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Successful vaccines against serogroup A and C meningococcal strains have been developed, but current
serogroup B vaccines provide protection against only a limited range of strains. The ideal meningococcal
vaccine would provide cross-reactive immunity against the variety of strains that may be encountered in any
community, but it is unclear whether the meningococcus possesses immune targets that have the necessary
level of cross-reactivity. We have generated a phoP mutant of the meningococcus by allele exchange. PhoP is
a component of a two-component regulatory system which in other bacteria is an important regulator of
virulence gene expression. Inactivation of the PhoP-PhoQ system in Salmonella leads to avirulence, and phoP
mutants have been shown to confer protection against virulent challenge. These mutants have been examined
as potential live attenuated vaccines. We here show that a phoP mutant of the meningococcus is avirulent in
a mouse model of infection. Moreover, infection of mice with the phoP mutant stimulated a bactericidal
immune response that not only killed the infecting strain but also showed cross-reactive bactericidal activity
against a range of strains with different serogroup, serotype, and serosubtyping antigens. Sera from the
mutant-infected mice contained immunoglobulin G that bound to the surface of a range of meningococcal
strains and mediated opsonophagocytosis of meningococci by human phagocytic cells. The meningococcal phoP
mutant is thus a candidate live, attenuated vaccine strain and may also be used to identify cross-reactive
protective antigens in the meningococcus.

Neisseria meningitidis is the major cause of epidemic menin-
gitis worldwide. Vaccines based on capsular polysaccharide of
the meningococcus are effective for protecting against sero-
group A and C disease but provide only short-lived immunity
(40). A conjugated serogroup C polysaccharide vaccine has
recently been introduced in the United Kingdom, and its in-
troduction has been associated with a dramatic reduction of
serogroup C meningococcal disease (5). However, the sero-
group B polysaccharide is poorly immunogenic in humans, and
no vaccine is currently available for this serogroup. The devel-
opment of a vaccine for serogroup B disease is thus a priority
for many areas of the world.

Antibody is thought to provide protective immunity to me-
ningococcal disease, and a number of targets have been iden-
tified, such as capsular polysaccharide and the major outer
membrane proteins (OMPs). Since the serogroup B polysac-
charide is poorly immunogenic in humans, attention has fo-
cused on the meningococcal OMPs. However, many OMPs are
subject to antigenic variation, and although OMP-based vac-
cines have been developed, they give only limited immunity
against genetically diverse meningococcal strains (11, 40).

Several lines of evidence suggest that important and pan-
reactive determinants of immunity remain to be discovered: (i)
in immunocompetent individuals, a single episode of menin-
gococcemia confers permanent immunity to all types of me-
ningococci (2, 16, 17), and (ii) carriage of commensal species

such as Neisseria lactamica provides immunity to meningococ-
cal disease (2, 15–17, 29). Both of these findings indicate that
natural infection (with either N. meningitidis or N. lactamica)
provides long-term, cross-reactive protection, but the identity
of the antigens involved is unknown. They are unlikely to be
characterized OMPs, since these antigens cannot induce this
type of immunity and bactericidal immune responses in immu-
nized volunteers do not correlate with antibodies to the class 1,
2, or 5 OMPs (34, 52). Polysaccharide and lipooligosaccharide
antigens are similarly variable and are unlikely to provide long-
lived immunity, since they are T-cell-independent antigens in-
capable of stimulating immunological memory.

The protective antigens recognized during natural infection
have so far escaped detection, possibly because they are ex-
pressed in vivo only during infection. Successful pathogens
such as Salmonella, Shigella, and Listeria are known to express
virulence genes in response to the host environment (35). En-
vironmentally determined gene regulation is also seen in the
meningococcus, leading, for example, to the expression in vivo
of iron-regulated proteins (48) and to modulation of capsule
and pilus expression altering epithelial adherence and invasion
(24, 44, 49), but the regulators are unknown.

Two-component regulatory systems control gene expression
in many bacteria in response to environmental signals. These
systems comprise a membrane-associated sensor kinase pro-
tein and a cytoplasmic transcriptional regulator. In response to
external stimuli, the membrane-located sensor undergoes a
conformational change resulting in phosphorylation of the reg-
ulator. This in turn affects its ability to bind to DNA at specific
promoter sites and thus regulates its activity as a transcrip-
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tional regulator. Many two-component systems are involved in
controlling virulence gene expression in response to changes in
magnesium levels and pH. For example, the Salmonella PhoP-
PhoQ system regulates more than 40 different genes, termed
PhoP-activated (pag) and PhoP-repressed (prg) genes (19–21,
36). In Salmonella enterica serovar Typhimurium these genes
affect survival within macrophages, resistance to host antimi-
crobial peptides and acid pH, invasion of epithelial cells, and
antigen presentation. Inactivation of the PhoP-PhoQ system
attenuates virulence by more than 10,000-fold (36, 37). PhoP-
PhoQ homologues have been shown to be involved in control
of virulence in a range of bacteria (25, 42, 50), and detection of
genes regulated by PhoP has been shown to be powerful route
towards identification of genes involved in virulence (1, 8, 22).

Two-component regulatory systems have also been reported
for N. meningitidis, such as the PilA-PilB (3, 4) and NtrX-NtrY
(The Institute for Genomic Research N. meningitidis genome
database locus NMB0115/NMB0114) systems. Although PhoP-
PhoQ homologues have been reported for many gram-negative
bacteria (20, 33), including a possible PhoP homologue in
Neisseria gonorrhoeae (20), they were unknown in the menin-
gococcal genome until we recently identified a PhoP-PhoQ-
like system in this organism (28). The PhoP system was inac-
tivated by allele replacement, yielding a phoP knockout
mutant, and its phenotype was compared to that of the wild
type. There were many differences in polypeptide profiles be-
tween the wild type and the mutant, supporting an effect on
gene regulation. The mutant also displayed many growth char-
acteristics that were similar to those of phoP mutants of Sal-
monella: it showed poor growth at low concentrations of mag-
nesium and was sensitive to defensins and other environmental
stresses. Magnesium-regulated differences in protein expres-
sion were absent in the mutant, indicating that the meningo-
coccal PhoP-PhoQ system may, as in Salmonella, respond to
changes in environmental magnesium levels. These results are
consistent with the PhoP homologue playing a role in the
meningococcus similar to that played by PhoP itself in Salmo-
nella and with involvement of the meningococcal PhoP in the
regulation of virulence genes. In support of this conclusion, we
found that the mutant was unable to grow in mouse serum and
was attenuated in its ability to traverse through a layer of
human epithelial cells. However, we could not examine the
virulence of this mutant in the mouse because the strain used
was already avirulent in this disease model.

In this study we describe the generation of a new phoP
meningococcal mutant derived from a serogroup C strain pre-
viously demonstrated to be virulent in the mouse (45), and we
show that the phoP mutant is completely avirulent in the
mouse model of infection. These results confirm that the
PhoP-PhoQ system is involved in controlling virulence genes in
the meningococcus. We also demonstrate that mice infected
with the mutant generate immunity to the meningococcus that
is cross-reactive against diverse meningococci.

MATERIALS AND METHODS

Bacterial strains and plasmid. The N. meningitidis strains used in this study
were supplied by the Health Protection Agency, Manchester, United Kingdom,
and Escherichia coli (DH5�) was supplied by Invitrogen. Growth was routinely
on Columbia agar base (Oxoid) plates supplemented with 6% (vol/vol) defi-
brinated horse blood (CB agar) (TC supplies) and in Mueller-Hinton (MH)

broth (Oxoid). Peptone broth, used for growth in some experiments, contained
5 g of neutralized bacteriological peptone (Oxoid), 1 g of Na2HPO4, and 1%
(vol/vol) glucose per liter (pH 7.35). Plasmid pUS 2130 (28) is a pUC19-based
plasmid with the ampicillin gene replaced by the aph gene. Regions flanking
either side of the phoP gene were inserted on either side of the aph gene.

Allele exchange in N. meningitidis. Linearized plasmid pUS2130 was trans-
formed into the meningococcus and confirmed by PCR and Southern blot anal-
ysis as previously described by Johnson et al. (28).

Recombinant DNA techniques. Standard PCR, cloning, and recombinant
DNA techniques were used (47). Restriction and modification enzymes were
purchased from Roche or Gibco-BRL and used according to the manufacturer’s
recommendations. All PCRs were performed on a Perkin-Elmer 2400 PCR
machine.

Mouse infection studies. A murine intraperitoneal challenge model of infec-
tion (18, 51) was utilized. Meningococcal strains were grown overnight at 37°C in
5% CO2 on blood agar plates, and then single colonies were inoculated into 200
ml of MH broth. The broth cultures were incubated with orbital agitation at 37°C
for 4 h and then adjusted on the basis of optical density (OD) to the required
concentration for inoculation. In parallel, CFU determinations of inocula were
carried out by serial dilution and replicate colony counting. Various doses of
inocula were administered intraperitoneally (i.p.) with human holotransferrin
(10 mg) in a total volume of 500 �l to groups of five 6- to 8-week-old Harlan-NIH
inbred female mice. The day after infection, mice that had not already been
humanely killed were boosted i.p. with human holotransferrin (10 mg). A health
scoring system based on guidelines (41) and experience (12) was used to assess
the health of individual mice. Healthy mice were given an arbitrary health score
of 5. The following observable symptoms resulted in deductions in health score:
eyes shut, �1; ruffled fur, �1; ruffled fur and eyes shut, �2; and immobility, �4.
Health was regularly scored in this manner, and as soon as immobile mice were
detected they were humanely killed. Blood was taken from all of the surviving
mice at 4 weeks postinfection. For the purpose of clarity, this is referred to as
phoP serum.

Bacterial antibody surface binding assay. The ability of murine antisera to
bind to the surface of whole bacteria was assessed by using an adaptation of the
methods of Rioux et al. (46) and Moe et al. (39). Bacteria were grown shaking
for 4 h at 35°C in MH broth, killed by the addition of sodium azide 0.2% (wt/vol)
and 100 �M phenylmethylsulfonyl fluoride, followed by a further 48 h of incu-
bation at 35°C. The bacteria were spun to remove all signs of the preservative
before being resuspended in blocking buffer (2% [wt/vol] bovine serum albumin
[BSA] in phosphate-buffered saline [PBS]) at an OD at 650 nm (OD650) of 0.5.
Test serum (5 �l) was added to 500 �l of bacteria and incubated at room
temperature for 1 h. The bacteria were washed twice in blocking buffer, and the
pellet was resuspended in 500 �l of goat anti-mouse–fluorescein isothiocyanate
(FITC) conjugate (Sigma) (1:500 in PBS). This was incubated at room temper-
ature in the dark for 1 h. The bacteria were then analyzed by flow cytometry with
a Becton Dickinson FACScan and Cellquest software. Quality assurance proce-
dures using standard operating practice and Rainbow beads (Becton Dickinson)
ensured reproducibility.

Opsonophagocytosis. N. meningitidis strain H44/76 was grown in batch culture
for 4 h at 37°C in a 5% CO2 atmosphere in Frantz medium containing 14 �M
ethylenediamine di(o-hydroxyphenyl acetic acid) and 10 �M 2�,7�-bis-(2-carboxy-
ethyl)-5-(and 6)-carboxyfluorescein acetoxymethyl ester (molecular probes). The
culture was killed by using a combination of 0.2% (wt/vol) sodium azide and 100
�M phenylmethylsulfonyl fluoride at 37°C. After cultures were confirmed dead
by CFU determination, they were stored at 4°C. Human peripheral blood mono-
nuclear leukocytes (PBMLs) from volunteers were separated from 20 ml of
heparinized blood by two treatments with a red blood cell lysis buffer (150 mM
NH4Cl, 9.5 mM NaHCO3, 2.4 mM EDTA Na2 � 2H2O). PBMLs were subse-
quently washed and resuspended in Dulbecco’s PBS containing 0.5% (wt/vol)
BSA and 0.1% (wt/vol) glucose (DPBSGA). HL60 cells were obtained from
European Collection of Cell Cultures (Health Protection Agency, Porton Down,
United Kingdom) and used between passages 15 and 35 (1/5 to 1/10 dilution at
each passage). The cells were differentiated with 10.7 �M dimethyl formamide
(DMF) and left for 5 days before utilization in the assay. For the assay, 20 �l of
mouse or human serum diluted 1/10 in assay buffer (DPBSGA plus 0.9 mM
CaCl2 � 2H2O and 0.5 mM MgSO4 � 7H2O) was added to 20 �l of a bacterial
suspension at 6.25 � 108 bacteria/ml in assay buffer and then incubated with
shaking at 37°C for 30 min. This mixture was further incubated for 15 min after
the addition of 10 �l of baby rabbit complement. (Pel freeze) After the addition
of 40 �l HL60 cells or human PBMLs at 2.5 � 107 cells/ml, the reaction mixture
was further incubated for 30 min. The reaction was terminated by addition of
ice-cold DPBS to the reaction mixture up to a total volume of 0.9 ml, and
samples were refrigerated until immediately before analysis. The reaction mix-

VOL. 72, 2004 AVIRULENT phoP NEISSERIA MENINGITIDIS MUTANT 339



ture was analyzed with an EPICS XL flow cytometer. Fluorescence analysis was
conducted by using a gated region set to select effector cells. The percentage of
effector cells that were fluorescent above an arbitrary limit was determined along
with the average fluorescence intensity of each analyzed effector cell by using
EXPO32 ADC V1.2 analysis software. These two values were multiplied to
generate a phagocytosis product (32) for each sample. The mean and standard
deviation (SD) for duplicate analysis were calculated.

Bactericidal assay. MH broth was inoculated with the test strains at an OD595

of 0.07 to 0.1 and incubated at 35°C until an OD595 of 0.4 was reached. The
bacteria were diluted 1:10,000 in Gey’s balanced salt solution–0.5% (wt/vol) BSA
(Gibco). The assay was set up in a microtiter plate such that each well contained
20 �l of twofold serially diluted heat-inactivated phoP serum in Gey’s balanced
salt solution–0.5% (wt/vol) BSA, 10 �l of diluted bacteria, and 10 �l of 1:5-
diluted baby rabbit complement (Serotec). Control wells were set up to contain
either heat-inactivated complement, complement, or serum with heat-inactivated
complement. The assay also included negative mouse serum from naive mice and
the monoclonal antibody to the meningococcal Pl.7 epitope (National Institute
of Biological Standards and Control, Potters Bar, United Kingdom), which acted
as a positive control against strains H44/76 and MC58. The microtiter plates were
incubated for 1 h at 35°C. Ten microliters from each well was spotted onto warm
CB plates and incubated at 35°C. The bactericidal titer was determined as the
reciprocal dilution of serum showing �50% killing at T60 compared to the
heat-inactivated complement control well (7). The assay was performed in du-
plicate on at least three occasions.

Polymyxin B sensitivity. Parent and mutant meningococci were inoculated into
peptone broth at an OD595 of 0.2. A 50-�l aliquot was used to inoculate 5 ml of
peptone broth containing different concentrations of MgCl2 and polymyxin B.
The broths were incubated at 35°C with orbital agitation for 18 h. OD595 readings
were taken as a measure of survival. The mean and SD for triplicate analysis were
calculated.

RESULTS

Generation of a phoP mutation in a mouse-virulent strain. A
new phoP mutant was generated in a mouse-virulent strain,
L91543 (C2a P1.2, ST-11, ET-37 complex; United Kingdom),
by using the same allele exchange strategy as before (28). The
allele exchange event was confirmed by PCR and Southern
blotting (data not shown).

Phenotypic characterization of the phoP mutant. The new
phoP mutant demonstrated growth characteristics similar to
those of the previous mutant in that it grew to a lower OD after
a given time period than the wild-type strain, showed poor
growth at low levels of MgCl2 (e.g., 1 mM), and had a smaller
colony morphology after 18 h of incubation on CB agar (data
not shown). The new mutant was tested for its sensitivity to the
polycationic antibiotic polymyxin B at various concentrations

of MgCl2. The mutant was clearly more sensitive to the poly-
myxin B than the parent strain (Fig. 1). The phoP mutant also
retained expression of C capsular polysaccharide, as deter-
mined by dot blotting with anti-C polysaccharide (data not
shown).

Virulence. We utilized a mouse i.p. challenge model of in-
fection (18, 51) in which meningococci were administered by
i.p. injection to groups of five mice at three different challenge
doses. Mice challenged with wild-type meningococci at all
three doses became sick and had died or were humanely killed
by 2 days (Fig. 2). However, mice inoculated with the phoP
mutant bacteria showed no ill health at any of the doses tested.
The surviving mice were sacrificed at 4 weeks postinoculation,
and serum samples (phoP serum) were obtained.

Immunogenicity. phoP serum from each group of five mice
inoculated with the phoP mutant meningococci were pooled
and assessed for the presence of antibodies against the menin-
gococcus.

(i) Surface-binding antibody. Flow cytometry was used to
measure antibody binding to the surface of intact meningo-
cocci. Standard meningococcal strains were grown, and the
bacteria were killed before being incubated with murine sera.
The bacteria were then incubated with one of three antibody-
FITC conjugates, namely, goat anti-mouse immunoglobulin G
(IgG) (either whole molecule or Fc specific) or goat anti-
mouse IgM (� chain specific), to measure the level and class of
surface-binding antibody. To assess cross-reactivity, we used a
range of bacterial strains as targets in the binding assay (Table
1).

The phoP mutant was incubated with each of the three phoP
antisera and anti-mouse IgG (whole molecule), which detects
all mouse Igs. When the phoP serum from the mice inoculated
with the high dose was incubated with a range of meningococ-
cal target strains again with anti-mouse IgG (whole molecule),
surface binding to each strain examined was detected (Fig. 3a).
Flow cytometry clearly demonstrated that antiserum raised
against the phoP mutant recognizes other meningococci but
not the unrelated E. coli (P � 0.0003 by analysis of variance
[ANOVA]). When the results obtained with the various me-
ningococcal strains were compared against each other, analysis
of variance just reached significance (P � 0.05), showing sig-
nificant variation in the binding of the antiserum to the differ-
ent strains. However, when strains excluding those obtained
with the phoP mutant were analyzed, there was no significant
difference in binding of the antibody to the different strains (P
� 0.82 by ANOVA). Thus, the antibody raised in mice shows
a higher level of recognition of the inoculating phoP mutant
strain, but it also recognizes other serogroup C strains as well
as serogroup B strains, suggesting that it is recognizing con-
served epitopes on the surface of the cells.

In order to further characterize the humoral response, the
phoP mutant was incubated with phoP serum and the class of
surface-bound antibody was determined by using secondary
antibodies specific for either the � chain of IgM or the Fc
region of IgG (Fig. 3b). Significant increases in the percentage
of bacteria staining with either IgG- or IgM-specific antibody
compared to bacteria incubated with the second antibody
alone were observed (P � 0.001 by ANOVA for IgM and IgG).
In addition, the percentage of bacteria staining for meningo-
coccus-specific IgG was significantly greater than that for IgM

FIG. 1. Sensitivity of wild-type and phoP mutant strains to poly-
myxin. Wild-type (solid line) and phoP mutant (dashed lines) menin-
gococci were grown in peptone broth containing 10 mM (circles) or 5
mM (triangles) MgCl2 and the indicated concentrations of polymyxin
B. Bacteria were grown overnight at 35°C, and OD595 readings were
taken as a measure of survival. The data are the averages of triplicate
readings with SDs.
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(low-dose IgM versus low-dose IgG, P � 0.0001; medium-dose
IgM versus medium-dose IgG, P � 0.004; high-dose IgM ver-
sus high-dose IgG, P � 0.0001 [t test results]). When the mean
fluorescence intensities of the populations were compared, the
values with the anti-IgG second antibody showed about 10
times the fluorescence intensity than the values obtained with
the anti-IgM secondary antibody (despite the secondary anti-
bodies having similar levels of FITC substitution [data not

shown]). This predominance of IgG in the response to the
phoP mutant suggests that the organism has persisted long
enough to stimulate a T-cell-dependent antibody class switch,
but this will need to be confirmed.

(ii) Bactericidal antibody. Complement-mediated killing of
the homologous and heterologous meningococcal strains was
determined with the phoP serum. The serum showed various
levels of bactericidal activity against all of the strains tested
(Table 1). The highest activity was found against the wild-type
strain and strains that were of the same serogroup (serogroup
C) or serosubtype (P1.2) as the parent strain. However, bac-
tericidal activity was also detected against all of the tested
strains, including serogroup B, serogroup Y, and serogroup
W135 strains. The cross-reactivity could not be fully accounted
for by presence of any one, or any combination, of the known
serogrouping, serotyping, or serosubtyping antigens (Table 1).
Interestingly, the homologous strain (and the wild type) gave
by far the highest levels of bactericidal activity (10 times the
titer of any other strain), despite the fact that many of the
strains shared the same serogroup, serotype, or serosubtype
antigens. This result appears to indicate that the principal
target of the bactericidal activity in the phoP serum is unlikely
to be the polysaccharide capsule, PorA, or PorB alone (the
antigenic targets for the serogrouping, serotyping, and sero-
subtyping assays). Also noteworthy is the percent killing of the
input cells in the bactericidal assay. Although the phoP serum
efficiently killed 100% of the homologous bacteria (at the titer
that gave maximum killing), the maximum killing observed
with heterologous strains was often significantly less than
100%. This might indicate that the target antigens were not
constitutively expressed on all bacterial cells.

(iii) Opsonophagocytosis. The opsonophagocytic activity of
the phoP serum was measured by using freshly prepared
PBMLs from a donor and DMF-differentiated HL60 cells (Fig.
4). The target for phagocytosis was fluorescently labeled N.
meningitidis strain H44/76 (B15:P1.7,16). The level of op-
sonophagocytosis was compared to those of a negative control
(alum-only-immunized) mouse serum, a convalescent-phase
human serum that had previously demonstrated high levels of
opsonophagocytic activity, a human volunteer serum that had
previously demonstrated low levels of opsonophagocytic activ-
ity, and a no-antibody control. In both assays the phoP serum
mediated opsonophagocytosis of this serogroup B strain.

FIG. 2. Virulence of wild-type and phoP mutant strains. Various
doses of meningococci were administered i.p. with human holotrans-
ferrin (10 mg) to groups of five Harlan-NIH inbred female mice. The
day after infection, mice that had not already been humanely killed
were boosted i.p. with human holotransferrin (10 mg). (a) Number of
surviving mice at different times postinfection. (b) Health scores for
surviving mice. Healthy mice were given an arbitrary health score of 5.
The following observable symptoms resulted in cumulative deductions
in health score: ruffled fur, �1, eyes shut, �1; ruffled fur and eyes shut,
�2; immobile, �4. Health was regularly monitored, with any signs of
ill health being indicative of lethal infection and scored as above; the
mice were humanely killed when immobile. Solid lines, wild type;
dashed lines, phoP mutant. The number of bacterial cells inoculated
into the mice was 6 � 107 (circles), 6 � 106 (diamonds), or 6 � 105

(squares).

TABLE 1. Complement-mediated SBA with pooled phoP mouse
serum against different meningococcal strains

Meningococcal
strain

Typing antigen SBA titer
(�50% killing)

Maximum
observed killing

(%)Group Type Subtype

L91543 (wild type) C 2a 2 10,240 100
phoP mutant C 2a 2 10,240 100
M97 250613 C 2a 2,5 1,024 98
M97 250611 C 2b 2,5 512 69
M97 250631 C 4 4 64 83
M97 250609 B 4 4 64 66
H44/76 B 15 7,16 16 70
MC58 B 15 7,16 256 66
L92/231 W135 NTa 6 512 74
L92/85 Y NT 2 1,024 100

a NT, nontypeable.
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DISCUSSION

Our previous study showed that a meningococcal phoP mu-
tant demonstrated a distinct phenotype (increased sensitivity
to stresses such as osmotic stress and alkaline pH, altered
protein profile, and inability to penetrate an epithelial cell
layer) that suggested that PhoP regulates virulence genes in the
meningococcus. The present study confirms and extends this
work. A new phoP mutant of a mouse-virulent strain has been
generated. The mutant showed a phenotype similar to that of
the previously generated strain, and we were able to demon-

strate an additional in vitro phenotype: increased sensitivity to
the antibiotic polymyxin B. In addition, the use of a mouse-
virulent strain allowed us to clearly demonstrate that the phoP
mutation attenuates virulence in the meningococcus. The phoP
mutant was completely avirulent in the mouse model. This
result confirms our previous conjecture that, similar to the case
for Salmonella, meningococcal PhoP is likely to be a key reg-
ulator of virulence genes in the meningococcus. Our previous

FIG. 3. Surface antibody binding of sera to meningococcal cells.
Serum was incubated with killed bacteria. The bacteria were subse-
quently washed and incubated with fluorescein-labeled anti-mouse Ig
antibody to label surface-binding antibody, and the percentage of la-
beled cells and intensity of fluorescence were measured by flow cytom-
etry. The sera used included phoP serum (�) and naive mouse serum
(�). As a further control, cells were also incubated with the secondary
antibody alone (0). (a) phoP serum from the high-dose-inoculated
animals was incubated with a range of killed meningococcal cells and
with E. coli cells, using anti-mouse IgG (whole molecule) as labeled
secondary antibody. The neisserial strains tested included H44/76,
MC58, and 609 (all serogroup B) and 631, the mutant, and the wild
type (wt) (all serogroup C). Results represent the mean 	 SD for three
replicate experiments. (b) The pooled serum from each group of mice
(low, medium, and high doses, as described in the text) was incubated
with phoP mutant bacteria and either IgM � chain-specific or IgG
Fc-specific secondary antibodies. The percentage of organisms show-
ing fluorescence was determined. Results represent the mean 	 SD for
three replicate experiments. In all of these experiments the bacteria
were analyzed with a Becton Dickinson FACScan and Cellquest soft-
ware.

FIG. 4. Opsonophagocytosis activity of phoP serum. Fluorescently
labeled meningococcal cells (H44/76) were incubated with a range of
sera, together with complement and either human PBMLs (a) or HL60
cells differentiated with DMF (b). Serum samples included a human
serum from a patient with low levels of opsonophagocytic activity
(human low control), a human serum from a convalescent patient with
high levels of opsonophagocytic activity (human convalescent serum),
serum from mice injected with alum adjuvant alone (murine adjuvant
only), and phoP serum. A further control was meningococcal cells
incubated with complement alone (complement only). Uptake of me-
ningococci was measured by flow cytometry. The phagocytosis product
was determined by multiplying the percentage of fluorescent cells by
the mean fluorescence of the gated phagocytes. Bars indicate means of
duplicate determinations 	 SD.
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studies demonstrated numerous differences in protein profile
between the wild type and the mutant, so it is likely that many
genes are involved. In Salmonella, the PhoP-PhoQ system
modulates expression of more than 40 proteins in response to
the host environment (13, 19, 38). The identity of the genes
regulated by the meningococcal PhoP is currently unknown,
but it is interesting that the meningococcal phoP mutant was,
like Salmonella phoP mutants, sensitive to the antimicrobial
peptide polymyxin. In Salmonella, polymyxin resistance is con-
trolled by the pmrAB locus, which is activated by PhoP when
cells are grown with low levels of magnesium (23, 30). We have
identified a pmrA-like gene in the meningococcal genome
(data not shown), indicating that a similar system may operate
in the meningococcus.

Natural infection with the meningococcus involves coloniza-
tion of the human nasopharynx, where it establishes an asymp-
tomatic infection in most individuals. Nonpathogenic strains
remain in the nasopharynx, but pathogenic strains may pene-
trate the epithelial cell layer to gain access to the submucosa,
where they may then enter the lymph and thereby gain access
to the systemic circulation. Once in the blood, the pathogen
may be neutralized by nonspecific and specific immune mech-
anisms, but it may also establish an infection leading to septi-
cemia and/or meningitis. It is clear that natural infection and
disease involve a number of steps, including infection of epi-
thelial, endothelial, and immune cells; passage through a series
of cell layers (the nasopharyngeal epithelium and the endothe-
lial cells lining the blood vessels); penetration of extracellular
barriers (the epithelial and endothelial basement membranes);
and survival in tissue fluid (lymph and serum) and resistance to
phagocytosis. A number of genetic switches are likely to oper-
ate to regulate the expression of capsular and outer membrane
protein genes in response to the changing environment. Iden-
tification of the PhoP-regulated genes and further dissection of
the translocation process in the wild type and the mutant will
help to elucidate meningococcal pathogenicity and may iden-
tify novel targets for vaccine development.

However, the most exciting result of this study is the dem-
onstration that infection of mice with the phoP mutant menin-
gococcus stimulates an immune response, which indicates that
it may produce cross-reactive protection, as is seen following
meningococcal disease (2). The arm of immunity that confers
cross-reactive protection in meningococcal disease is unclear.
Classic studies performed in the 1960s demonstrated the im-
portance of bactericidal antibody for protection of humans (2);
however, recent work indicates that opsonizing antibody activ-
ity may also be important, particularly for serogroup B disease
(31, 43). A key aim of vaccination is to generate bactericidal
and/or opsonizing antibody capable of neutralizing meningo-
coccal strains from the range of serogroups, serotypes, and
serosubtypes that are involved in disease. Current meningo-
coccal vaccines incorporate either the polysaccharide sero-
group antigen (either alone or conjugated to a protein), which
provides serogroup-specific protection, or OMPs, which pro-
vide no or very limited protection against heterologous strains.

Our results indicate that mice infected with the group C
serogroup phoP mutant generate antibody that binds to the
surface of the meningococcus and has both bactericidal and
opsonophagocytic activity against a range of strains, including
group B strains. The serum bactericidal assay (SBA) titers vary

greatly (from 16 to 10,240) depending on the target strain.
However, studies on postvaccination sera and in animal models
of infection indicate that protection may be associated with
relatively small increases in SBA titers (as low as fourfold) (7).
Infection of mice with the meningococcal phoP mutant there-
fore appears to generate an immune response that has the
hallmarks of natural meningococcal infection in humans. It will
clearly be of interest to determine whether the mice are indeed
protected from disease in a challenge model, but they at least
have these correlates of protection. The identity of the target
cross-reactive antigens that are recognized by the mouse anti-
body is also of great interest. They are unlikely to be any of the
currently known antigens alone, as the cross-reactivity did not
correlate with any of the group-, type-, or subtype-specific
protein antigens. Although we have not yet measured reactivity
against lipopolysaccharide (LPS), we do not consider it likely
that LPS is the target for the cross-reactive response, since LPS
tends to be highly variable between strains. Also, at least part
of the cross-reactive response that we detected was IgG medi-
ated, but both LPS and other polysaccharides are T-cell-inde-
pendent antigens that do not stimulate class switching to IgG.
The availability of sera from infected mice should allow us to
identify the target antigens.

Another aspect of these experiments is the indication that
the meningococcal phoP mutant is a potential live rationally
attenuated vaccine candidate. Mice infected with the phoP
mutant were entirely healthy but produced antibodies with
bacterial and opsonophagocytic activity. Salmonella phoP mu-
tants are similarly avirulent (10, 37, 38), and infection confers
protection in mice. Salmonella vaccine strains with phoP mu-
tations and mutations in PhoP-regulated genes have been con-
structed and are currently being evaluated as candidate ratio-
nally attenuated live typhoid vaccines (14, 26, 27) and also as a
vaccine vector (6, 9). Although there are many problems with
developing and testing a live meningococcal vaccine, the pos-
sibility of generating long-lived cross-reactive protection indi-
cates that the approach should at least be explored.
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