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Antibacterial system generated by lactoferrin in mice In vivo is

primarily a killing system
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Summary. A single dose of bovine lactoferrin (BLF) was given intravenously
(i.v.) to CFW mice 24 hours (h) prior to the i.v. injection of the E. coli lethal
dose (LD;q0). BLF strongly accelerated the clearance rate of E. coli from the
blood as well as its killing rate in the liver, lungs, spleen and kidney. The
highest clearing and killing rate was found 5 h after E. coli LD, injection. The
most intensive killing in the organs examined was found in the lungs and
kidney. Analysis of organs of i.v. BLF-stimulated mice which survived up to
day 30 after the infection by E. coli showed that not all animals were definitely
pathogen-free. It was concluded that the defense system generated by BLF
in mice in vivo is primarily a bacteria-killing one. The participation and
cooperation of reticulo-endothelial (RE)-macrophages and granulocytes in
the phagocytosis and killing of E. coli may thus be related to the protective

activity of LF.
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Lactoferrin (LF) is an iron-binding, multifunctional glyco-
protein found in mammalian tissues of ectodermal origin,
as well as in their secretions and in secondary granules
of neutrophils (Masson et al. 1966, 1969). A substantial
part of the biological role of LF appears to be connected
with natural antimicrobial defense. By means of its
capacity to bind iron strongly, LF (iron-free and/or par-
tially saturated with iron) is able to scavenge iron from the
serum (together with serum transferrin) or other biologi-
cal fluids, deprive micro-organisms of the metal, inhibit
their growth and thus to generate the microbiostatic
defense mechanism in the host (Emery 1980; Bullen
et al. 1991; Weinberg 1992). This mechanism is
efficient enough to eliminate approximately 90% of
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micro-organisms from the pathogenic or potentially
pathogenic being not able to compete for iron with the
iron-binding proteins of the host.

However, some pathogens are well adapted to acquire
iron in the presence of LF or other iron-binding proteins
by various biological mechanisms described earlier (Brock
et al. 1983; Stoebner & Payne 1988; Yang et al. 1993;
Tigyi et al. 1992). In such a case iron deprivation generated
by LF may only delay the microbial growth in vivo. To
eliminate the micro-organisms definitely the host has to
develop a powerful bacteria-killing mechanism(s).

We have previously reported that bovine LF (BLF)
given i.v. to mice protects a high number of animals
against death caused by Escherichia coli lethal infection
in vivo and that supplementation of mice with iron did not
change the survival rate of animals (Zagulski et al. 1989).

Over the last few years LF has been shown to display
various immunoregulatory functions (Bagby et al. 1981;
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Zimecki et al. 1991; Machnicki et al. 1993; Zimecki &
Machnicki, 1994).

The aim of this study was to determine directly the
nature of the antimicrobial mechanism(s) generated by
BLF in mice in vivo.

Materials and methods

Animals

Male and female (50%/50%) CFW mice were bred in the
Institute of Genetics and Animal Breeding (Jastrzebiec).
The animals had free access to a standard laboratory
food and water and were kept at 24—25°C with a light-dark
cycle of 12 hours. Mice were used at the age of 8-10
weeks, weighing 25-30¢.

Preparation and use of BLF

BLF was isolated from milk according to the method
described earlier (Zagulski et al. 1979). The purity of
BLF preparations, as checked by SDS-PAGE and
immunoelectrophoresis, was not less than 99% with
iron saturation of about 95%. LPS contamination was
removed from BLF preparations according to Karpulus
et al. (1987). Briefly, BLF was passed through the Poly-
myxin B-Sepharose 4B (Sigma, St Louis, MO) prepara-
tive affinity chromatography column. After eluting from
the column BLF solution was dialysed against LPS-free
water and recovered by lyophilization. After passing
through the column BLF contained from 3 to 9pg LPS/
1mg protein depending on the preparation used. To
determine the contamination of BLF preparations with
LPS the Quantitative Chromogenic Limulus amebocyte
Lysate assay (QCL-1000, BioWhitaker, Qalkersville,
MD) was used.

For all experiments BLF was diluted in pyrogen-free
phosphate-buffered saline (PBS), pH 7.2 and was given
to mice i.v. or subcutaneously (s.c.), 24 hours before
inoculation with E. coli, at a dose of 10 mg/mouse in a
total volume of 0.1 ml.

Preparation and use of bacteria

Enterotoxigenic strain of E. coli 844 0-78K 80/B
was obtained from National Veterinary Research Insti-
tute, Pulawy, Poland, Veterinary Museum of Micro-
organisms. For all experiments the bacteria were pre-
pared as described earlier (Zagulski et al. 1986). Mice
were injected i.v. (into the lateral tail vein) with a single
dose of living E. colicontaining 2 x 108 cells suspended in

0.1 ml PBS. The dose given i.v. was lethal in control
mice.

Human serum albumin (HSA)

HSA (Sigma) was low endotoxin, of 99% purity, used as
a control protein injected to mice at a dose of 10mg in a
volume of 0.1 ml of PBS. All other chemicals used were
obtained from well-known commercial firms (mainly
Serva, Heidelberg and Sigma) and were of the highest
commercially available grade.

Experimental design

In the first series of experiments blood and tissues from
mice given i.v. BLF, HSA or PBS (controls) and infected
24 hours later with a lethal dose of E. coliwere analyzed
for the presence of living E. coli cells at different times
after infection as indicated in the legend to each figure.
Other series of experiments was performed according to
the same protocol except that BLF, HSA, or PBS were
injected to mice s.c., and that the presence of living E. coli
cells was only evaluated in organs of mice injected with
BLF or PBS (controls).

Determination of the number of living E. coli cells in blood
and tissues

The mice were killed by cervical dislocation at different
times after infection. Blood samples from individual ani-
mals were collected asseptically from the portal vein.
Serial tenfold dilutions of blood in sterile PBS were plated
in a volume of 0.1 ml on McConkey agar (Difco Lab.,
Detroit, MI). The plates were incubated at 37°C for 18
hours. Colonies were counted and expressed as the log
number of the colony forming units (CFU) per 1 ml blood.
After blood collection, spleen, liver, lungs, and kidney
were removed from mice, weighed and homogenized in
sterile PBS (1g wet tissue for 25 ml of PBS) with Glas-
Coll TRI-R K41 homogenizer, 3 x 10 s at 6000 cycles/min
using a glass tube and teflon pestle. Colonies were
expressed as the log CFU per 1g wet tissue.

On day 30 after lethal E. coliinfection a group of mice
stimulated with BLF was examined for the presence of
living bacteria in the blood and organs as described.

Statistical analysis

Analysis of variance using the SAS General Linear
Model was made for clearing and Killing rates to
establish significant differences (P<0.01 and P<0.05)
between means in different experimental groups.
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Figure 1. Clearing rate of E. coli cells et -
from blood of lethally infected mice, ES) 106 B
intravenously pretreated with (O) BLF; u‘j R
(M) PBS (controls); (@) HSA. Blood B
samples were collected from individual o
mice 10min, 2.5 and 5 h after infection. 10% |-
In each treatment group blood from 12 B
mice was analyzed. Results are -
expressed on logarithmic scale as a 10% B
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mean = SEM. ** Means differ
significantly from the control group,
P < 0.01.

Results are presented as means from at least 3 parallel
experiments.

Results

Effect of BLF on clearing of E. coli cells from the blood of
lethally infected mice

Accelerated clearing of bacteria from the blood of mice
stimulated i.v. with BLF was a very quick and dynamic
process (Figure 1). The significant effect of BLF was
already seen 10min after infection. The number of
living E. coli cells gradually decreased, the difference
in the bacterial count per 1 ml of blood between BLF-
stimulated and control mice being wider than 3 orders
of magnitude as measured 5 h after infection. In con-
trols the number of living E. coli cells remained at
constant high level up to 2.5h post infection and
increased at 5h post-infection. The number of living
E. coli cells in the blood of HSA-treated mice was
similar to that of controls. BLF was much less effective
in accelerating clearance of bacteria from the circula-
tion when injected to animals s.c. (Figure 2). Although
the number of living E. coli cells was significantly lower
in the blood of s.c. BLF-stimulated mice than in that of
controls, at 10 min and at 5 h post-infection, the abso-
lute number of living E. coli cells found in the blood of
mice from this group increased with time passing from
infection.

10 min 2.5h 5h
Time after infection

The blood of BLF-stimulated mice which survived up to
day 30 after infection was free of living E. coli (Table 1).

Effect of BLF on killing of E. coli cells in organs of lethally
infected mice

BLF when injected to mice i.v. dramatically stimulated
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Figure 2. Clearing rate of E. coli cells from blood of lethally
infected mice, subcutaneously pretreated with (J) BLF and
(M) PBS (control). Blood samples were collected from
individual mice 10 min and 5 h after infection. In both treatment
groups blood from 12 mice was analyzed. Results are
expressed on logarithmic scale as a mean = SE. **Means
differ significantly from control group, P < 0.01.
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Table 1. Presence of bacteria in the blood and organs of BLF-
stimulated mice lethally infected with E. coli

Number of mice*

Tissue Free of E. coli Infected with E. coli
Blood 12 0
Liver 11 1
Lung 9 3
Kidney 11 1
Spleen 11 1

*Blood and organs from 12 mice were analyzed on day 30 after E. coli
infection. The number of living E. coli cells ranged from 120 to 30000 per
19 of wet tissue.

killing of bacteria in four examined organs (Figure 3). The
differences in the bacterial count per 1g wet tissue
between BLF-stimulated and control mice ranged from
1.5 to 3 orders of magnitude being highest in lungs and in
kidney.

The absolute number of living E. coli cells in organs of
BLF-stimulated mice did not decrease in the course of
time after infection, except in the lungs (data not shown).

However, the number of bacteria in organs of control
mice simultaneously increased up to 1 order of magni-
tude. Moreover, the analysis for the presence of living E.
coli cells in organs of BLF-stimulated mice which sur-
vived up to day 30 after infection showed that 75% of
animals were free of pathogens, in remaining 25% a
small number of living E. coli was found in different
organs (Table 1). HSA has no significant effect on killing
of bacteria in examined organs (Figure 3).

Unlike in the case of clearing of bacteria from the
blood, BLF when s.c. injected to mice efficiently stimu-
lated killing of bacteria in internal organs in a manner
similar to that found for i.v. injected protein (Figure 4).

Discussion

The present results show that the protective system
generated in mice by lactoferrin against E. coli in vivo
(Zagulski et al. 1989) is primarily killing of the organisms.
These are the first results which clearly demonstrate that
native lactoferrin can generate a powerful, nonspecific,
killing, antibacterial system in mammals in vivo. The
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Figure 3. Killing of E. coli cells in livers, lungs, kidneys and spleens from lethally infected mice, intravenously pretreated with (O)
BLF; (W) PBS (controls); (A) HSA. Organs from individual mice were analysed 5 h after infection. In each treatment group organs
from 12 mice were analyzed. Results are expressed on logarithmic scale as a mean * SE. **Means differ significantly from control

group, P < 0.01.
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group, P < 0.01.

system is based on a dramatic acceleration of the clear-
ing rate of live E. coli from the blood, which strongly
suggests the stimulation by LF of expression of the
receptors of E. coli on the surface of phagocytosing
(and killing) cells and the killing rate of E. coli in the
four organs examined. The results also suggest that BLF
given to mice by the s.c. route stimulates only the second
part of protecting system, i.e. accelerates killing rate of
E. coli in the internal organs of mice, to an extent
comparable to that shown for BLF given by i.v. route;
s.c. BLF did not stimulate clearing of E. coli from the
blood. This corroborates our previous results which
showed that when BLF was given by s.c. route only
26% of animals survived on day 30 after receiving
E. coli, compared to the i.v. route, where more than
72% of animals survived (Zagulski et al. 1997). Taking
both results jointly, we conclude that for survival of
animals cooperation between both parts of the protective
system is important.

It is well known that during growth in an iron-limited
environment E. coli synthesize siderophores - entero-
chelin and/or aerobactin (Miles & Khimji 1975; Shand
et al. 1985). Like other siderophore-synthesizing micro-
organisms (Trivier & Courcol 1996) E. coli can easily grow
in the serum at extremely low iron level.

We conclude that E. coli multiply in both BLF-stimu-
lated and BLF-unstimulated animals, although in the first
group the multiplication rate may have been slightly lower
because of lowering of the serum iron levels. The ani-
mals from the BLF-stimulated groups survived (Zagulski
et al. 1989) because of the dramatic acceleration of
clearing and killing activity, stimulated by BLF, which
strongly exceeded the multiplication rate of E. coli.

In our earlier survival experiments with BLF (free of
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iron) in rabbits the serum iron levels were measured in
the blood of individual animals. No correlation was
observed between the serum iron level and the survival
time of the animals (Zagulski et al. 1986). Iron (Fe™3)
given to mice in a single dose sufficient for full saturation
of serum transferrin or in three doses given at three
different times after E. coli, did not change the survival
rate of animals (Zagulski et al. 1989).

A difference between iron-free and iron-saturated LF in
protecting animals against E. coli has not been seen
previously (Zagulski et al. 1985, 1986, 1989). The pro-
tective activity of LF in mice against E. coli was drama-
tically reduced, however, after reticulo-endothelial
system (RES) blockade by dextran sulphate, particularly
if the blocking agent was given before E. coli injection
(Zagulski et al. 1997). This confirms that LF generates
not only bacteriostatic but also a powerful killing system
in vivo. Both systems should act together and cooperate
in vivo. In the present study it is difficult to determine
whether the low levels of iron in serum helps to eliminate
the E. coli from blood and internal organs of BLF-stimu-
lated animals.

The mechanism of the generation of the serum iron-
dependent microbiostatic system by lactoferrin
differs markedly from that found in other biological
fluids (e.g. milk or saliva), in which the system is ‘passive’
and dependent on the iron-chelating ability of iron-free
lactoferrin only. In serum, lactoferrin (iron-free or iron-
saturated) acts by blocking the release of iron from the
reticulo-endothelial (RE)-cells to serum. Simultaneously,
iron from serum transferrin is quickly used for heme
group synthesis (Latendre & Holbein 1983, 1984;
Torrance et al. 1977; Bothwell 1978). The plasma trans-
ferrin iron pool of normal mice is very dynamic, with a
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half-life of iron in the pool of 0.7 h (Latendre & Holbein
1983). This leads to short-term hypoferraemia.

In the liver (Perry & Ofek, 1984) and of other organs
(Koch et al. 1993) there is non-immune rapid clearance
of E. coli from blood. LF also binds with granulocytes
(PMN) (Boxer et al. 1982; Maneva et al. 1983), and for
stimulation and augmentation of phagocytosis PMN
requires LF (Hansen et al. 1976; Bullen & Armstrong
1979; Gresham et al. 1988; Gahr et al. 1991). The
regulatory role of LF in the migratory response of PMN
during inflammation has also been described (Kijstra &
Broersma 1984). Some authors postulate that the acti-
vated PMN leave the circulation (de Haas et al. 1994).
Systemic infusion of LF induced rapid reduction in the
number of circulating granulocytes within the first 2min
(Boxer et al. 1982).

Summarizing we suggest that in the powerful
killing system generated by LF, two types of killing cels
cooperate — macrophages and granulocytes. Coopera-
tion of these types of cells in relation to the role of LF in
the host defence system against intracellular parasites
and other pathogens has been suggested previously
(Byrd & Horowitz, 1991).

The interrelationship between the in vitro killing ability
of LF (or its fragments) (Arnold et al. 1981, Bellamy et al.
1994) and the killing, protecting system generated by
lactoferrin in mammals in vivo (Zagulski et al. 1989)
remains unknown. We believe that in mammals this
protecting system is active under normal physiological
conditions, and its persistent activity may be supported
by the LF continuously released into the blood from
broken down (aged) polymorphonuclear leucocytes. In
our experiment conditions the basal level of its activity
was too low to clear off or kill the lethal dose of E. coliand
the injection of endogenous BLF strongly activated the
microbicidal capacity of the RE-system. We suggest
therefore that the protecting system generated in vivo
by BLF in mice against E. coli is primarily of a killing
nature.
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