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Lipopolysaccharide (LPS), a major component of the meningococcal outer membrane, is sensed by the host
through activation of Toll-like receptor 4 (TLR4). Recently, we demonstrated that a surprisingly large fraction
of Neisseria meningitidis disease isolates are lipid A mutants, due to inactivating mutations in the IpxL1 gene.
The IpxL1 mutants activate human TLR4 much less efficiently than wild-type bacteria, which may be advan-
tageous by allowing them to escape from the innate immune system. Here we investigated the influence of lipid
A structure on virulence in a mouse model of meningococcal sepsis. One limitation, however, is that murine
TLR4 recognizes lpxL1 mutant bacteria much better than human TLR4. We show that an /pxL2 mutant,
another lipid A mutant lacking an acyl chain at a different position, activates murine TLR4 less efficiently than
the IpxL1 mutant. Therefore, the /jpxL2 mutant in mice might be a better model for infections with IpxL1
mutants in humans. Interestingly, we found that the /pxL2 mutant is more virulent in mice than the wild-type
strain, whereas the IpxL1 mutant is actually much less virulent than the wild-type strain. These results

demonstrate the crucial role of N. meningitidis lipid A structure in virulence.

Lipopolysaccharide (LPS) is a major component of the outer
membranes of virtually all Gram-negative bacteria (12). Many
species contain a common form that consists of a highly vari-
able surface-exposed polysaccharide and a more conserved
lipid A portion that anchors the molecule to the bacterial outer
membrane. It has been known for a long time that LPS has a
wide variety of biological activities even at very low concentra-
tions. These properties gave LPS its alternative name, “endo-
toxin.” The anticipated receptor for mediating the biological
effects of LPS remained elusive for many years (6). Now we
know that lipid A, the bioactive component of the LPS, is
recognized by the innate immune system through Toll-like
receptor 4 (TLR4). Lipopolysaccharide binding protein (LBP)
and CD14 facilitate the transfer of LPS to the coreceptor
MD-2 (18). Binding of LPS to the TLR4/MD-2 receptor com-
plex leads to dimerization of its extracellular domains and
recruitment of adaptor proteins to the intracellular domains.
This triggers a signaling cascade and subsequent activation of
the innate immune system (33). Among the Toll-like receptors,
TLR4 is unique in that it utilizes both adaptor proteins MyDS88
and TRIF. Activation of these proteins eventually leads to
induction of proinflammatory cytokines and type I interferon
(IFN), respectively. TLR4 is important for protection against
many Gram-negative bacterial pathogens (3, 5, 40, 47, 54).

Several studies have shown that the prototypical Escherichia
coli lipid A with six acyl chains of 12 to 14 carbons in length
gives optimal activation of human TLR4, whereas changing the
number or the length of the acyl chains or altering the charge
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of the lipid A reduces the activity of LPS (38, 39, 43). In
addition, there are species-specific differences in recognition of
lipid A by TLR4/MD-2 (1, 22, 27, 35). The murine TLR4/
MD-2 complex seems to be more promiscuous than human
TLR4/MD-2 in recognizing various lipid A molecules, but also
for murine TLR4/MD-2 recognition, lipid A with six acyl
chains is optimal.

Lipid A was once thought to be an invariant component, but
recent studies have shown that the variety in lipid A structures
is actually quite large. These structural alterations have an
impact on how well LPS is sensed by the host. Therefore, it
seems that bacteria have evolved ways to manipulate the
pathogen-associated molecular pattern recognized by the host
innate immune system to modulate host interactions to their
benefit. For example, Salmonella and Pseudomonas species can
modulate their lipid A structure in response to the host envi-
ronment (13, 14, 20, 22, 24, 25). Other human pathogens, such
as Helicobacter pylori, Legionella pneumophila, Yersinia pestis,
and Francisella spp., also have lipid A moieties that are poorly
recognized by human TLR4, which likely contributes to their
ability to cause disease in humans (28).

The Gram-negative bacterium Neisseria meningitidis is a fre-
quent commensal of the human upper respiratory tract (46).
Occasionally the bacterium becomes invasive, causing the se-
rious conditions meningitis and/or sepsis in otherwise healthy
individuals. Meningococcal lipid A consists of six acyl chains
and is highly biologically active. It is a major contributor to the
induction of the excessive proinflammatory responses seen in
meningococcal disease (23, 51). Moreover, levels of circulating
N. meningitidis LPS are directly correlated to the morbidity and
mortality of meningococcal sepsis (7, 8).

Recently, we demonstrated that a surprisingly large fraction
(about 9%) of meningococcal disease isolates have lipid A with
only five acyl chains, due to inactivating mutations in the acyl-
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transferase gene [pxL1 (17). These LPS mutants induced much
lower levels of proinflammatory cytokines in different cell
types, and this effect was TLR4 dependent. The high frequency
of the IpxL.1 mutants suggests there must be a benefit for the
bacterium to have underacylated lipid A under certain condi-
tions. A reasonable hypothesis would be that the /pxL.1 mutants
are better capable of evading the innate immune defenses of
the host because of the reduced capability of their lipid A to
activate TLR4.

In this study we wanted to compare the virulence of the N.
meningitidis [pxL1 mutant with that of the wild-type strain in a
mouse model of meningococcal sepsis. However, while IpxL?
LPS is a poor activator of human TLR4/MD-2, it is still a
significant activator of murine TLR4/MD-2 (45). Therefore,
we also included an /pxL2 mutant in our study; this mutant is
defective in the other gene required for the addition of a
secondary acyl chain to the lipid A moiety (50). Here we show
that the /pxL.2 mutant is a weaker activator of murine TLR4/
MD-2 than the /pxLI mutant. Interestingly, the /pxL.2 mutant
was much more virulent in the mouse model of meningococcal
sepsis than the wild-type strain. On the other hand, the pxL7
mutant was completely avirulent. These results demonstrate
the importance of the N. meningitidis lipid A structure for
virulence.

MATERIALS AND METHODS

Animals. Female specific-pathogen-free C57BL/6JIco mice were purchased
from Charles River Laboratories and were housed under specific-pathogen-free
conditions. Mice were acclimatized for approximately 1 week and were 6 to 8
weeks old at the start of the experiment. Animal experiments were approved by
the Netherlands Vaccine Institute’s Animal Ethics Committee.

Bacterial strains and growth conditions. The /pxL] and IpxL2 mutants were
generated from the parent strain H44/76 (immunotype L8) as described previ-
ously (50). The construction of the lpx4 mutant is also described elsewhere (44).
Strains were grown on GC medium base (Difco Laboratories) supplemented
with IsoVitaleX (Becton Dickinson) overnight at 37°C in 5% CO, in a humid
atmosphere. For stimulation of cell lines, bacteria were suspended from plates in
phosphate-buffered saline (PBS) and the A4,, was determined. Next, the bacteria
were heat inactivated at 56°C for 30 min. For infection experiments, bacteria
were suspended from plates in tryptic soy broth (TSB) (Becton Dickinson) at an
Ag of approximately 0.075 and grown at 37°C to log phase (A, of 0.2 to 0.3).
To determine CFU, serial dilutions of bacterial suspensions in PBS were plated
on GC agar and grown overnight at 37°C in 5% CO,_ The next day, the number
of colonies was counted. LPS from these strains was isolated by the hot-phenol
extraction method as described previously (53).

Outer membrane profile analysis. N. meningitidis strains L8 H44/76, L8 IpxL1,
and L8 [pxL2 were grown in TSB liquid medium at 37°C to late log phase, and
then the bacteria were heat inactivated at 56°C for 1 h. These were used for
isolation of outer membrane complexes by sarcosyl extraction as described pre-
viously (49). The quantity of protein was determined with the bicinchoninic acid
protein assay reagent (Pierce), with bovine serum albumin as a standard. Protein
profiles were analyzed by SDS-PAGE. Gels were stained with Coomassie blue.

In vitro growth of bacteria in whole mouse blood. Whole blood from C57BL/
6JIco mice was collected in 1-ml lithium heparin tubes (Greiner Bio-One) and
pooled. Strain H44/76 and the IpxL1 and [pxL2 mutants were grown until log
phase as described above and diluted to 1 X 10® CFU/ml in RPMI 1640 medium
(Gibco BRL). Next, bacteria where suspended in 1 ml whole mouse blood at a
final concentration of 1 X 10* CFU/ml or 1 X 10° CFU/ml and incubated for 4 h
at 37°C and 80 rpm in a humid atmosphere. Each hour a sample of 10 pl was
taken and serial dilutions in RPMI were made, which were plated on GC agar
and grown overnight at 37°C in 5% CO,_The next day, the numbers of colonies
on the plates were determined to calculate the CFU in the samples. This was also
done for the original stock of bacteria at 1 X 10® CFU/ml in RPMI to determine
the actual number of bacteria that was used.

Cell lines. For experiments and/or maintenance, J774A.1 mouse macrophage
cells were suspended in Iscove modified Dulbecco medium (IMDM) (Gibco
BRL) supplemented with 100 units/ml penicillin, 100 wg/ml streptomycin, 300
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pg/ml L-glutamine (Gibco BRL), and 10% heat-inactivated fetal calf serum
(FCS) (Gibco BRL). For experiments with and maintenance of HEK-293 cells
stably transfected with mouse TLR4A, MD-2, and CD14 (Invivogen), Dulbecco
modified Eagle medium (DMEM) (Gibco BRL) was used, supplemented with
10% FCS, 10 pg/ml blasticidin (Invivogen), and 50 pg/ml hygromycin B (Invi-
vogen).

ELISA. J774A.1 or HEK-293 mTLR4/MD-2/CD14 cells were seeded in 96-
well flat-bottom plates at 2 X 10° to 3 X 10° cells in 200 to 300 pl per well. Cells
were stimulated with heat-inactivated bacteria or purified LPS and incubated
overnight at 37°C in a humidified atmosphere containing 5% CO,. Cytokine
concentrations in the culture supernatants were quantified by enzyme-linked
immunosorbent assay (ELISA). Mouse interleukin-6 (IL-6) was determined with
the mouse IL-6 ELISA set (BD Biosciences), mouse interferon-inducible protein
10 (IP-10) with the mouse IP-10 ELISA kit (R&D Systems), and human IL-8
with PeliPair reagent sets (Sanquin).

Animal model. Female C57BL/6JIco mice 6 to 8 weeks old were randomly
distributed in groups of three. Animals were injected intraperitoneally (i.p.) with
100 pl of 20-mg/ml iron-dextran (Sigma) in PBS a few hours before infection and
again 24 h later. Strain H44/76 and the /pxLI and /pxL2 mutants were grown to
log phase as described above and diluted to the desired dose in PBS. Mice were
injected i.p. with 100 pl of bacterial suspension. Four different doses of each
strain were used: 1 X 10%, 1 X 10%, 1 X 10° and 1 X 107 CFU per mouse. Animal
health was monitored twice a day over a period of 48 h, and a health score was
assigned to each mouse at each time point as follows: healthy, 0; slightly ruffled
fur, 1; ruffled fur and active, 2; ruffled fur and inactive, 3; ruffled fur, inactive, and
crouched, 4; very sick, not eating or drinking, and no movement after stimula-
tion, 5; and death, 6. Mice with a score of 5 were killed to limit suffering. At2 h
and 19 h after infection, blood samples (50 pl) were taken from the tail vein and
collected in 1 ml lithium heparin tubes (Greiner Bio-One). Serial dilutions in
PBS were plated to determine CFU. The remaining blood was separated by
centrifugation to obtain the plasma, which was centrifuged again with a 0.22-pm
Ultrafree-MC filter (Millipore) to eliminate possible remaining bacteria. Plasma
was stored at —20°C for later use.

Determination of cytokine levels in plasma. Plasma samples of mice at 2 h and
19 h after infection were analyzed using a Bio-Plex system (Bio-Rad) for deter-
mination of cytokines. A six-plex Bio-Plex assay (Bio-Rad) containing beads for
mouse IL-1B, IL-6, IL-10, IL-12p70, RANTES, and tumor necrosis factor alpha
(TNF-«) was used.

Statistical analysis. Before statistical analysis, data from CFU values were
log,, converted, which normalized their distribution. One-way analysis of vari-
ance (ANOVA) was performed, followed by the post hoc Bonferroni multiple-
comparison test to analyze differences in means. Differences in survival were
tested with the Fischer exact test (GraphPad Prism 4). For each dose, H44/76 was
compared with the IpxLI and [pxL2 mutants. Differences were considered sig-
nificant at a P value of <0.05.

RESULTS

Characterization of the lpxL mutants. The [pxL] and IpxL2
mutants were generated in strain H44/76 (immunotype L8).
Their LPS structures are shown in Fig. 1A. The IpxLI mutant
has penta-acylated lipid A missing the secondary acyl chain at
the 2’ position. The IpxL2 mutant also has penta-acylated lipid
A but lacks the secondary acyl chain at the 2 position. Lipid A
was directly extracted from whole bacteria by the ammonium-
isobutyrate method and analyzed by nanoelectrospray tandem
mass spectrometry to verify the mutant structures (17). Both
the L8 IpxL1 LPS and the L8 IpxL2 LPS were found to have
>95% penta-acyl lipid A (results not shown). The growth of
the IpxL1 and IpxL2 mutants in whole blood of C57BL/6 mice
was compared to that of the parental strain. The blood was
incubated with two doses of each strain, 1 X 10° CFU/ml and
1 X 10° CFU/ml, and the numbers of bacteria in the blood
after 1, 2, 3, and 4 h were determined (Fig. 1B and C). For both
doses, growth was very similar for all strains in whole blood.
Finally, the outer membrane protein profiles of the different
strains were compared (Fig. 1D). Minor differences in the
expression of Opa proteins were visible; however, in our expe-
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FIG. 1. Characterization of N. meningitidis strains L8 H44/76, L8 [pxL 1, and L8 IpxL2. (A) Schematic structure of LPS from the wild-type strain
H44/76 (immunotype L8). The acyl chains missing in the /pxLI and IpxL2 mutants are indicated with green and blue, respectively. (B and C)
Growth of strain H44/76 and the IpxL1 and [pxL2 mutants in whole blood from C57BL/6JIco mice. Results of one of two independent experiments
are shown. Data are expressed as means of triplicates, and error bars indicate standard errors of the means (SEM). The outcome for an initial dose
of approximately 1 X 10° CFU/ml is shown in panel B and that for an initial dose of approximately 1 X 10> CFU/ml in panel C. (D) Outer
membrane complex proteins of strain H44/76 and the [pxL1 and [pxL2 mutants separated by SDS-PAGE and stained with Coomassie blue.

rience the presence or absence of particular Opa proteins does
not affect virulence in the i.p. mouse model (G. P. J. M. van
den Dobbelsteen, unpublished results). Overall, the outer
membrane profiles did not show major differences, suggesting
that the /pxLL mutations did not have unanticipated effects on
the expression of proteins possibly involved in the virulence of
N. meningitidis.

In vitro biological activity of I[pxL mutants. HEK293 cells
stably transfected with murine TLR4, MD-2, and CD14 were

stimulated with different doses of heat-inactivated whole bacterial
strains: H44/76, the [pxL.1 mutant, the Jpx.2 mutant, and the [pxA4
mutant, which is completely LPS deficient (44). In addition, pu-
rified wild-type LPS, LpxLL1 LPS, and LpxL2 LPS were tested.
Activation of the LPS receptor complex was assessed by measur-
ing IL-8 production by the HEK293 cells with ELISA (Fig. 2). As
expected, wild-type bacteria strongly activated the murine LPS
receptor complex, while /px4 mutant bacteria did not activate the
receptor complex at all. Compared to the wild-type strain, lpxL1
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FIG. 2. Comparison of murine TLR4 activation by the /pxL mu-
tants and the wild-type strain. HEK293 cells transfected with mouse
TLR4, MD-2, and CD14 were stimulated with different concentrations
of heat-inactivated whole H44/76 bacteria, [pxL1 bacteria, [pxL2 bac-
teria, [pxA bacteria, or purified LPS from these strains. After overnight
incubation, the IL-8 concentration in the supernatant was measured by
ELISA. Results of one representative experiment of three indepen-
dent experiments are shown. Data are expressed as means of tripli-
cates, and error bars indicate SEM.

mutant bacteria were about 10-fold less efficient in activating
murine TLR4/MD-2, and IpxL2 mutant bacteria were about 100-
fold less efficient. Similar results were obtained with purified LPS
from these strains (Fig. 2).

The bacteria also contain other components that can be rec-
ognized by pattern recognition receptors that contribute to the
innate immune response (36). Therefore, we also investigated the
influence of recognition of ipxL lipid A with immune cells that
also express other pattern recognition receptors. The murine
macrophage cell line J774A.1 was stimulated with titrations of the
H44/76, IpxL 1, [pxL.2, or I[pxA strain. We measured IL-6 and IP-10
induction (Fig. 3). IL-6 is induced by the MyD88-dependent path-
way and can therefore also be induced by other TLRs, such as
TLR2. In contrast, IP-10 is induced by the TRIF-dependent path-
way. Therefore, LPS should be the only component of the bac-
teria capable of inducing IP-10. In agreement with this, differ-
ences between the lipid A mutants were most pronounced for
IP-10, which was not induced at all by the lpxL.2 and [px4 mutants
and was induced about 25-fold less than the wild type by the lpxL1
mutant. For IL-6, all the lipid A mutants were less active than the
wild type, but differences among them were small (Fig. 3). Taken
together, these results demonstrate that the wild-type strain is the
most potent activator of mouse immune cells and that the jpxL2
mutant is the weakest activator. As expected, these effects were
TLR4 dependent.
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FIG. 3. Activation of J774A.1 cells with H44/76 and the /pxL1, IpxI.2,
and Ipx4 mutants. J774A.1 cells were stimulated overnight with titrations
of heat-inactivated strains. Concentrations of IL-6 and IP-10 in the su-
pernatant were determined by ELISA. Results of one representative
experiment of three independent experiments are shown. Data are ex-
pressed as means of triplicates, and error bars indicate SEM.

Mouse model of meningococcal sepsis. Next, we compared
the virulence of the wild-type strain, the Jpx.1 mutant, and the
[pxL2 mutant in a mouse model of meningococcal sepsis. We
anticipated that the results might be different for different dos-
ages. Therefore, the mice were challenged i.p. with four different
doses of each strain: 1 X 10% 1 x 10°, 1 X 10° and 1 X 107
CFU/mouse. There were three female C57BL/6 mice per group.
Since N. meningitidis needs iron for growth but cannot sequester
iron from murine proteins (19), mice were injected i.p. with iron-
dextran a few hours before injection with bacteria and again 24 h
later. Animal health was monitored twice a day over a period of
48 h, and a health score was assigned to each mouse at each time
point. A score of 0 means no visible symptoms, and a score of 6
means death. To limit suffering, mice that were severely ill (with
a score of 5) were euthanized. In our experience, animals that
reach that stage will not recover but will die later on. Animals that
received the two lowest doses of the wild-type strain did not show
any signs of illness, animals that received 1 X 10° CFU of H44/76
had moderate symptoms, and animals that received the highest
dose of H44/76 were severely ill after 19 and 25 h (Fig. 4A and B).
Interestingly, even the lowest dose of the /pxL2 mutant gave the
mice moderate symptoms, and mice that received higher doses of
the /pxL2 mutant had more severe symptoms. On the other hand,
none of the mice that received the /pxLL.1 mutant showed any signs
of illness, even with the highest dose. After 19 h, all animals were
still alive and none had a score higher than 4. However, after 25 h,
two mice were dead (one in the group that received 1 X 10° CFU
of the JpxL.2 mutant and one in the group that received 1 X 107
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FIG. 4. Disease severity in mice infected with strain H44/76 or the
IpxL1 or IpxL2 mutant. After infection, the health of the animals was
monitored regularly, and a heath score was given at each time point.
The score ranged from healthy (0) to death (6). There were three mice
per group. (A and B) Health scores 19 h after infection (A) and 25 h
after infection (B). (C) Percentage of survivors in each group after
25 h. Animals with a score of 5 that were killed at this time point were
counted as nonsurvivors. Results of one representative experiment of
two independent experiments are shown. Data are expressed as means
for three mice, and error bars indicate SEM. Asterisks indicate that the
group receiving the /pxL mutant was significantly different from the
group receiving the same dose of wild-type strain H44/76. %, P < 0.05;
*%, P < 0.01; *%*, indicates P < 0.001.

CFU of the [pxL2 mutant) and others had a score of 5, so they
were euthanized (Fig. 4C). Only the highest dose of H44/76 was
lethal, whereas lower doses of the JpxL.2 mutant were lethal to
some but not all mice in the group. In contrast, the highest dose
of the IpxL2 mutant was less lethal than the highest dose of
H44/76 or lower doses of the JpxL.2 mutant. Obviously, all mice
that received the JpxL.1 mutant survived. Moreover, all mice that
survived the first 25 h were practically symptom free after 43 h
(data not shown).

Meningococcal growth irn vivo. A sample of blood was taken
from the animals after 2 and 19 h to determine the bacterial
load in the circulation (Fig. 5). Already after 2 h the difference
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FIG. 5. Number of bacteria in blood after infection. Samples of blood
were taken from mice infected with strain H44/76 or the [pxL1 or [pxL.2
mutant at 2 h (A) and 19 h (B) after administration. Serial dilutions of
blood in PBS were plated to determine CFU. Results of one representa-
tive experiment of two independent experiments are shown. Data are
expressed as means for three mice, and error bars indicate SEM. Asterisks
indicate that the group that received an /pxL mutant was significantly
different from the group that received the same dose of wild-type strain
H44/76. x, P < 0.05; %%, P < 0.01; %%, P < 0.001.

in fitness between the strains was visible. At the lower doses,
more /pxL2 mutant bacteria were found in the blood than
wild-type bacteria. However, there were fewer IpxL/ mutant
bacteria than wild-type bacteria in the blood. After 19 h, none
of the mice that received the /pxLL] mutant had any bacteria in
their blood, consistent with no signs of sickness. Only the mice
that received the two highest doses of H44/76 had bacteria in
their blood after 19 h. However, mice that received an initial
dose of 1 X 10° CFU or more of the IpxL.2 mutant had a
high bacterial load at that time point. Overall, the number of
bacteria in the blood correlated strongly with illness severity.
These results demonstrate that at lower doses, the [pxL2 mu-
tant survived better in vivo than the wild-type strain. In con-
trast, the [pxLL] mutant was more easily cleared by the mice
than the wild-type strain.

Murine cytokine response. The concentrations of a number
of cytokines important in the innate immune response were
also measured in the serum after 2 and 19 h. The levels of the
following cytokines were determined: 1L-183, IL-6, TNF-a, IL-
12p70, IL-10, and RANTES. The levels of all cytokines at 2 h
after challenge correlated very well with the number of bacte-
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FIG. 6. Cytokine levels in plasma of mice after infection with H44/76 or the IpxL1 or [pxL2 mutant. At 2 h (A) or 19 h (B) after infection with
H44/76 or the IpxL1 or IpxL2 mutant, blood samples were taken from the mice. Cytokine levels in the plasma were determined with a six-plex
Bio-Plex assay (Bio-Rad) containing beads for mouse IL-1B, IL-6, IL-10, IL-12p70, RANTES, and TNF-a. Data are expressed as means for three
mice, and error bars indicate SEM. Asterisks indicate that the group that received an IpxL. mutant was significantly different from the group that
received the same dose of wild-type strain H44/76. *, P < 0.05; %, P < 0.01; %, P < 0.001.

ria in the blood (Fig. 6A). A high number of bacteria gave high
levels of cytokines and vice versa. At lower doses the [pxL2
mutant induced more cytokine production than the wild-type
strain. The /pxL.1 mutant induced less cytokine production than
the wild-type strain. Surprisingly, there was not much differ-
ence in the cytokine-inducing capabilities of the different
strains when the bacterial load in the blood was approximately
equal, although the wild-type strain was clearly more biologi-
cally active than the [pxL mutants in vitro (Fig. 3). For example,
the initial dose of 1 X 107 CFU gave approximately the same
number of wild-type and /pxL2 bacteria in the blood after 2 h
(Fig. 5A), yet wild-type bacteria did not induce higher levels of
cytokines than /pxL.2 mutant bacteria after 2 h. One important
exception, however, was TNF-a, which was much higher in

mice that received wild-type bacteria (Fig. 6A). The levels of
cytokines in the blood at 19 h after challenge also correlated
strongly with bacterial load (Fig. 6B). Again, IpxL2 bacteria
induced higher levels of cytokines than wild-type bacteria at
the lower doses, whereas cytokines were practically undetect-
able in blood of animals infected with IpxL1 bacteria.

DISCUSSION

Our study demonstrates that the /pxL2 mutant was much
more virulent in mice than the wild-type strain, in contrast to
the IpxL1 mutant, which was completely avirulent. The overall
differences between the three strains shown in Fig. 4 to 66
follow the same trend in mice at all doses (with the exception
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FIG. 6—Continued.

of the highest), i.e., [pxL2 mutant > wild type > IpxL 1 mutant.
Therefore, the conclusions about their relative effects are not
based on results from a single group of three mice but were
repeatedly seen for different groups of mice. Although the
outer membrane profiles and growth in whole mouse blood
were very similar, it cannot be excluded that differences be-
tween these strains other than lipid A structure alone contrib-
uted to the great variation in virulence. However, in our past
experiences with other strains in the same model, we never
observed such large differences in virulence. The higher viru-
lence was reflected by a higher bacterial load, higher cytokine
levels, and more severe symptoms. Overall, there was a very
strong correlation between these three parameters. In humans
it was also found that meningococcal disease patients who died
had higher bacterial loads than patients who survived (11).
Other parameters indicative of disease severity were also as-

sociated with bacterial load in that study. Presumably, a higher
bacterial load leads to higher cytokine levels. In humans, dis-
ease severity and mortality are also associated with higher
cytokine levels (21).

Why is the IpxL2 mutant more virulent than the wild-type
strain in our mouse model? We demonstrated that /pxL.2 mu-
tant bacteria activate murine TLR4/MD-2 much less efficiently
than wild-type bacteria. Moreover, [pxL.2 mutant bacteria were
less active on murine macrophages than wild-type bacteria.
The importance of TLR4 in protection against Gram-negative
bacterial pathogens has been widely demonstrated in mice (3,
5, 40, 47, 54). Similarly, others have demonstrated that the
virulence of certain Gram-negative bacteria in mice can be
related to the low activity of their LPS (26, 30, 55). For exam-
ple, the plague bacillus Yersinia pestis normally produces tetra-
acyl LPS at mammalian body temperature, which is poorly



3184 FRANSEN ET AL.

recognized by TLR4. The wild-type strain was virulent in mice,
in contrast to a modified strain that produced hexa-acyl LPS at
37°C. However, the modified strain was fully virulent in TLR4-
deficient mice, demonstrating the importance of evasion of
TLR4 activation for this bacterium (30). It is possible that
IpxL2 mutant bacteria also evade recognition by the innate
immune system, which promotes their survival in mice. TLR4-
deficient mice have indeed been demonstrated to be more
susceptible to experimental meningococcal infection (56). In
humans also, the importance of LPS detection by the host is
illustrated by the finding that individuals with rare mutations in
TLR4 are more prone to meningococcal disease (15, 16, 42). In
addition, the IpxL2 mutant could benefit indirectly from im-
paired TLR4 recognition. Besides TLR4, N. meningitidis acti-
vates TLR2 and TLRY (29). It has been demonstrated that
LPS upregulates TLR9 in mouse macrophages (2). Therefore,
infection with the /px.2 mutant might also reduce recognition
by TLRY, which is important in the host defense against me-
ningococcal disease (41).

Why, then, is the IpxLI mutant less virulent than the wild-
type strain in mice, although it is less well recognized by
TLR4? Other host defense mechanisms are also important in
the protection against N. meningitidis. The complement system
plays a major role, as demonstrated by the fact that individuals
with complement deficiencies are very susceptible to infection
with Neisseria species (32). Another important defense mech-
anism includes antimicrobial peptides (4). Having lipid A with
six acyl chains or more can protect bacteria from antimicrobial
peptides (28, 31). Indeed, it has been demonstrated that N.
meningitidis lipid A mutants are less resistant to such peptides
(48). LPS structure is also known to influence the complement
sensitivity of N. meningitidis (37). However, whether the acy-
lation pattern of lipid A has any effect on complement sensi-
tivity has not been studied to our knowledge. Thus, the IpxL1
mutant may be less virulent than the wild-type strain because
of increased sensitivity to host defense mechanisms other than
TLRA4. It is likely that the /pxL2 mutant is also more sensitive
to these other defense mechanisms, but that is widely compen-
sated for by the evasion of TLR4 recognition. On other hand,
the IpxL1 mutant might still be recognized by TLR4 well
enough to clear the bacteria.

We show that in vitro the induction of IL-6 is not much
different in the IpxL1 and IpxL2 whole bacteria but that IP-10
induction is much lower after /pxL.2 mutant stimulation than
after [pxL I mutant stimulation. Presumably, activation of other
pattern recognition receptors such as TLR2 contributes to IL-6
production via the MyD88 pathway, which compensates for the
difference in the biological activities of [pxL! and [pxL2 LPS.
However, the IpxL1 and IpxL2 mutants clearly differ in their
ability to induce IP-10, likely because IP-10 is induced via the
TRIF pathway, which is activated only by LPS. Activation of
the TRIF pathway leads to the production of type I IFN (33).
Interestingly, it has been demonstrated that type I IFN treat-
ment of mice infected with Salmonella enterica serovar Typhi-
murium leads to reduced lethality (9).

Somewhat in contrast to our findings, Plant et al. reported
that a serogroup C wild-type strain and its isogenic /px4 mutant
induced similar amounts of cytokines and caused equivalent
disease severity in mice (34). Moreover, TLR4~/~ mice were
protected from disease, rather than being more susceptible.

INFECT. IMMUN.

Differences in experimental design might be an explanation.
Plant et al. used 1 X 10% and 5 X 10® CFU per mouse and no
exogenous iron source. The advantage of not using an iron
source is that possible effects of iron on the host immune
response are ruled out, but a disadvantage is that higher doses
of bacteria are needed to infect the mice. Thus, they used doses
higher than our highest dose. We also found little difference
between the wild-type strain and the /pxL2 mutant at the high-
est dose. Possibly the /pxL2 mutation has an advantage at lower
bacterial numbers, because TLR4 recognition can be evaded.
However, at high bacterial numbers, other pattern recognition
receptors are sufficiently activated. At high bacterial loads,
having TLR4 is probably only a disadvantage for the host,
because it contributes significantly to the excessive production
of proinflammatory cytokines, which can be lethal.

We show that the IpxL.2 mutant induces smaller amounts of
cytokines in vitro than the wild-type strain. In contrast, at the
lower doses the /pxL.2 mutant induced higher levels of cyto-
kines in vivo. This apparent discrepancy can be explained by
the fact that stimulation of cells in vitro was performed with
inactivated bacteria but mice were infected with live bacteria.
If unchecked by effective defense mechanisms, live bacteria
can quickly reach much higher densities, while in vitro the
densities used are always known. Presumably, the /pxL2 mutant
induced more cytokines and chemokines in vivo because much
higher levels of bacteria were present in the blood due to less
efficient clearing by the immune system. However, it should be
noted that with the highest dose of wild-type and /pxL2 bacte-
ria, which led to similar levels of bacteria in the blood, both
strains induced similar amounts of cytokines. It is possible that
with such high numbers of bacteria in the blood, cytokine
production reaches a plateau and the other pattern recognition
receptor ligands compensate for the difference in LPS activity.
One exception was TNF-a after 2 h, which was much higher in
the blood of mice challenged with the wild-type strain, suggest-
ing that specifically TNF-a production is more dependent on
LPS. Interestingly, it has been demonstrated previously that
the levels of LPS in the cerebrospinal fluid of patients with
meningococcal disease correlated with levels of TNF-a but not
with levels of IL-6 or IL-1 (52).

We recently reported that a surprisingly large fraction of N.
meningitidis disease isolates have mutations in lpxL1 (17). The
IpxL1 mutants activate human TLR4 much less efficiently than
wild-type bacteria. Therefore, an explanation for the high fre-
quency of [pxL 1 mutation could be that it creates an advantage
for the bacteria, because they can evade TLR4 recognition and
subsequent clearing by the innate immune system. In the
present study we wanted to test the influence of lipid A struc-
ture on virulence in a mouse model of meningococcal sepsis.
However, a complicating factor is that /pxL.] mutant bacteria
activate murine TLR4 much better than human TLR4. Here
we show that an /pxL.2 mutant activates murine TLR4 less
efficiently than the IpxL.1 mutant. Moreover, we demonstrate
that the /pxL.2 mutant is more virulent in mice than the wild-
type strain, in contrast to the /pxL I mutant, which is much less
virulent. How the /pxL2 mutant behaves in mice might be a
good model of how the IpxL! mutant behaves in humans.
There are also differences, however. We previously showed
that meningitis patients infected with an /pxL1 mutant were
less severely ill than patients infected with a wild-type strain
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(17). However, in the present study, mice infected with IpxL.2
mutant bacteria had higher morbidity and mortality than mice
infected with equivalent amounts of wild-type bacteria, at least
at the lower bacterial doses used. These differences might
relate to the fact that humans are much more sensitive to the
effects of endotoxin than mice (10). It has been shown previ-
ously that the dose of endotoxin needed to induce a certain
amount of IL-6 in mice was 250 times greater than the dose
needed for humans. Moreover, endotoxin induced a rapid
physiological response in humans but not in mice. Of course,
the mouse model differs in several crucial respects from a
human infection, including (i) the different route of infection;
(ii) the much higher infective dose used, which means that the
direct contribution of LPS to pathogenicity may be higher; (iii)
the absence of any preexisting specific immunity; and (iv) the
differential activity of many host-specific factors such as Opa
adhesins, iron-sequestering proteins, and complement regula-
tors (19). However, in spite of these differences, our results
clearly demonstrate the crucial role of N. meningitidis lipid A
structure in virulence, possibly through its effect on the degree
of TLR4 activation. Moreover, our results suggest that the
lipid A structure is important in the bacteria’s defense against
other host immune mechanisms as well.
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