 3, 5, and 6 h
(3G, 5C, and 6C, respectively), EspA, EspB, and EspD were detected.
In the lactoferrin groups at 3, 5, and 6 h (3L, 5L, and 6L, respectively),
EspA and EspD were decreased and EspB was undetectable. At 6 h
there was the suggestion that EspD breakdown products were also
detected. Molecular mass markers are shown in kilodaltons on the left.
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FIG. 7. Effect of lactoferrin on pure EspB. Purified EspB at various
concentrations (0.25 to 8 pg/ml) was incubated with lactoferrin (0 [X],
0.01[<],0.1[A], 1[0], and 10 [O] mg/ml) for 4 h at 37°C. The amount
of EspB remaining was determined by ELISA. Lactoferrin decreased
the amount of EspB in a dose-dependent manner.

and for a decrease in transepithelial electrical resistance, all of
which may contribute to diarrhea (46, 47, 60).

The role of the type III secretory system proteins in disease
has been investigated with animal models. EspA and EspB
proteins were required for virulence and triggering formation
of the attaching and effacing lesion in a rabbit EPEC model
(1). Likewise, in the Citrobacter rodentium murine colonic hy-
perplasia model (mouse EPEC equivalent), EspB was neces-
sary for signal transduction and for colonization (40). Thus, it
has been confirmed that the type III secretory system events
do, indeed, occur in vivo and are very likely to be critically
important for development of disease.

EspB is also likely to be important in human infection. A
randomized trial with adults showed that diarrhea was more
common in volunteers who ingested a wild-type EPEC strain
than in those who ingested an isogenic AespB mutant strain.
Humoral and cell-mediated immune responses to EPEC anti-
gens were stronger among the recipients of the wild-type strain
(52). These results demonstrated that EspB is a critical viru-
lence determinant of EPEC infection and suggest that EspB
contributes to an immune response.

The effect of lactoferrin on EPEC secreted proteins found in
this study has a parallel in other bacterial models. Similar
observations were made regarding the effect of lactoferrin on
S. flexneri (21). Lactoferrin induces release and causes degra-
dation of two key virulence proteins, invasion plasmid antigens
B and C (IpaB and IpaC), which are necessary for the invasion
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FIG. 8. Proteolytic effect of lactoferrin on EspB. Pure EspB (2
pg/ml) was incubated with DMEM-HEPES (lane 2, control), lactofer-
rin (10 mg/ml) without protease inhibitors (lane 3), lactoferrin plus
chymostatin (lane 4), or lactoferrin plus trypsin inhibitor (lane 5).
Three degradation products of EspB are seen with lactoferrin that are
not seen with the protease inhibitors. Lactoferrin plus antipain had the
same effect (data not shown). Molecular mass markers in kilodaltons
are shown in lane 1.
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of mammalian cells by Shigella. The proteolytic effect of lac-
toferrin on IpaB and IpaC is partially blocked by serine pro-
tease inhibitors. Likewise, in Haemophilus influenzae, lactofer-
rin attenuates pathogenic potential by selectively inactivating
IgA1 protease and Hap adhesin, two autotransported proteins
that are presumed to facilitate colonization (43, 44). Lactofer-
rin removes IgAl protease from the bacterial cell wall and
proteolytically degrades Hap. Both actions are inhibited by
serine protease inhibitors. Lactoferrin cleaves these Hae-
mophilus surface proteins at arginine-rich sites (28).
Lactoferrin has been thought to protect against gram-nega-
tive bacteria in a variety of ways. It sequesters iron that is
essential for bacterial growth (3). However, the antibacterial
activity of lactoferrin is not due only to its iron-binding capacity
(51, 55). A pepsin-derived fragment of lactoferrin has iron-
independent bactericidal activity that is associated with release
of lipopolysaccharide (LPS) (59). Lactoferrin binds to LPS via
two sites: a high-affinity N-terminal domain and a low-affinity
site in the C terminus (18). Lactoferrin binding to the lipid A
portion of LPS on the cell surface disrupts the bacterial cell
membrane (2, 5). Lactoferrin binding to the phosphate groups
of lipid A makes the fatty acyl chains more rigid, so they
become more tightly packed (5). The change in LPS packing
induced by lactoferrin’s N-terminal positive charges could dis-
rupt interactions between LPS and proteins in or near the
surface. We speculate that the binding of lactoferrin to LPS
interferes with the type III secretory machinery, causing the
secreted proteins to be released and then digested. Lactof-
errin-induced release could explain why the cell-associated se-
creted proteins were also decreased in the bacterial pellets.
Based on the Shigella model (21), we have hypothesized that
lactoferrin’s effect is a two-step phenomenon. First, the N-
terminal domain of lactoferrin binds to LPS, causing an in-
creased delivery of the secreted proteins to the cell surface.
Second, lactoferrin induces digestion of the exposed proteins.
Type III secretion systems are conserved across bacterial
species, and many components show similarities to proteins
involved in flagellar biosynthesis. Disruption of the needle
complex and type III secretion system in two type III secretory
system models (EPEC and Shigella) strongly suggests that lac-
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toferrin could provide broad cross protection against entero-
pathogens that share this fundamental mechanism.
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