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This study was done primarily to determine whether the previously observed specificity of the meningococcal
transferrin and lactoferrin receptors for human proteins was maintained in vivo during meningococcal
infection in mice. Preliminary experiments evaluating the choice of host strain, the age and sex of mice, and the
growth conditions of the meningococci indicated that 45-day-old female Swiss Webster mice challenged with
meningococci grown on low-pH, low-iron Mueller-Hinton agar plates were appropriate for this study. The
comparison of transferrins and lactoferrins from different species demonstrated that only the human forms of
these proteins were utilized by meningococci; there was significantly greater mortality among mice treated with
iron-saturated human transferrin or lactoferrin (93 and 100%, respectively) than among those not treated or
treated with iron-saturated bovine transferrin or bovine lactoferrin (0%). Provision of exogenous hemoglobin
also resulted in increased mortality, although not as great as that observed with amounts of transferrin with
equivalent iron content, which parallels the more effective utilization of transferrin and lactoferrin in in vitro
growth experiments. In addition, unlike with transferrin and lactoferrin, there was no difference in utilization
of human and bovine hemoglobin in vitro or in vivo.

Iron is essential for the growth of nearly all microorgan-
isms, and thus specific mechanisms for acquisition of this
important element are present in most microbes (22). The
human host provides an environment in which the availabil-
ity of iron is limited. Iron is sequestered by the protein
transferrin in the systemic circulation and extracellular com-
partment (4) and by the protein lactoferrin on mucosal
surfaces (12). Although hemoglobin accounts for a large
proportion of the total iron in the body, its intracellular
location makes it unavailable to most invading microorgan-
isms unless erythrocyte lysis occurs. Released hemoglobin is
quickly complexed by the serum protein haptoglobin (6), and
similarly, released heme is complexed by the serum protein
hemopexin (16).

Neisseria meningitidis is capable of acquiring iron from
human transferrin (hTf) (14) and human lactoferrin (hLf) (15)
for growth in vitro. The uptake of iron from transferrin
requires contact of transferrin with the cell surface, does not
result in intracellular accumulation of transferrin, and re-
quires energy (1, 20). The expectation that iron acquisition
from these proteins is a receptor-mediated process has been
supported by the detection of distinct cell surface receptors
for hTf (18) and hLf (19) and the correlation of mutational
loss of transferrin-binding activity with loss of ability to
specifically utilize transferrin (21). N. meningitidis is also
capable of acquiring iron from hemoglobin for growth, even
when hemoglobin is complexed to haptoglobin (5), but
relatively little is known about the mechanism of iron
acquisition from hemoglobin. Although N. meningitidis can
utilize released hemoglobin, it is not known to produce
specific hemolysins that would facilitate hemoglobin release.

In previous studies we have demonstrated that the surface
receptors for transferrin and lactoferrin have a strong spec-
ificity for binding the human forms of these proteins (18, 19).
The finding of specificity of receptor binding was comple-
mented by the observation that hTf, but not bovine transfer-
rin (bTf) (18), and hLf, but not bovine lactoferrin (bLf) (19),
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could support the growth of iron-restricted meningococci in
vitro. The demonstration that exogenous hTf increased the
level of bacteremia and mortality in a mouse model of
meningococcal infection (8) suggests that meningococci
were acquiring iron for growth from hTf in vivo. However,
these experiments did not allow us to determine whether
iron acquisition from transferrin in the mouse was predom-
inantly by a receptor-mediated pathway. In this study we
compared the abilities of exogenous human and bovine
forms of transferrin and lactoferrin to enhance meningococ-
cal infection in mice in order to determine whether iron
acquisition in vivo reflects the observed receptor specificity.
We also evaluated human hemoglobin (hHb) and bovine
hemoglobin (bHb) as iron sources in vitro and in vivo to
determine whether there is a specificity for the human
protein and to determine their relative efficacies as iron
sources.

MATERIALS AND METHODS

Bacterial strains and growth conditions. N meningitidis
B16B6 and M1011 are standard serotyping strains and were
provided by C. Frasch. Strains FAM30, FAM33, and
FAMB38 are group C, type 2a strains that are wild type, a
transferrin iron uptake-deficient mutant, and a transferrin
iron uptake-deficient transformant, respectively. FAM30,
FAM33, and FAM38 were obtained from P. Frederick
Sparling and David W. Dyer. For each experiment, menin-
gococci stored in 30% glycerol at —70°C were streaked onto
chocolate agar plates supplemented with CVA enrichment
(GIBCO Laboratories, Grand Island, N.Y.) and grown at
37°C in an atmosphere containing 5% CO,. Cells suspended
after growth on chocolate plates that had been incubated for
16 to 24 h were used to inoculate the broth or plate cultures
used for the preparation of bacteria for infection or expres-
sion experiments. Mueller-Hinton broth (MHB) cultures
were inoculated to a starting Agg, of 0.04 and were incubated
with shaking at 37°C for 12 to 16 h before harvest. Mueller-
Hinton agar (MHA) plates were inoculated by spreading 50
ul of a heavy suspension of cells (Agqy, between 18 and 30)
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and were incubated at 37°C in an atmosphere containing 5%
CO, for 16 h before harvest. Low-pH MHB medium con-
taining 50 mM Tris-maleate was prepared as described
previously (2). Iron-limited medium was obtained by addi-
tion of EDDA (ethylenediamine di-ortho-hydroxyphenyl-
acetic acid) to the concentrations indicated below followed
by readjustment of the pH. Unless otherwise indicated, the
meningococci used in infection experiments were grown on
low-pH MHA plates containing 20 .M EDDA. In the growth
experiments meningococci were initially grown for 16 h in
MHB containing 35 puM EDDA, subcultured to a starting
Agoo of 0.15 into MHB containing 35 pM EDDA for an
additional 2-h incubation, and then used to inoculate MHB
containing 60 .M EDDA plus the indicated concentrations
of iron sources.

Chemicals. Peroxidase-conjugated hTf and hLf were ob-
tained from Jackson Immunoresearch Laboratories, Avon-
dale, Pa. hTf, bTf, hLf, bLf, hHb, and bHb were from Sigma
Chemical Co., St. Louis, Mo. Iron dextran was from Dex-
tran Products, Scarborough, Canada. The acrylamide gel
exclusion column was from Beckman Instruments, Fuller-
ton, Calif.

Preparation of iron-binding proteins. Iron saturation of
transferrins and lactoferrins was achieved as described pre-
viously (19). Commercial preparations of iron-saturated pro-
teins were solubilized in a small volume of normal saline and
either used directly after filter sterilization or first passed
through an acrylamide gel filtration column to remove free
iron. Protein preparations were concentrated by ultrafiltra-
tion with a Centriflo membrane cone (Amicon Corp., Dan-
vers, Mass.) before sterile filtration through a 0.2-um mem-
brane. Solutions of hemoglobin were prepared by
solubilization directly in normal saline. After centrifugation
at 13,000 X g for 5 min to remove insoluble debris, the
supernatant was filter sterilized as described above. The
protein contents of the sterile solutions were estimated by
the method of Lowry et al. (10) with bovine serum albumin
as the standard. The iron contents of the protein solutions
were calculated by assuming 100% saturation of the pro-
teins, which was verified for transferrin and lactoferrin by
measurement of the A ¢ (13).

Transferrin- and lactoferrin-binding assay. Cells collected
by centrifugation from broth cultures or directly from plates
were suspended in normal saline to an A, of 5 and diluted
as indicated. Two-microliter portions of the cell suspensions
were spotted onto nitrocellulose-cellulose acetate mem-
branes and assayed for transferrin- and lactoferrin-binding
activities essentially as described previously (18).

Mouse infection experiments. Swiss Webster and C57BL/6
mice were obtained from Charles River Laboratories, Mon-
treal, Canada. They were given food and water ad libitum
throughout all experiments. Suspensions of meningococci in
0.1 ml of MHB were administered by intraperitoneal (i.p.)
injection. The challenge dose was initially estimated from
the observed A, of the cell suspensions but was confirmed
by plating 10-fold serial dilutions of the challenge suspension
on chocolate plates. Control groups of mice received either
no additional treatment or an i.p. injection of 31 mg of iron
dextran in 0.5 ml of normal saline immediately before
challenge. In preliminary experiments no mortality was
observed in unchallenged mice at the dose of iron dextran
used. In the test mice, 0.5-ml portions of normal saline
containing various amounts of protein were administered i.p.
just before challenge, and where indicated, additional 0.2-ml
portions of protein solution were administered intravenously
(i.v.) via the tail vein at various times. The calculations of
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the 50% endpoints (17) and the cumulative mortalities were
performed 72 h after challenge. Statistical comparisons of
mortalities were made using the statistical calculator for
two-by-two and two-by-n tables in the Epiinfo software
package. To verify the validity of the calculated P values,
they were compared with P values calculated with Fisher’s
exact test by using the Epistat software program.

RESULTS

Selection of the mouse model of infection. Several studies
on meningococcal infections in mice have demonstrated the
importance of the host mouse strain (3, 23), the meningo-
coccal challenge strain (3, 9), and the growth conditions for
meningococci before challenge (2). In addition, the sex and
age of mice used in published meningococcal-infection ex-
periments varied, and the effect of these parameters was
uncertain. Thus, before selection of the appropriate condi-
tions for our mouse infection experiments, we briefly eval-
uated the effect of these parameters. Initially we determined
the 50% lethal doses (LDs,s) of strains B16B6 and M1011 in
female C57BL/6 mice (LDs,s, 6 x 10* and 4 x 10*, respec-
tively) and Swiss Webster mice (LDsys, 5 X 10° and
5 x 10%, respectively), using iron dextran treatment to
increase the susceptibility of the mice. The results demon-
strated that both of these meningococcal strains are reason-
ably virulent in both the outbred Swiss Webster mice and the
inbred CS7BL/6 mice. Meningococcal strain B16B6 was
ultimately chosen since all previous growth studies with
transferrin and lactoferrin and previous receptor studies
were performed with this strain (18, 19). Meningococcal
strains FAM30, FAM33, and FAM38, which include mu-
tants specifically deficient in transferrin iron acquisition (21),
were also tested for virulence in Swiss Webster and CS7BL/6
mice in similar experiments with smaller numbers of mice.
No deaths occurred with challenges of up to 10° bacteria,
indicating that these strains were relatively avirulent and
could not be incorporated into further studies. An experi-
ment designed to evaluate the effect of sex and age of mice
was performed with groups of four male or female Swiss
Webster mice ranging in age from 25 to 45 days and
challenged with between 10 and 10° iron-starved meningo-
cocci. The LDs, was lowest for the group of 45-day-old
female mice, and thus all subsequent experiments were
performed with female Swiss Webster mice of this age.

Since the objective of this study was to compare the
abilities of different protein sources of iron to enhance
meningococcal infection in mice, it was presumed to be
important to use meningococci which were expressing com-
ponents necessary for iron acquisition. Previous studies
have demonstrated that growth under iron-limiting condi-
tions is necessary for expression of transferrin iron acquisi-
tion ability (20) and for expression of transferrin-binding
ability (18). Therefore, we used a simple dot binding assay
(18, 19) to evaluate the levels of transferrin- and lactoferrin-
binding activities in cells grown under different conditions
and assumed that high levels of receptor activity correlated
with proficiency in iron acquisition pathways. With this type
of analysis, we determined the level of the specific iron
chelator EDDA to be added to different growth media in
order to obtain both optimum expression of activity and
reasonable growth yield. Using the inoculum and growth
conditions described in Materials and Methods, we deter-
mined that the optimum level of EDDA added to MHB was
30 nM and that the optimum level of EDDA added to MHA
plates was 20 pM.
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FIG. 1. Effect of pH and EDDA on expression of transferrin- and
lactoferrin-binding activities. Meningococcal strain B16B6 freshly
grown on chocolate plates was used to inoculate (Agy,. 0.05)
overnight broth cultures of buffered MHB at pH 6.6 or 7.2 with or
without added EDDA (30 pM). The overnight cultures were har-
vested by centrifugation, suspended to a final A, of 5. and, after
preparation of dilutions, spotted onto HA paper and assayed for
transferrin- or lactoferrin-binding activity as described in Materials
and Methods. HRP-, Horseradish peroxidase conjugated. Numbers
at the top indicate the A,s of cell suspensions spotted onto paper.
FeCl, was added to 45 uM where indicated.

In view of the reported effect of pH of the growth medium
on virulence of meningococci (2), we analyzed the effect of
pH on expression of receptor activity. Growth of meningo-
cocci in pH 7.2 or 6.6 buffered MHB without additions, or
with addition of excess FeCl;, resulted in virtually no
detectable transferrin- or lactoferrin-binding activity (Fig. 1).
Addition of EDDA resulted in a greater than 25-fold increase
in both binding activities and achieved essentially the same
level of binding activities in the two broths (pH 7.2 and 6.6).
Thus, the pH of the broth does not appear to independently
or synergistically affect receptor expression.

Although receptor expression was anticipated to be im-
portant for subsequent infection experiments it was neces-
sary to verify that growth conditions selected for maximal
receptor expression did not jeopardize the virulence of the
meningococci. An experiment was performed to compare
the virulence of meningococci grown under various condi-
tions. When we compared meningococci grown in low-pH
MHB (containing 30 M EDDA) with cells grown on low-pH
MHA plates (containing 20 uM EDDA) in the mouse infec-
tion model, the latter cells were more virulent (LD,s, 4 X
10° and 6 x 103, respectively). Meningococci grown in broth
had similar levels of transferrin- and lactoferrin-binding
activities as did the meningococci obtained from plate cul-
tures. When cells suspended after growth on chocolate
plates were used in this experiment, the resulting LDy, was
9 x 10%, indicating that low pH or iron limitation (or both)
resulted in an increased virulence, as observed previously
(2,11).

Administration of iron-containing proteins. The original
experiments demonstrating the effect of supply of exogenous
hTf on meningococcal infection in mice utilized i.p. injection
of transferrin just before i.p. challenge (8). This study also
demonstrated that after i.p. challenge significant bacteremia
developed within 3 h. We were uncertain whether the hTf
supplied i.p. would be available to the bacteria invading the
vascular compartment, and thus we decided to evaluate the
effect of route of administration of hTf. In the study outlined

IRON ENHANCEMENT OF N. MENINGITIDIS INFECTION 2427

TABLE 1. Effect of route of administration of hTf"

Amt of
) protein
l‘:r?:; ;10(:[“]‘::: administered Total iron % Mortality
group‘ (mg/mouse) (pg/mouse) (no. dead/total)
i.p. iv.
None 0 0 0 0 (0/15)
Iron dextran 0 0 9,000 100 (18/18)
hTf
1 8 0 21 44 (7/16)
2 4 4 21 60 (9/15)
3 6 2 21 60 (9/15)

“ Groups of five female Swiss Webster mice received an i.p. injection of 0.5
ml of saline containing the indicated amounts of iron supplement just before
challenge and an i.v. injection of 0.2 ml of saline containing the indicated
amounts of iron supplement 4 h postchallenge. Iron dextran was given as a
single i.p. dose just before challenge. The mice were challenged by an i.p.
injection of 107 iron-starved strain B16B6 meningococci in 0.1 ml of MHB,
and mortality was determined 72 h postchallenge.

in Table 1, a standard dose of hTf either was administered by
a single i.p. injection or was divided between i.p. and i.v.
injections. Mice receiving a single dose of hTf by i.p.
injection were also given a control i.v. injection of saline 4 h
postchallenge. In this experiment, the highest level of mor-
tality was observed in groups of mice receiving the combined
regimen of hTf administration, but the differences between
the group treated with a single i.p. injection of hTf and the
groups treated with two injections were not statistically
significant (P > 0.5, Yates corrected). Nevertheless, we
selected the combined regimen of hTf administration for
subsequent experiments.

In order to compare the effects of human and nonhuman
proteins, it was important to initially determine the amounts
of exogenous hTf, hLf, and hHb resulting in high levels of
mortality. High levels of mortality were achieved with doses
of exogenous hTf and hLf as low as 6 mg of protein (8 pg of
iron) per mouse, but higher doses of hHb were required (19.2
mg of protein [64 pg of iron] per mouse) to achieve similar
mortality rates (Table 2). To complement the proposed
mouse infection model experiment comparing the effects of
human and bovine proteins, we established an in vitro

TABLE 2. Effect of dose of hTf, hLf, or hHb on mortality”

Amt of protein

Iron source administered

¥ Total iron % Mortality
and mouse (mg/mouse) (ng/mouse) (no. dead/total)
group -
i.p. v
None 0 0 0 0 (0/5)
Iron dextran 0 0 9,000 100 (5/5)
hTf
1 4.5 1.5 8 80 (4/5)
2 9.0 3.0 16 80 (4/5)
3 18.0 6.0 32 100 (5/5)
4 36.0 12.0 64 100 (5/5)
hLf
1 1.5 0.5 2.7 10 (1/10)
2 4.5 1.5 8 90 (9/10)
3 18.0 6.0 32 100 (4/4)
hHb
1 1.8 0.6 8 0 (0/5)
2 3.6 1.2 16 0 (0/5)
3 7.2 2.4 32 40 (2/5)
4 14.4 4.8 64 80 (4/5)

“ See Table 1, footnote «.
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FIG. 2. Utilization of different iron sources for growth of iron-
deficient strain B16B6. Strain B16B6 was rendered iron deficient by
overnight growth and a 2-h incubation in iron-deficient medium as
described in Materials and Methods. Iron-deficient meningococci
were used to inoculate different flasks containing MHB medium with
60 uM EDDA plus the indicated added iron source, and the flasks
were monitored for growth for a period of 6 h. Symbols: &, no
addition; O, 75 uM FeCl1;; ¢, 1 puM hTf; @, 1 pM bTf; V, 1 uM hLf;
V.10 uM hLf; O, 1 nM bLf; A, 10 uM bLf; A, 0.5 uM hHb; B, 0.5
1M bHb.

growth experiment to compare these various iron sources in
vitro. Iron-starved meningococci were able to effectively use
1 uM hTf or hLf but were incapable of using the bovine
forms of these proteins (Fig. 2). In contrast, iron-starved
meningococci were capable of using either hHb or bHb, but
the amount of growth attained with hemoglobins was less
than that achieved with hTf or hLf containing similar quan-
tities of iron. The prior observation that bLf appeared to
competitively bind to the lactoferrin receptor at high con-
centrations (19) was of some concern, since the planned
mouse infection model experiments would provide proteins
at relatively high i.p. protein concentrations. Therefore, we
also evaluated in in vitro growth experiments whether the
specificity for hLf would be maintained at higher protein
concentrations. Meningococci were incapable of utilizing
bLf at even 10 pM concentrations (Fig. 2).

To determine whether the specificity observed in vitro
would be maintained in vivo, experiments were established
comparing the abilities of different exogenous protein
sources of iron to increase the mortality of meningococcal
infection in mice. N. meningitidis B16B6 was able to use hTf
and hLf but not bTf or bLf as a source of iron in vivo (Table
3). A highly significant difference in mortality was observed
(P << 0.001) when untreated mice were compared with mice
treated with hTf or hLf. Similarly, there was a highly
significant difference (P << 0.001) between the mortality
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TABLE 3. Effect of addition of different protein iron sources
on meningococcal infection in mice“

Iron source Total protein Total iron % Mortality
) (mg/mouse) (pg/mouse) (no. dead/total)

None 0 0 0 (0/15)
Iron dextran 0 9,000 100 (15/15)
hTf 24 34 93 (14/15)
bTf 24 34 0 (0/15)
hLf 6 8 92 (11/12)
bLf 6 8 0 (0/12)
hHb 9.6 34 46 (7/15)
bHb 9.6 34 46 (7/15)

“ See Table 1, footnote a.

observed with hTf- or hLf-treated mice and that observed
with mice treated with the bovine proteins.

Table 3 also illustrates that provision of hHb or bHb in
quantities containing amounts of iron equivalent to that in
the exogenously supplied hTf resulted in a significant in-
crease in mortality over that of control mice (P < 0.01). In
contrast to the transferrins and lactoferrins, there was no
significant difference in the mortalities (P > 0.5) obtained
with hHb and bHb. However, this level of mortality was
substantially less than that observed in hTf-treated mice (P
< 0.05), which correlates with the results in the in vitro
growth studies. A comparison of the results in Table 3 and
Fig. 2 indicates that the relative efficacies of the various
proteins sources of iron to supply iron for growth were
similar in vitro and in vivo.

DISCUSSION

Previous studies have demonstrated that growth under
low-pH and low-iron conditions increased the virulence of
meningococci in iron dextran-treated mice (2, 11). They also
showed that growth under low-pH but iron-sufficient condi-
tions, or growth under normal-pH but iron-deficient condi-
tions, significantly lowered the LDs, but that growth under
both low-pH and iron-deficient conditions resulted in the
greatest overall decrease in the LDs,. Our observation tht
transferrin and lactoferrin receptors are not significantly
expressed in meningococci grown under low-pH and iron-
sufficient conditions (Fig. 1) correlates with the previous
demonstration that iron acquisition from transferrin is virtu-
ally absent in these cells (20) and supports the hypothesis
that factors not involved in iron acquisition, such as capsule,
are responsible for the observed increase in virulence at low
pH (11). The effect of iron starvation on virulence of
meningococci in the iron dextran-treated mouse model may
also be unrelated to expression of factors involved in iron
acquisition. It has been shown that growth under iron-
deficient conditions also results in an increase in the level of
capsular polysaccharide and that growth under low-pH,
low-iron conditions results in production of capsular
polysaccharide levels higher than those observed with low
pH or low iron alone, which correlates with the observed
increases in virulence (11).

Although there may not be any conclusive evidence that
expression of meningococcal components involved in iron
acquisition results in increased virulence in animal infection
models, this does not preclude such components from being
essential for infections in humans. First, the commonly
utilized method of administration of iron dextran to increase
the susceptibility of mice to bacterial infection impairs the
ability of the host to limit the availability of iron to the
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bacteria (7, 9). Thus, the requirement for expression of
high-affinity iron acquisition systems would be minimized.
Second, expression of high-affinity transferrin and lactofer-
rin iron acquisition systems that are specific for human
proteins (18, 19; Fig. 2 and Table 2) may not provide a strong
selective advantage when the transferrin available in the host
cannot be utilized (18). Third, the regulation of expression of
these components is such that by the time that the availabil-
ity of iron begins to limit the growth rate of the bacteria, a
significant level of expression is attained (18). Thus, obtain-
ing evidence for the role of these components in the patho-
genesis of meningococcal infection may require utilization of
a mouse infection model with exogenously supplied hTf or
hLf and specific meningococcal mutants.

In previous studies (18, 19) we established by competitive
binding studies that the transferrin and lactoferrin receptors
were specific for the human proteins and also observed this
specificity during in vitro growth. These results strongly
suggested that under the in vitro conditions utilized, iron
acquisition from transferrin and lactoferrin was exclusively
occurring via a receptor-mediated iron acquisition pathway.
In the present study we have confirmed the specificity for
hTf and hLf, even at higher protein concentrations, during in
vitro growth and have demonstrated that, in contrast, hHb
and bHb are equally effective iron sources for growth (Fig.
1). In addition, with a mouse infection model we have
demonstrated that only hTf and hLf could be utilized by
meningococci in vivo, resulting in increased mortality in
mice treated with these proteins (Table 3). The inability of
bTf and bLf to cause increased mortality (or subjective
disease symptomatology) indicates that these iron sources
were not utilized by meningococci in vivo, which has obvi-
ous implications for explanations of the host specificity of
natural meningococcal infection and for development of
animal models. These results also strongly suggest that
utilization of hTf and hLf in the mice was predominantly via
the receptor-mediated iron acquisition pathway and that
alternate pathways for acquiring iron from the bovine pro-
teins were absent or ineffective. The equal efficacies of hHb
and bHb iron sources in the mouse infection model (Table 3)
strengthen the correlation between in vitro and in vivo
results and make it unlikely that the selectivity for hTf or hLf
could be due to a more general phenomenon in which human
proteins were preferentially removed or destroyed. Ulti-
mately, the importance of receptor-mediated iron acquisition
in vivo should be demonstrated with mutants carrying spe-
cific mutations in the receptor-mediated pathway (21), but
unfortunately, strains FAM30, FAM33, and FAM38, which
we hoped to use for this purpose, were avirulent in the
mouse model of infection that we used.
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