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Abstract

The action of bovine lactoferrin saturated with iron, zinc and manganese on the intracellular multiplication of
Legionella pneumophilén HelLa cells has been tested. The results obtained showed that lactoferrin did not
influence the invasive efficiency dfegionella The intracellular multiplication of the bacterium was inhibited

by apo-lactoferrin and by lactoferrin saturated with manganese and zinc, whereas lactoferrin saturated with iron
enhanced the intracellular growth. Experiments in parallel were performed with iron, manganese and zinc citrate
to test the effect due to the metal ions alone. Even in this condition the addition of an iron chelate enhanced the
multiplication of Legionellawhile the manganese chelate produced a certain inhibition.

Introduction 1989, 19914, 1991b, 1993). This pool derives its iron
primarily from iron-transferrin via transferrin recep-
Legionella species are ubiquitous bacteria, widely tors, iron-lactoferrin via lactoferrin receptors, and the
distributed in aquatic habitats and soil, capable of iron storage protein ferritin, which recycles iron to
autonomous multiplication and of growing within par- the pool (Shuman & Horwitz 1996). Consistent with
asitized cells (Oldham & Rodgers 1985, Fields 1993, this hypothesis, deferoxamine, an iron chelator that
Horwitz 1993). Similarly to other microrganismsthese chelates intracellular iron from the labile iron pool,
bacteria must obtain from their environment all the completely inhibits the intracellular multiplication of
essential nutritional elements and among these iron L. pneumophila(Green & Byrd 1997). This chelat-
has a particular relevance. It has been shown that ining effect of deferoxamine is completely reversed by
culture media the growth dfegionellais significantly the addition of iron-saturated transferrin but not by
related to the iron content of the medium, as demon- apotransferrin, as previously demonstrated by Byrd &
strated by varying the availability of this element or Horwitz (1989).
by iron sequestering by means of chelating agents  In addition to iron, transferrin binds a number of
(Goldoni et al. 1991). Significant results have been other transition metals (Valengt al. 1987) yield-

obtained by studying the multiplication dkgionella ing complexes in which the overall physico-chemical
in the presence of iron chelating agents as desferal properties of the protein are not changed, with the
(Quinn & Weinberg 1988), enterochelin (Revexsl. sole exception of a small perturbation of the metal

1983) and transferrins (Quinn & Weinberg 1988) in binding-site conformation (Chasteen & Woodworth
relation to their degree of iron saturation (Bortner 1990, and references therein). However, the affin-
etal.1986, Byrd & Horwitz 1991b). Whehegionella ity of the protein for the different metals under
pneumophilas growing intracellularly in monocytes the same conditions varies, being higher for iron
the iron acquisition takes place from the intermedi- (F€t>Cw?t>2Zn?t>Mn?*) (Aisen 1980). In the

ate labile iron pool of the host cell (Byrd & Horwitz = present paper results are reported concerning the ac-
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tion of apolactoferrin from bovine milk (apo-BLf) and
bovine lactoferrin (BLf) saturated with iron (&
BLf), manganese (M#t-BLf) and zinc (Zr#t-BLf)
on intracellular multiplication of.. pneumophila

Materials and methods

Bacterial strain and media

Avirulentclinical isolate oL.. pneumophilaerogroup

6, strain Monza 3/1386 (Goldonét al. 1995),
which was subcultured only twice after isolation,
was used. The strain was stored as a stock cul-
ture at —70°C in skimmed milk, and subcultured
once on buffered charcoal-yeast extract agar with
ketoglutarate 0.1% (BCYk-agar) (Oxoid, Unipath
Limited, Basingstoke, Hampshire, England) supple-
mented with Legionella growth supplement (Oxoid)
before use.

A different medium was used in the experiments
on the utilization of various iron sources. It consisted
of yeast extract broth (Difco Laboratories, Detroit,
MI, USA) 10 g I"! supplemented with L-cysteine
(400 mg 1) and alternatively F¥&-Lf, FeSQ,
FeCk. The concentration of these three compounds
was calculated on the basis of the iron content of the
chemically defined medium by Reevesal. (1983)
in order to obtain a suitable iron concentration sup-
porting bacterial growth. A half concentration, with an
iron content comparable to that present in 1 mgl
completely saturated Bé-BLf, was also used. In
these tests the bacterial inoculum was® I®lony
forming units (cfu) mtl. The visible growth ofLe-
gionellawas controlled after 72 and 96 h.

Cells

HelLa S3 cells were grown at 3T in Eagle’s min-
imal essential medium (MEM) containing NaHgO
1.2 g "1, heat-inactivated foetal calf serum 10% and
2 mM glutamine. The same medium containing 2%
foetal calf serum was used to maintain the cells.

Chemicals

Apo-BLf was purchased from Fluka Chemie AG,
Buchs, Switzerland. Lactoferrin purity was checked
by SDS-PAGE stained with silver nitrate. HLf,
Mn2*tBLf and Zr**BLf were prepared by incubation
of the apo-protein dissolved in 0.1 M sodium bicar-
bonate with a ten-fold excess of the citrate complex
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Figure 1. Effect of lactoferrin chelated with different metal ions
on Legionella pneumophiléntracellular multiplication. On the ab-
scissa the time 0 corresponds to the first bacterial count after the
removal of gentamycin (3 h after the infection).
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Figure 2. Effect of citrate complexed with different metal ions
on Legionella pneumophilntracellular multiplication. On the ab-
scissa the time O corresponds to the first bacterial count after the
removal of gentamycin (3 h after the infection).

of the different metal ions for 12 h at room temper-
ature, followed by extensive dialysis against 0.1 M
sodium bicarbonate to remove unligated metal ions.
After incubation of the protein in MEM for 1 and 2 h,

in the presence or absence of cells, the metal satura-
tion of the three BLf preparations was determined by
an atomic adsorption spectrophotometer Perkin-Elmer
model 360. The values obtained were 10% for apo-
BLf, 95% for Fe+-BLf and 85% for both MA*-BLf

and Zrf*-BLf.



To supply ferric, manganese and zinc ions to
the cells at the concentration of 28M, correspond-
ing to that required to saturate at 100% 1 mg !
BLf, metal ion citrate complexes were prepared from
sodium citrate and chloride or sulfate salts of the
different metals.

Cell toxicity test

HeLa S3 cells (4x 1C° cells miY) were seeded in
growth medium in 96-well plates (0.1 ml per well),
and allowed to adhere for 24 h at 3Z. They were
then incubated with various concentrations of the dif-
ferent compounds in Eagle’s MEM plus 2% foetal calf
serum for 2 h or for 48 h at 3T in a moist air at-
mosphere containing G%. Monolayers treated for

2 hwere incubated at 3T for additional 24 h in drug-
free medium before being examined. Monolayers
treated for 48 h were observed directly after treatment.
Cells were inspected to detect changes in morphol-
ogy such as swelling, granularity, rounding or floating,
and their viability was determined by neutral red up-
take method. In addition, a 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyl tetrazolium bromid (MTT)-based as-
say (Cell Proliferation Kit I) (Boehringer Mannheim,
GmbH, Germany) was employed for the non radioac-
tive quantification of cellular proliferation, viability,
and cytotoxicity.

Antibacterial activity

The minimal inhibitory concentration (MIC) was de-
termined in serial two-fold dilutions of each chemical
in yeast extract broth with Legionella growth sup-
plement (Oxoid). Dilutions were prepared from the
maximal non-cytotoxic concentration. A standardised
Legionellasuspension was added to each dilution to
a final concentration of approximately316fu mi~1.
MIC was considered as the lowest concentration of
each compound inhibiting a visible growth after in-
cubation for 72 h at 37C in CO, 2.5%. Dilutions
without visible growth were plated on BCY&-agar

to determine the minimal bactericidal concentration
(MBC).

Invasion and intracellular multiplication of
Legionella

A modification of the techniques described by Fin-
lay & Falkow (1988) and Harley & Drasar (1989)
was used. For the assay Hela cells were sus-
pended in antibiotic-free complete Eagle’'s MEM,
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plated in 24-well culture dishes (Falcon, Becton Dick-
inson and Company, Franklin Lakes, NJ, USA) at
2.2 x 10° cells per well and maintained at 3C
in a moist air atmosphere containing €@.5%. Af-
ter incubation for 24 h cell monolayers were washed
twice with antibiotic-free complete Eagle’'s MEM and
0.25 ml of a bacterial suspension in the same medium
(4 x 10* cfu mI~1) were added to the cells. After
1 h of centrifugation at 400Q the plates were incu-
bated for 1 h at 37C. The cells were then washed five
times with Eagle’s MEM supplemented with gentam-
icin (50 ug mI~1) and left in the same medium for 1 h
at 37°C to kill non-internalised bacteria. Cells were
then washed twice with antibiotic-free complete Ea-
gle’s MEM and disrupted by addition of sterile double
distilled water (0.2 ml per well). The number of viable
bacteria in the lysate was counted as described below.
Lactoferrin preparations (apo-BLf, F&BLf,
Mn2t-BLf, Zn?t-BLf) were tested at concentration
of 1 mg/ml. Citrates (N&, Fe*t, Mn?t, Zn?t) were
used in solutions (2xM) in which the content of the
metal was identical to that present in the saturated BLf
preparations. The solutions of chelating agents were
added together with the inoculum in the penetration
assays or after the bacterial invasion. In the invasion
experiments cell monolayers were disrupted to recover
intracellular bacteria three hours after the infection,
immediatly after the incubation with gentamycin. In
the intracellular multiplication assays the chelating
agents were added three hours after the infection and
maintained in contact with the infected cells for 24 h or
48 h. Appropriate controls were also included in which
non-infected cells were maintained in the presence of
the compounds throughout the tests. Values reported
are means of triplicate experiments.

Bacterial counts

The number (cfu) of viable legionellas in the inocu-
lum and in the cell lysates were assessed by plating
the samples on BCYk-agar, and by counting the
number of colonies developing after 72 h incubation at
37°C in a moist air atmosphere containing £05%.

Fluorescent microscopy for the lactoferrin binding
and internalization tests

(a) BLf binding

HelLa S3 cells, grown in tissue chamber slides (Lab-
Tek, Miles Laboratories, Inc., Naperville, IL, USA)
for 24 h at 37C in 5% CQ, were treated with
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Table 1. Toxicity of different preparations of lactoferrin on HelLa
cells and antibacterial activity dn pneumophila

1 mg mi! of differently saturated BLf for 1 h atC.
After treatment, cells were washed three times in PBS

at 4°C and Lf binding to the plasma membrane was brug Maximal non-toxic MIC MBC

detected by indirect immunofluorescence. concentrations on (48 h) (72 h)
Briefly, all steps were carried out at°@ by HeLa cells

utilizing pre-cooled reagents. Cells were incubated Time of contact

with rabbit anti-Lf immunoglobulins (DAKO A/S, 24h 48h

Dgnmark) for 60 min anq, after washing fi\{e Fimes Apo-BLf 8mgmi-t I1mgmrl =8mgmil =8mgmrL
with PBS, cells were stained with fluorescein isoth- 3+ g ¢ gmgmi-! 1mgmil =8mgmrl =8mgmrL
iocyanate (FITC)-conjugated anti-rabbit gammaglob- \;n2+ g1t amgmi-1 1 mgmr? 8mgmr?  >8mgmrL
ulin antibodies (Sigma Chemical Co., St Louis, MO, zp2+gif amgmi-t 1mgmr! 8mgmrl 8mgmrl

USA). After 60 min, cells were washed again and fixed
with 3.7% paraformaldehyde in PBS containing 2%
sucrose for 10 min at room temperature. Cells were
then washed twice in PBS and incubated for 10 min
at room temperature in 0.5% Triton X-100 (Sigma) in

the same buffer containing 10% sucrose. After wash-

ing five times in PBS, cells were mounted in buffered . : ;
der to determine the maximal non-toxic concentra-

lycerol and examined with a Leitz Dialux epifluo- . g
gy P tion towards HelLa cells of bovine lactoferrin in apo-

rescence microscope. Photomicrographs were made ) ; .
using Kodak Tri-X 400 ASA. or differently saturated forms. Serial two-fold dilu-

tions of this concentration were successively tested
on the growth ofL. pneumophilain yeast extract
broth supplemented with Legionella growth supple-
ment. The results showed that the highest concentra-
tion of BLfs which could be used in the experiments
was 1 mg mtl, since this was the maximal non toxic
concentration on HelLa cells (Table 1).

Another test was successively performed in order
to ascertain the possible utilization of various iron
sources by egionellain culture medium. For this pur-

Results

A first set of experiments was carried out in or-

(b) BLf internalization

Hela S3 cells, grown in tissue chamber slides for 24 h
at 37°C in 5% CQ, were treated with 1 mg mt

of different BLf preparations for 1 h at €. Af-

ter treatment, cells were washed three times with
MEM and incubated at 37C for different lengths of
time. BLf internalization was followed by indirect im-
munofluorescence. Prior to staining assays, the cells

were washed three times with PBS, and fixed with L egionell tivated i ¢ extract broth
3.7% paraformaldehyde in the same buffer containing poselLegloneliawas cuitivated in yeast extract bro
supplemented with L-cysteine and alternatively added

2% sucrose for 10 min at room temperature. Cells > .
° b with FeSQ, FeCk and Fét-BIf at non antibacter-

were then washed twice in PBS and incubated for | | tration. Th Its sh d that arowth of
10 min at room temperature in 0.5% Triton X100 'al concentration. The resufs showed that gro °

: : . Legionellatook place in the presence of Fegsénd
(Sigma) in the same buffer containing 10% sucrose. .
Cells were washed again five times in PBS and then FeCh, whereas when the iron was added a$FBLf

transferred to a moist chamber. For BLf detection, there was no bacterial multiplication.

cells were covered with rabbit anti-human lactoferrin, | tAfpogabIe&ﬁecé of ﬂ]f dlffe[jent tprepf;ratgznfs of
cross-reacting with BLf, immunoglobulins, and incu- actorernin on the adsorption and entry phase.e

bated at 37C for 45 min. After incubation, cells were gionellawas tested by means of penetration assays in

washed with PBS and then stained with fluorescein which the number of internalized bacteria was com-

isothiocyanate (FITC)-conjugated anti-rabbit gamma- pared with t_hat observed in the apsencg of BLT. The
globulin antibodies. After 45 min at 3T, cells were results obtained showed that BLf did not influence the

washed in PBS and mounted in buffered glycerol invasive efficiency of.egionellaand no significant dif-
All cells were examined with a Leitz Dialux epiflu- ferences among the various preparations of Lf were

orescence microscope. Photomicrographs were madeOngrV?ﬁ (datatnot sh(;a_\]ifvn). i it btained
using Kodak Tri-X 400 ASA. n the contrary, different results were obtaine

in the intracellular phase by following the multipli-
cation of Legionellain the presence of apo-BLf and
Lf saturated with different ions. In the experiments



Figure 3. Bovine lactoferrin interaction with HeLa S3 cells detected by immunofluorescence. Cells, treated WithBUhfor 1 h at 4°C,
were washed and incubated at°%7 for different lengths of time. M#"-BLf localization was examined: (a) after 1 h incubation &C4
(binding step); (b) 8 h after the binding step; (c) 24 h after the binding step; (d) 48 h after the binding step. Bar repyesents 8

prolonged for 48 h after the infection it was possible citrate used as a control did not produce any effect.
to notice that, by comparison with the controls, only As observed with F&"-BLf, the Fe€* citrate increased
in the presence of Pé-BLf there was an increase in  the intracellular multiplication of egionella whereas
the multiplication ofLegionella The cells added with  a strong inhibition ofLegionellareplication was ob-
apo-BLf showed a slight inhibition of the intracellular tained with M+ citrate, similarly to M&*-BLf.
multiplication, whereas with Z41 - and Mr#t-BLf the Finally, and differently from ZAt-BLf, Zn2* citrate
replication ofLegionellawas inhibited with a stronger  did not cause any effect (Figure 2).
effect in the case of Mt -BLf (Figure 1). In order to control whether BLf added to the
On the basis of these results it appeared necessaryHela cells was internalized by means of a mechanism
to verify whether the increase or the inhibition of bac- of endocytosis, experiments were performed by us-
terial multiplication exerted by Fe-BLf or Mn2+- ing an indirect immunofluorescence test. During the
and Zrf+-BLf was due to the metal ions released into time of contact between BLf and cells the fluorescent
the cell’s medium by the saturated Lf preparations or antibody-conjugated lactoferrin appeared to remain
to the entry of Lf into the cell. For this purpose a set outside the cells and it was not possible to demon-
of experiments similar to those performed with Lf was strate an internalization. In Figure 3 the microscopic
carried out using &, MnZ*t, Zn?t citrate. Sodium  observations obtained with Mh-BLf are reported.
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Discussion et al. 1993; Manabeet al. 1993). These two com-
pounds in fact share the capacity to raise endocytic
Iron availability is a fundamental requirement for vesicle and lysosomal pH and consequently might
L. pneumophila both in vitro and in vivo. Culture interfere with iron availability in the host cell.
media must be supplemented with relatively large As to the action of lactoferrin in particular, the ef-
amounts of iron for optimum growtim vitro and the fect of this iron-binding protein on the extracellular
addition of chelating compounds dramatically blocks (Bortneret al. 1986, 1989) and intracellular (Byrd &
the multiplication of the microorganism. Our experi- Horwitz 1991b) multiplication of.. pneumophildhas
ments in culture medium demonstrated thegionella already been studied. In the former case, i.e. in cul-
was unable to utilize iron when chelated to BLf. This ture medium, lactoferrin had a bactericidal effect and
result must obviously be put in relation to the already killing was dependent on the iron availability, since
reported lack inLegionellaof siderophores capable iron-saturated lactoferrin had no activity. In the case of
of competing with the iron chelating property of the intracellular growth ofLegionellathe effect of lacto-
lactoferrin molecule (Reevex al. 1983). ferrin has been studied in human monocytes (Byrd &
In vivo the intracellular survival and propagation Horwitz 1991b). In this experimental model the situa-
of Legionella which does not produce iron-chelating tion is more complex since the growth bégionella
siderophores, is essentially dependent on the inter- depends on the availability of iron on the interme-
mediate labile iron pool of the host cell. Therefore diate labile pool iron of the host cell. Lactoferrin
substances that directly or indirectly deplete the inter- participates to this pool by a characteristic mecha-
mediate iron pool inhibit.. pneumophilantracellular nism (Green & Byrd 1997) which takes place at the
multiplication. In professional phagocytes it has been cell surface through the binding of one molecule of
reported by Shuman & Horwitz (1996) that this effect lactoferrin to one lactoferrin receptor. In contrast to
can be produced by (a) interferon gamma, which down transferrin receptors, lactoferrin receptors have similar
regulates transferrin receptor expression and intracel- affinity for iron-saturated and unsaturated lactofer-
lular ferritin concentration, shutting off the two major rin. The lactoferrin-lactoferrin receptor complex is
sources of iron to the pool.; (b) weak bases, includ- endocytized into an acidic endocytic vesicle where
ing chloroquine and ammonium chloride, which raise iron is not released in spite of the low pH. In con-
the pH of endocytic vesicles and lysosomes and hencetrast to the transferrin-transferrin receptor complex,
inhibit the pH dependent release of iron from iron- the lactoferrin-lactoferrin receptor complex s recycled
lactoferrin (and ferritin); (c) iron chelators, including back to the cell surface (Moguilewslst al. 1987).
deferoxamine and apo-lactoferrin, the latter molecule Only a proportion of lactoferrin molecules enter the
a host iron-binding protein internalized by specific lysosomial compartment where the complex with the
receptors on the plasma membrane of mononuclearreceptor is degraded and the iron released. This iron
phagocytes. becomes part of the intermediate labile pool and can
Moreover, with non professional phagocytes such be used for the cell metabolism or bound to the iron
as Hela cells, the inhibiting effect shown on the intra- storage protein ferritin. Therefore the size of the inter-
cellular multiplication ofL.. pneumophildy monensin mediate pool depends also on the quantity and type of
(Goldoniet al. 1995) and bafilomycin (Cattamit al. ferritin present within the cell (Green & Byrd 1997).
1997) has been demonstrated in our laboratory. The In experiments carried out in human monocytes
former of these compounds is a carboxylic ionophore (Byrd & Horwitz 1991b) it was shown that apo-
that affects receptor-mediated endocytosis (Maxfield lactoferrin completely inhibited.. pneumophilanul-
1982) by alkalinization of the content of lysosomes or tiplication in non activated monocytes, and enhanced
pre-lysosomal compartments or both, with an effect the capacity of IFf-activated monocytes to inhibit
which is consequent to the insertion of the ionophore L. pneumophilaintracellular multiplication. On the
into lysosomal membranes (Tartakoff 1983). The lat- contrary, iron-saturated lactoferrin had no effect on
ter, i.e., bafilomycin A, is a potent inhibitor of the  the already rapid rate df. pneumophilamultiplica-
V-ATPase proton pump present in intracellular acidic tion in non-activated monocytes. In addition, it re-
compartments which pumps protons into many differ- versed the capacity of activated monocytes to inhibit
ent acidic cell compartments and plays an important L. pneumophilaintracellular multiplication, demon-
role in the acidification and protein degradation occur- strating that.. pneumophilacan utilize iron from the
ring in the lysosomes (Yoshimoet al. 1991; Furuchi lactoferrin-lactoferrin receptor pathway.
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The results of our research carried out in non- metal which can become part of the intermediate la-
professional phagocytes such as Hela cells indicate bile iron pool of the host cell and can be used for the
that in our experimental condition the different prepa- metabolic needs dfegionella As a consequence of
rations of bovine lactoferrin had no effect on the this the growth ofLegionellaincreased as compared
binding of Legionellato the cells, differently from  to the control. When, on the contrary, the element
that observed in the case of &scherichia colien- released by the saturated lactoferrin-lactoferrin recep-
teroinvasive strain (Longhét al. 1993) andListeria tor complex was manganese or zinc, the effect was
monocytogene@\ntonini et al. 1997). The inhibition different, and particularly in the case of manganese
of the invasiveness by lactoferrin in apo- and saturated a certain inhibitory activity onLegionellawas evi-
forms has been ascribed to the binding of the protein dent. This effect has been noticed both in the case of
to glycosaminoglycans (Wet al. 1995) present on  Mn?* citrate and in the case of lactoferrin saturated
the host cell surface. The lack of invasiveness inhibi- with this element, in accordance with the higher toler-
tion observed by us withegionellasuggests therefore  ance ofL. pneumophildowards zinc as compared to
the hypothesis that glycosaminoglycans on the HeLa manganese (Reevetal.1981).
cell surface should not be involved in the early phase
of the interaction betweelnegionellaand HelLa cells.
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