








CFU of the lpxL2 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 lpxL2 mutant were lethal to
some but not all mice in the group. In contrast, the highest dose
of the lpxL2 mutant was less lethal than the highest dose of
H44/76 or lower doses of the lpxL2 mutant. Obviously, all mice
that received the lpxL1 mutant survived. Moreover, all mice that
survived the first 25 h were practically symptom free after 43 h
(data not shown).

Meningococcal growth in 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

in fitness between the strains was visible. At the lower doses,
more lpxL2 mutant bacteria were found in the blood than
wild-type bacteria. However, there were fewer lpxL1 mutant
bacteria than wild-type bacteria in the blood. After 19 h, none
of the mice that received the lpxL1 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 � 105 CFU or more of the lpxL2 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 lpxL2 mu-
tant survived better in vivo than the wild-type strain. In con-
trast, the lpxL1 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: IL-1�, IL-6, TNF-�, IL-
12p70, IL-10, and RANTES. The levels of all cytokines at 2 h
after challenge correlated very well with the number of bacte-

FIG. 4. Disease severity in mice infected with strain H44/76 or the
lpxL1 or lpxL2 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 lpxL 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.

FIG. 5. Number of bacteria in blood after infection. Samples of blood
were taken from mice infected with strain H44/76 or the lpxL1 or lpxL2
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 lpxL 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.
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ria in the blood (Fig. 6A). A high number of bacteria gave high
levels of cytokines and vice versa. At lower doses the lpxL2
mutant induced more cytokine production than the wild-type
strain. The lpxL1 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 lpxL mutants in vitro (Fig. 3). For example,
the initial dose of 1 � 107 CFU gave approximately the same
number of wild-type and lpxL2 bacteria in the blood after 2 h
(Fig. 5A), yet wild-type bacteria did not induce higher levels of
cytokines than lpxL2 mutant bacteria after 2 h. One important
exception, however, was TNF-�, 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, lpxL2 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 lpxL1 bacteria.

DISCUSSION

Our study demonstrates that the lpxL2 mutant was much
more virulent in mice than the wild-type strain, in contrast to
the lpxL1 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

FIG. 6. Cytokine levels in plasma of mice after infection with H44/76 or the lpxL1 or lpxL2 mutant. At 2 h (A) or 19 h (B) after infection with
H44/76 or the lpxL1 or lpxL2 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-1�, IL-6, IL-10, IL-12p70, RANTES, and TNF-�. Data are expressed as means for three
mice, and error bars indicate SEM. Asterisks indicate that the group that received an lpxL 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.

3182 FRANSEN ET AL. INFECT. IMMUN.



of the highest), i.e., lpxL2 mutant � wild type � lpxL1 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 lpxL2 mutant more virulent than the wild-type
strain in our mouse model? We demonstrated that lpxL2 mu-
tant bacteria activate murine TLR4/MD-2 much less efficiently
than wild-type bacteria. Moreover, lpxL2 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

FIG. 6—Continued.
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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
lpxL2 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 lpxL2 mutant could benefit indirectly from im-
paired TLR4 recognition. Besides TLR4, N. meningitidis acti-
vates TLR2 and TLR9 (29). It has been demonstrated that
LPS upregulates TLR9 in mouse macrophages (2). Therefore,
infection with the lpxL2 mutant might also reduce recognition
by TLR9, which is important in the host defense against me-
ningococcal disease (41).

Why, then, is the lpxL1 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 lpxL1
mutant may be less virulent than the wild-type strain because
of increased sensitivity to host defense mechanisms other than
TLR4. It is likely that the lpxL2 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 lpxL1 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 lpxL1 and lpxL2 whole bacteria but that IP-10
induction is much lower after lpxL2 mutant stimulation than
after lpxL1 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 lpxL1 and lpxL2 LPS.
However, the lpxL1 and lpxL2 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 lpxA 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.

Differences in experimental design might be an explanation.
Plant et al. used 1 � 108 and 5 � 108 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 lpxL2 mutant at the high-
est dose. Possibly the lpxL2 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 lpxL2 mutant induces smaller amounts of
cytokines in vitro than the wild-type strain. In contrast, at the
lower doses the lpxL2 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 lpxL2 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 lpxL2 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-� after 2 h, which was much higher in
the blood of mice challenged with the wild-type strain, suggest-
ing that specifically TNF-� 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-� 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
lpxL1 mutants activate human TLR4 much less efficiently than
wild-type bacteria. Therefore, an explanation for the high fre-
quency of lpxL1 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 lpxL1 mutant bacteria
activate murine TLR4 much better than human TLR4. Here
we show that an lpxL2 mutant activates murine TLR4 less
efficiently than the lpxL1 mutant. Moreover, we demonstrate
that the lpxL2 mutant is more virulent in mice than the wild-
type strain, in contrast to the lpxL1 mutant, which is much less
virulent. How the lpxL2 mutant behaves in mice might be a
good model of how the lpxL1 mutant behaves in humans.
There are also differences, however. We previously showed
that meningitis patients infected with an lpxL1 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 lpxL2
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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