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Neisseria meningitidis asymptomatically colonizes the human upper respiratory tract but is also the cause of meningitis and se-
vere septicemia. Carriage or disease evokes an immune response against the infecting strain. Hitherto, we have known little
about the breadth of immunity induced by natural carriage of a single strain or its implications for subsequent infectious chal-
lenge. In this study, we establish that transgenic mice expressing human CEACAM1 support nasal colonization by a variety of
strains of different capsular types. Next, we nasally challenged these mice with either of the N. meningitidis strains H44/76 (sero-
group B, ST-32) and 90/18311 (serogroup C, ST-11), while following the induction of strain-specific immunoglobulin. When
these antisera were tested for reactivity with a diverse panel of N. meningitidis strains, very low levels of antibody were detected
against all meningococcal strains, yet a mutually exclusive “fingerprint” of high-level cross-reactivity toward certain strains be-
came apparent. To test the efficacy of these responses for protection against subsequent challenge, CEACAM1-humanized mice
exposed to strain 90/18311 were then rechallenged with different N. meningitidis strains. As expected, the mice were immune to
challenge with the same strain and with a closely related ST-11 strain, 38VI, while H44/76 (ST-32) could still colonize these ani-
mals. Notably, however, despite the paucity of detectable humoral response against strain 196/87 (ST-32), this strain was unable
to colonize the 90/18311-exposed mice. Combined, our data suggest that current approaches may underestimate the actual
breadth of mucosal protection gained through natural exposure to N. meningitidis strains.

Neisseria meningitidis is the causative agent of meningococcal
meningitis and septicemia. Both manifestations of invasive

meningococcal disease (IMD) primarily affect infants and tod-
dlers and are characterized by a rapid course of progression (1).
The fatality rate is particularly high in meningococcal sepsis, and
treatment options are limited, especially when patients present in
hospitals with late-stage disease (2). Therefore, preemptive mea-
sures such as vaccination are pivotal in the defense against this
human-specific pathogen.

Although mainly recognized because of its devastating invasive
potential, N. meningitidis bacteria are normal inhabitants of the
human upper respiratory tract, as about 10% of the general pop-
ulation carry these bacteria in their throats (3, 4). Overall, progres-
sion into disease is uncommon and is limited to certain hyperviru-
lent lineages of this diverse species (5, 6). One key aspect in
meningococcal virulence is the polysaccharide capsule, which
shields the bacteria against the bactericidal activities of the host
through phagocytosis and the complement system and which al-
lows for their survival and multiplication in the blood. In order to
overcome this protective function, immunoglobulin specific for
surface antigens is required to facilitate Fc receptor-mediated
phagocytosis and serum complement activation and deposition
directly onto the bacterial surface. The serum bactericidal anti-
body (SBA) assay has therefore become the gold standard by
which to measure the efficacy of protection conferred by menin-
gococcal vaccines (7). However, an individual’s SBA activity can
also rise in response to natural carriage (8, 9). Meningococcal
colonization of the nasopharynx is usually asymptomatic and can
last for months before it is spontaneously cleared (10, 11). It is
interesting that carriers often mount an SBA response but con-
tinue to be colonized (8, 9), indicating two separate, or sequential,

mechanisms required to gain serum versus mucosal protection.
While research efforts have mostly focused on serum protection
against N. meningitidis, little is known about the mucosal immune
response to infection or its efficacy at eliminating N. meningitidis
from the nasopharyngeal niche.

Experimental approaches to investigate the generation of mu-
cosal protection during meningococcal colonization have thus far
been hampered by the human-specific tropism of these bacteria,
which has precluded establishment of an accepted animal infec-
tion model. Therefore, our current knowledge stems from obser-
vations in humans during cross-sectional or longitudinal trials
that monitored colonization and immune parameters (8, 12–15).
The only experimental insight from human carriage was obtained
in a challenge study in which human volunteers were inoculated
with Neisseria lactamica, a close but nonvirulent relative of N.
meningitidis (16). An inherent obstacle in interpretation of the
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published data on the human response during N. meningitidis
carriage or disease is the potential heterogeneity in undescribed
effectors of human susceptibility within a population and the un-
controlled nature of exposure, including variables such as natural
infection by cross-reacting N. meningitidis strains and commensal
Neisseria species, strain-specific differences in virulence, and the
potential for viral coinfection. Furthermore, in the absence of a
known correlate of protection against N. meningitidis mucosal
colonization, it remains unclear what immune responses should
be measured.

We have recently established a mouse model which allows ef-
fective N. meningitidis nasal colonization, using transgenic mice
expressing the human carcinoembryonic antigen-like cell adhe-
sion molecule 1 (CEACAM1). This model allows N. meningitidis
to intimately associate with the nasal mucosa as its Opa protein
adhesins bind to human CEACAM1, allowing us to dissect both
innate and adaptive responses to infection (17). In this study, we
take advantage of this mouse model to assess strain-specific cross-
protection conferred upon N. meningitidis colonization of the re-
spiratory mucosa. While the antibody response to different N.
meningitidis strains showed a narrow range of cross-specificity by
enzyme-linked immunosorbent assay (ELISA) and SBA, the nasal
challenge model indicated a broader cross-protection against mu-
cosal infection. Specifically, while serogroup- and/or serotype-spe-
cific immunity was acquired, protection was also apparent when
strain-specific antibody was not detectable in serum. Together, these
findings imply the presence of protective antigens not captured by
standard serologic-based classification and indicate that serum anti-
body-based ELISAs underrepresent the breadth of colonization-in-
duced cross-protection existing within the respiratory mucosa.

MATERIALS AND METHODS
Bacterial strains. Bacterial strains used in this study are listed in Fig. 2A.
N. meningitidis and Neisseria gonorrhoeae were grown overnight on GC
agar supplemented with IsoVitaleX and VCNT inhibitor (Becton Dickin-
son, Sparks, MD, USA) at 37°C and 5% CO2 and with a humidified atmo-
sphere. Likewise, N. lactamica, Neisseria cinerea, and Neisseria flavescens
were grown on GC agar supplemented with IsoVitaleX (Becton Dickin-
son, Sparks, MD, USA). Nontypeable Haemophilus influenzae was grown
on chocolate agar (Becton Dickinson, Sparks, MD, USA), and Moraxella
catarrhalis was grown on brain heart infusion (BHI) agar (Becton Dick-
inson, Sparks, MD, USA) under the same conditions. Escherichia coli
strains expressing Opa proteins of N. meningitidis strain MC58 were the
same as in reference 17 and were grown overnight at 37°C on Luria agar,
supplemented with IPTG (isopropyl-�-D-thiogalactopyranoside; Sigma-
Aldrich, Oakville, Canada) to induce Opa expression.

Mouse intranasal infection. All animal experiments were conducted
in accordance with legal requirements under the Province of Ontario’s
Animal for Research Act and the Federal Council on Animal Care
(CCAC). Experimental protocols were approved by the University of
Toronto’s Animal Ethics Review Committee (permit numbers 2008657
and 20009370). Generation of CEACAM1-humanized mice was de-
scribed in detail in the work of Gu et al. (18). The infection procedure was
carried out as previously described (17). Inocula were obtained by resus-
pending the lawn of growth from an overnight agar plate into 1 ml of
phosphate-buffered saline (PBS) containing 1 mM MgCl2 (PBS/Mg), with
adjustment to 107 CFU/ml, and 32 mg/ml of human holotransferrin was
added (Sigma-Aldrich, Oakville, Canada). Six-week-old CEACAM1-hu-
manized mice (FVB genetic background) were intranasally inoculated
with a 10-�l inoculum (105 CFU) under light isoflurane anesthesia. Serial
dilutions of the inoculum were routinely plated in order to ensure accu-
racy and viability of the suspension used for infection. For experiments in
Fig. 1A, mice were sacrificed and sampled 3 days later, as described below.

For reinfection experiments to monitor immune responses, mice received
one dose of the indicated N. meningitidis strain at the age of 6 weeks and
another dose at 9 weeks. Challenge infections were then carried out at 12
weeks of age with the indicated strain. During the time course of infection,
blood samples were obtained from the facial vein. Three days after chal-
lenge infection, the mice were euthanized in a CO2 chamber and cardiac
puncture was performed to exsanguinate the animals. Nasal wash was
obtained by retrograde lavage through the trachea with 500 �l of PBS/Mg.
The nasal cavity was then opened using scissors, and the nasal cavity was
swabbed thoroughly with an ultrafine aluminum shaft applicator with a
calcium alginate fiber tip (Puritan Medical Products, Guilford, ME, USA)
to break up the mucosa, which was then resuspended in 500 �l of PBS/Mg.
This procedure ensures harvesting of mucosal as well as submucosal tis-
sues to probe for tightly associated N. meningitidis. Nasal washes were
centrifuged at 13,000 � g, with the supernatant retained for further anal-
ysis and the pellet resuspended in 50 �l supernatant. Resuspended pellet
and nasal swab samples were plated onto GC agar supplemented with
IsoVitaleX and VCNT inhibitor (Becton Dickinson, Sparks, MD, USA) to
enumerate recovered CFU after overnight incubation at 37°C and 5%
CO2 as the sum of both nasal wash and nasal swab samples.

Whole-cell ELISA for detection of specific immunoglobulins.
MaxiSorp 96-well flat-bottom immunoplates (Nunc, Rochester, NY,
USA) were coated with 50 �l per well of a suspension at an optical density
at 600 nm (OD600) of 0.2 of heat-inactivated (56°C for 30 min) N. men-
ingitidis strains in PBS and allowed to dry. Wells were washed four times
with wash buffer (PBS containing 0.05% Tween 20) and blocked for 1 h
with PBS containing 5% bovine serum albumin (BSA) before addition of
50 �l per well of diluted sample. After incubation for 2 h at room temper-
ature, wells were washed three times before addition of 50 �l per well of a
1:10,000 dilution of alkaline phosphatase (AP)-goat anti-mouse IgG
Fc(�), AP-goat anti-mouse IgM (Jackson ImmunoResearch, West Grove,
PA, USA), or AP-goat anti-mouse IgA (Abcam, Cambridge, MA, USA).
After 1 h of incubation, wells were washed three times before 100 �l per
well of Bluephos AP detection substrate (KPL, Gaithersburg, MD, USA)
was added, and plates were then incubated at 37°C. This reaction was
stopped by adding 100 �l/well of AP-Stop solution (KPL, Gaithersburg,
MD, USA), and OD620 was measured.

Serum bactericidal antibody (SBA) assay. About 10 colonies of an
overnight growth of the N. meningitidis test strains were used to inoculate
a fresh Columbia blood agar plate (bioMérieux, Nürtingen, Germany).
After 4 h of incubation at 37°C and 5% CO2, the bacteria were harvested
by swab and resuspended into assay buffer (Hanks balanced salt solution
[HBSS]; Life Technologies, Darmstadt, Germany) containing 5 U/ml
heparin (Biochrom, Berlin, Germany) and 0.5% BSA (Applichem, Darm-
stadt, Germany). The assay was performed by mixing approximately 500
CFU of bacteria in assay buffer containing serial 2-fold dilutions of the test
sera and 25% baby rabbit complement (Cedarlane, Burlington, Canada),
and then, the reaction mixtures were incubated at 37°C for 1 h. After
plating, CFU were enumerated and a positive SBA value was assigned as
the serum dilution below which less than 50% of the bacteria survived
compared to the no-serum control. Where indicated, the bacteria were
subjected to iron limitation by addition of 500 �M deferoxamine mesylate
(Sigma-Aldrich, Seelze, Germany) when growing for 4 h prior to dilution
in assay buffer and addition to the reaction.

Western blotting. An overnight lawn of growth of the N. meningitidis
strains was harvested and suspended into 1 ml of PBS to yield approxi-
mately 2 � 1010 CFU/ml. After addition of 2� Laemmli buffer, samples
were boiled for 10 min and 5 �l hereof was subjected to analysis on a 12%
SDS gel and subsequently transferred onto a nitrocellulose membrane.
After blocking in PBS containing 0.05% Tween 20 and 5% skim milk,
antigens were detected by incubation with the appropriate antibodies: Opa
proteins with monoclonal antibody (MAb) 4B12/C11 (19), PorB with a pan-
specific polyclonal rabbit antiserum, P1.5 with MAb MN22A9.19 (National
Institute for Biological Standards and Control [NIBSC] code 03/226),
P1.7 with MAb MN14C11.6 (NIBSC code 01/514), P1.2 with MAb
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MN16C13F4 (NIBSC code 02/178), and P1.16 with MAb MN5C11G
(NIBSC code 01/538). The typing antibodies were kindly provided by
Heike Claus and Ulrich Vogel (Institute for Hygiene and Microbiology,
University of Würzburg, Würzburg, Germany). Primary antibodies were
detected by incubation with horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG or goat anti-rabbit IgG (Dianova, Hamburg, Ger-
many), followed by enhanced chemiluminescence (ECL) detection.

RESULTS
CEACAM1-humanized mice facilitate nasal carriage with a di-
verse spectrum of meningococcal isolates. Previously, we ob-
served carriage of serogroup B meningococci after nasal inocula-
tion of transgenic mice expressing human CEACAM1 but not
their wild-type (WT) littermates (17). In order to assess the appli-
cability of this model for other meningococcal isolates, we intra-

nasally infected CEACAM1-humanized mice versus WT litter-
mates with inocula of serogroup A, B, C, and Y strains and then
recovered viable bacteria in the nasal tissues at day 3 postinfection.
In each case, the strains preferentially colonized CEACAM1-hu-
manized mice regardless of serogroup or sequence type (Fig. 1A).
Only one of the serogroup A strains (S3131) and one of the sero-
group B strains (B16B6) showed a low success rate (two out of six
mice) in colonization. In contrast, all other isolates tested showed
persistence in at least half of the transgenic mice at 3 days postin-
fection. Of note, only strain F1576 (serogroup C) displayed
marked success in colonization of WT mice (three out of six
mice), although even this strain preferably colonized CEACAM1-
humanized mice (six out of seven mice).

With the exception of strain B16B6, all isolates displayed ex-
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FIG 1 Diverse N. meningitidis strains can colonize CEACAM1-humanized mice. (A) Cohorts of CEACAM1-humanized mice (gray circles) or wild-type mice
(white circles) were intranasally inoculated with 105 CFU of N. meningitidis. Strain designation and type are indicated above individual graphs. Each circle
represents the number of viable N. meningitidis bacteria recovered from nasal samples enumerated 3 days postinfection. Group sizes and percentages of colonized
mice within each cohort are indicated below each graph. Note that data obtained using strains 90/18311, 38VI, and 196/87 are identical to those in Fig. 4c (in the
context of which the data were generated) but are shown here as well for qualitative comparison to the other strains. (B) Western blotting of lysates of N.
meningitidis strains to monitor expression of Opa protein.
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pression of Opa proteins as determined by Western blotting (Fig.
1B). Hence, it appears that lack of Opa expression might account
for the low success rate of B16B6 in colonization of CEACAM1-
humanized mice.

In conclusion, the CEACAM1-humanized mouse is a suscep-
tible host to colonization with most Opa-expressing meningococ-
cal strains and, thus, is a suitable model for the analysis of strain-
dependent immunity toward meningococcal colonization.

Nasal colonization with N. meningitidis induces a strain-
specific serum response in CEACAM1-humanized mice. We
have previously established that nasal colonization with a proto-
typical N. meningitidis serogroup B isolate, H44/76, elicits an im-
mune response that impedes subsequent carriage of the same
strain (17). Here, we sought to determine the specificity of the
immune response induced by nasal carriage with respect to cross-
reactivity of serum antibodies to heterologous strains. Therefore,
sera were obtained from CEACAM1-humanized mice that under-
went two consecutive intranasal inoculations at 6 and 9 weeks of
age with 105 CFU of either serogroup B isolate H44/76 or sero-
group C isolate 90/18311. Serum pools of both cohorts were incu-
bated in 96-well plates which had been coated with a collection of
meningococcal isolates to measure cross-reactive antibodies by
whole-cell ELISA (Fig. 2A). As expected, the serum IgG response
was most pronounced against the homologous strain. In addition,
there was significant cross-reactivity toward certain other menin-
gococcal strains in each of the serum pools. Yet, the serum pools of
H44/76-reinfected and 90/18311-reinfected mice displayed a mu-
tually exclusive fingerprint, indicating the strain specificity of the
elicited immune response to either isolate. It is pertinent that the
values graphed in Fig. 2A represent normalized data from which
the background (as measured by pooled preimmune serum of the
same animals) has already been subtracted. Thus, it appears that a
low-level response against all meningococcal strains in Fig. 2A is
mounted by infection with either H44/76 or 90/18311.

The table with Fig. 2A lists the meningococcal strains used to
test for cross-reactive serum IgG, along with a panel of typing
antigens (serogroup, clonal complex, serotype, serosubtype, and
FetA as well as the antigens of the Bexsero vaccine, fHbp [factor H
binding protein], NHBA [neisserial heparin binding antigen], and
NadA). Cross-reactivity of the serum samples tended to correlate
with overall similarity of the test strains to the strains used for
reinfection (H44/76 or 90/18311, respectively). Yet, no single an-
tigen could be identified that would allow an unambiguous pre-
diction of cross-reactivity: while strains typed B:15:P1.7,16:F3-3:
ST-32(cc32) (fHbp peptide ID 1; NHBA peptide ID 3) clustered at
high cross-reactivity with H44/76 and strains typed C:P1.5,2:F5-
5:ST-11(cc11) (fHbp peptide ID 22; NHBA peptide ID 29; NadA
allele 3) clustered at high cross-reactivity with 90/18311, individ-
ual antigens in these types are also found in strains which do not
display marked immunologic cross-reactivity.

The outer membrane porins PorA and PorB are highly immu-
nogenic proteins and have been reported to be the primary target
of serum bactericidal antibodies generated during colonization (9,
15, 20), invasive disease (21–24), and vaccination with outer
membrane vesicle (OMV) vaccines (25, 26). We analyzed their
expression by all test strains, in which at least one of the two
variable regions (VRs) of PorA matched one of the corresponding
infection strains (i.e., expressing P1.7, P1.16, P1.5, or P1.2; shaded
in black or gray in the table) by Western blotting (Fig. 2B). All
analyzed strains expressed PorB. However, we found expression of

PorA only in the majority of the strains clustering with H44/76,
whereas no PorA expression was observed in the high-cross-reac-
tivity cluster around 90/18311. Sequence analysis revealed that the
lack of PorA expression in strain 90/18311 was due to phase vari-
ation, as the homopolymeric adenine tract following the start
codon consisted of nine instead of seven adenine bases, thus lead-
ing to a frameshift (27). Even 90/18311, which was recovered from
CEACAM1-humanized mice after 3 days, did not express detect-
able levels of PorA. Hence, PorA is an unlikely target for antigen
presentation in the 90/18311-infected mice, and therefore, no sig-
nificant levels of anti-PorA antibodies may have been generated
that could lead to cross-protection. Furthermore, the failure to
detect PorA in 90/18311 clones that were recovered after nasal
carriage suggests that it plays a minor role for the successful colo-
nization in this animal model.

Given that the prototypical strains used in this study have been
isolated decades ago and have been distributed to numerous lab-
oratories worldwide, the high reproducibility of results obtained
with homologous strains (H44/76, MC58, and B16B6) obtained
from different laboratories in this assay is interesting (Fig. 3).

Opa adhesins are crucial for interaction with CEACAM1 and
facilitate nasopharyngeal colonization in the CEACAM1-human-
ized mice (17). While they are highly immunogenic proteins and
have been proposed as vaccine antigens (28), they do not seem to
be dominant epitopes for the immune response in CEACAM1-
humanized mice, as (i) only modest amounts of Opa-specific an-
tibodies are raised in H44/76-reinfected animals as evident by only
a weak signal emanating from Opa-expressing E. coli (Fig. 2A) and
(ii) an H44/76 isogenic mutant lacking all four opa genes does not
display a significant reduction in signal strength compared to the
parental strain (Fig. 3). Also, no effect was observed in an isogenic
mutant lacking capsule (�siaD), indicating (i) the lack of sero-
group B-specific anticapsular antibodies, which is expected, given
the nonimmunogenic nature of this particular antigen, and (ii)
the lack of an observable inhibitory or steric effect of the capsule
on antigen recognition by antibodies in the immune sera.

Cross-protection against nasal carriage in strain 90/18311-
reinfected mice is greater than estimated by the serum antibody
cross-reactivity pattern. We sought to determine whether intra-
nasal infection of CEACAM1-humanized mice impacted on sub-
sequent nasal colonization with heterologous meningococcal iso-
lates. Therefore, cohorts of CEACAM1-humanized mice and WT
mice were intranasally infected at the ages of 6 weeks and 9 weeks
with 105 CFU of serogroup C strain 90/18311 (infection schedule
depicted in Fig. 4a). At 4 weeks after the second infection, the mice
were intranasally challenged with 105 CFU of either the homolo-
gous strain (90/18311) or one of the three heterologous strains
H44/76, 38VI, and 196/87. The antigenic composition of each of
the four strains used in the challenge infection is outlined in Fig.
4b. The colonization status of the mice was assessed 3 days post-
challenge (Fig. 4c). Significant reduction of the colonization was
evident upon rechallenge with the isogenic serogroup C strain
(90/18311) and the heterologous serogroup C strain (196/87), as
well as the multilocus sequence typing (MLST)-matched sero-
group B strain (38VI). In contrast, strain H44/76 still successfully
colonized the preexposed mice.

During the course of the reinfection experiment, CEACAM1-
humanized mice mounted robust serum titers of meningococcus-
specific (strain 90/18311) IgG and IgA but not IgM (Fig. 5a). As
expected, WT mice showed only a weak response, due to their
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0.0 0.2 0.4 0.6 0.8 1.0 1.2sero- clonal sero- sero-
species isolate group MLST complex type subtype fetA fHbp NHBA NadA H44/76 90/18311

N. meningitidis H44/76 B ST-32 cc32 15 P1.7,16 F3-3 1 (1) 3 0  +++  -
N. meningitidis NG 080 B ST-32 cc32 15 P1.7,16 F3-3 1 (1) 3 1  +++  -
N. meningitidis NG144/82 B ST-32 cc32 15 P1.7,16 F3-3 1 (1) 3 3  +++  -
N. meningitidis EG 329 B ST-32 cc32 15 P1.7-1,16 F1-2 1 (1) 3 113  +++  -
N. meningitidis NG PB24 B ST-32 cc32 NT P1.7-2,16-7 F3-3 1 (1) 3 1  +++  -
N. meningitidis 8680 B ST-32 cc32 15 P1.7-2,3 F3-1 1 (1) 505 1  +++  -
N. meningitidis MC58 B ST-74 cc32 15 P1.7,16-2 F1-5 1 (1) 3 1  +++  -
N. meningitidis BZ 169 B ST-32 cc32 NT P1.7-2,16 F3-3 1 (1) 3 1  +++  -
N. meningitidis 196/87 C ST-32 cc32 15 P1.7-2,16-12 F3-3 1 (1) 3 1  +++  -
N. meningitidis NG E30 B ST-44 cc41/44 4 P1.21,16 F1-7 42 (2) 2 0  +  - 
N. meningitidis NG F26 B ST-13 cc269 NT P1.31,16 F3-9 19 (2) 6 0  +  -
N. meningitidis S3131 A ST-4 cc4 no data P1.7,13-1 F1-5 5 (1) 29 0  +  -
N. meningitidis BZ 163 B ST-9 cc8 2b P1.21,16 F1-7 16 (2) 20 8  +  -
N. meningitidis 88/03415 B ST-46 cc41/44 no data P1.7-2,4 F1-5 14 (1) 2 0  -  -
N. meningitidis AK50 B ST-41 cc41/44 no data P1.7-2,4 F1-5 4 (1) 2 0  -  -
N. meningitidis NG 4/88 B ST-30 4 P1.18,25 F1-5 4 (1) 125 0  -  -
N. meningitidis 14/1455 A ST-5 cc5 4,21 P1.20,9 F3-1 5 (1) 1494 8  -  -
N. meningitidis BZ 147 B ST-48 cc41/44 NT P1.18-2,1-1 F3-9 4 (1) 45 0  -  -
N. meningitidis SWZ107 B ST-35 cc35 4 P1.22-1,14-1 F4-1 16 (2) 21 0  -  -
N. meningitidis NG H15 B ST-43 cc41/44 8 P1.19,15-2 F1-5 19 (2) 31 0  -  -
N. meningitidis EG 011 B ST-36 NT P1.18-1,3 F4-1 24 (2) 2 0  -  -
N. meningitidis M982 B ST-3790  - 9 P1.22,9 no data no data no data no data  -  -
N. meningitidis NG H41 B ST-27 no data P1.5-2,10 F-3-6 25 (2) 24 0  -  -
N. meningitidis 860800 Y ST-29 cc167 no data P1.5-1,10-4 F4-1 23 (2) 9 0  -  -
N. meningitidis 204/92 B ST-33 cc32 no data P1.19,15 F5-1 1 (1) 4 1  -  -
N. meningitidis 860060 X ST-24 cc750 no data P1.12-1,13-5 F5-5 69 (3) 504 0  -  -
N. meningitidis NG H36 B ST-47 cc41/44 8 P1.5-1,2-2 F1-7 19 (2) 32 0  -  -
N. meningitidis B6116/77 C ST-10 cc8 no data P1.5-1,2-2 F1-4 16 (2) 20 8  -  + 
N. meningitidis AK22 B ST-8 cc8 no data P1.5-2,10 F3-9 16 (2) 20 3  -  +
N. meningitidis BZ 10 B ST-8 cc8 2b P1.5-1,2-2 F3-9 16 (2) 20 8  -  +
N. meningitidis 139M A ST-1 cc1 no data P1.5-2,10 F5-1 4 (1) 29 0  -  +
N. meningitidis G2136 B ST-8 cc8 no data P1.5-2,10-1 F3-6 16 (2) 20 20  -  +
N. meningitidis 94/155 C ST-66 cc8 no data P1.5,2 F3-9 16 (2) 20 7  -  +
N. meningitidis BRAZ10 C ST-11 cc11 2a P1.5-1,10-1 F1-10 22 (2) 2 115  -  +
N. meningitidis 312 901 C ST-8 cc8 no data P1.5,2 F1-7 16 (2) 20 7  -  +
N. meningitidis B16B6 B ST-11 cc11 2a P1.5,2 no data no data no data no data  -  +++
N. meningitidis D1 C ST-11 cc11 2a P1.5,2-1 F5-4 22 (2) 29 3  -  +++
N. meningitidis F1576 C ST-11 cc11 2a P1.5,2 F1-1 22 (2) 29 no data  -  +++
N. meningitidis MA-5756 C ST-11 cc11 2a P1.5,2-1 F5-5 54 (3) 29 3  -  +++
N. meningitidis 38VI B ST-11 cc11 no data P1.5,2 F1-1 95 (3) 29 3  -  +++
N. meningitidis 500 C ST-11 cc11 2a P1.5,2 F1-1 22 (2) 29 3  -  +++
N. meningitidis M597 C ST-11 cc11 2a P1.5,2-1 F5-5 22 (2) 29 3  -  +++
N. meningitidis 90/18311 C ST-11 cc11 NT P1.5,2-1 F5-5 22 (2) 29 3  -  +++

N. gonorrhoeae MS11  - ST-6959  -  - P1.18-10,43 561 no data no data  -  -
N. gonorrhoeae FA1090  - ST-1899  -  - P1.18-10,43  - 527 0  -  +
N. lactamica 020-06  - ST-640 cc640 no data P1.-  - 34 0  -  +
N. lactamica Y92-1009  - ST-3493 cc613 no data P1.-  - 313 0  -  +
N. cinerea NRL32165  - no data no data no data no data no data no data no data  -  -
N. flavescens 2830  - no data no data no data no data no data no data no data  -  -
M. catarrhalis O12E44  -  -  -
NTHi 86-026NP  -  -  -
NTHi 1128 MEE  -  -  -
E. coli vector ctrl.  -  -  -
E. coli MC58 opaA  -  +  -
E. coli MC58 opaJ  -  -  -
E. coli MC58 opaB  -  -  -
E. coli MC58 opaD  -  -  -
none (empty well)  -  -
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inability to carry N. meningitidis, which is pivotal to the develop-
ment of adaptive immune responses in this system (17). Terminal
serum samples as well as nasal wash samples of all animals were
analyzed by ELISA for cross-reactive antibodies against the chal-
lenge strains (90/18311, 38VI, 196/87, and H44/76). In accor-
dance with the data obtained from serum pools (Fig. 2A), the
highest specific titers of serum IgG, serum IgA, and nasal IgA were
found when testing with the isogenic serogroup C strain, 90/
18311, followed by strain 38VI, which has high similarity with
90/18311 but expresses a serogroup B capsule. There were only
low levels of cross-reactive IgG against strains 196/187 and H44/76
in these mice, although they were significantly higher than
those in preimmune sera of the same animals (Fig. 5b). Of note,
no meningococcus-specific IgG response was evident in nasal
wash samples (inset in Fig. 5b), suggesting that serum IgG does
not necessarily reflect mucosal protection against meningococ-
cal colonization after nasal infection.

The serum bactericidal antibody (SBA) assay is the gold stan-
dard to determine serum protection induced by meningococcal
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vaccines. Bactericidal antibodies direct complement activation to-
ward the N. meningitidis surface, which efficiently eliminates the
bacteria. We investigated a possible involvement of bactericidal
antibodies in nasal immunity, in order to explain the unexpected
immunity of the 90/18311-infected mice against challenge with
strain 196/87 in the absence of high titers of cross-reactive anti-
bodies measured by ELISA. SBA activity against the four different
N. meningitidis strains used for the terminal nasal challenge was
tested in the individual cohorts (Fig. 5c). To mimic stress condi-
tions that are faced by the bacteria in vivo in the nasopharyngeal
mucosa, we also performed SBA titer measurements with N. men-

ingitidis strains grown under iron-limiting conditions prior to the
assay. This procedure is known to upregulate virulence factors
(29) on the N. meningitidis outer membrane, which in turn might
precipitate higher SBA titers of immune sera and reflect better the
actual in vivo situation. High SBA titers were evident in preex-
posed CEACAM1-humanized mice after terminal challenge with
the isogenic strain, 90/18311. About half of the CEACAM1-hu-
manized mice in the cohort terminally challenged with strain 38VI
displayed SBA activity against the challenge strain, yet this propor-
tion was higher (6 out of 7 mice) when the N. meningitidis test
strain was grown under iron limitation. Surprisingly, given the
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low levels of antibodies cross-reacting with 196/87, two out of six
mice (and three out of six mice when the assay was conducted with
iron-starved bacteria) in the corresponding cohorts also mounted
notable SBA activity against 196/87. Consistent with the very low
cross-reactive IgG against H44/76 and lack of mucosal protection,
no SBA activity could be measured using H44/76 as the target
strain. Considering the almost complete protection of the mice
against nasal carriage with 38VI or 196/87, these findings indicate
that the presence or absence of SBA activity does not correlate with
protection.

DISCUSSION

Our finding that CEACAM1-humanized mice facilitate carriage of
diverse meningococcal strains establishes the broad utility of this
model for investigation of the meningococcal lifestyle in the upper
respiratory tract mucosa, as well as the host response elicited by N.
meningitidis colonization. This prompted us to consider whether
the adaptive response elicited by mucosal colonization conferred
protection specific for one or more major classes of antigens used
either in vaccines or as a correlate of protection.

Classical epidemiological studies suggest that nasal carriage
triggers the production of meningococcus-specific antibodies in
human carriers, which often precipitate a protective serum bacte-
ricidal activity against the colonizing strain (8, 30). In agreement
with this, the induction of strain-specific humoral immunity in
mice requires extended colonization of the nasal tissues, since na-
sal and humoral immunoglobulin is not elicited in wild-type mice,
or when Opa-deficient N. meningitidis bacterial are intranasally
administered to the CEACAM1-humanized mice (17). Here, we
observed that the cross-reactivity of the antibody response elicited
by infection, not unexpectedly, tended to correlate with the overall
similarity. This is highlighted by the fact that serum from H44/76-
preexposed animals most strongly cross-reacted with isolates be-
longing to the clonal complex ST-32, while those most avidly rec-
ognized by 90/18311 immune serum were of ST-11. Conversely,
all of the isolates without significant cross-reactivity belonged to
clonal complexes other than ST-32 or ST-11. An exception to this
is 204/92, which is ST-33 (i.e., it belongs to the same clonal com-
plex as ST-32) but was not recognized by the H44/76 immune
serum; however, this strain expressed a PorA variant (typed as
P1.19,15) different from that of H44/76 (P1.7,16) and expressed
immunologically distinct variants of all typing antigens listed in
the table in Fig. 2A except for fHbp.

While PorA has been described as the immunodominant anti-
gen in the N. meningitidis outer membrane (9, 15, 20), strain 8680
displays high cross-reactivity to H44/76 but does not express de-
tectable PorA (Fig. 2B), indicating that cross-reactivity is not
solely determined by this normally abundant antigen. Indeed,
given the lack of its expression in 90/18311 or any of the highly
cross-reacting ST-11 strains, this antigen is unlikely to contribute
significantly to the cross-reactivity of the serum of 90/18311-in-
fected mice. Notably, PorA expression in 90/18311 does not ap-
pear to be selected for during in vivo colonization (Fig. 2B). This is
in contrast to our previous findings with respect to expression of
Opa protein, which undergoes phase variation to become ex-
pressed when transparent (OpaOFF) colonies are inoculated into
CEACAM1-humanized mice (17).

Besides PorA, other outer membrane protein and carbohy-
drate antigens would obviously be expected to contribute to the
cross-reactivity pattern of the immune sera. The table in Fig. 2A

lists the most commonly used typing antigens as well as the sur-
face-exposed antigens of the protein-based vaccine against sero-
group B meningococci, Bexsero (fHbp, NHBA, and NadA). As
would be expected, strains clustering at high cross-reactivity with
the respective immune sera usually expressed identical variants of
these antigens. However, there were also some outliers where con-
servation in these antigens did not predict heightened reactivity
with the respective immune serum. Examples for strains that har-
bor genes for antigen variants matching those of either H44/76 or
90/18311 but that did not detectably react with the corresponding
immune sera include 860060 (same FetA variant as 90/18311),
204/92 (same fHbp variant as H44/76), S3131 (same NHBA vari-
ant as 90/18311), and NG144/82 (same NadA variant as 90/
18311). On the other hand, not all strains which clustered at high
serum cross-reactivity perfectly matched the antigenic variant
profile of the colonizing strain. Given the multitude of surface-
exposed antigens and their variable nature in both expression lev-
els (phase variability) and cross-reactivity (antigenic variation),
the antigens discussed here can only serve as a proxy for the actual
complexity of the surface antigens recognized by colonization-
induced immune serum rather than absolutely predict cross-reac-
tivity patterns.

In addition to the typing antigens and Bexsero antigens, Opa
proteins merit attention in the context of this study, as they me-
diate tissue adhesion in the CEACAM1-humanized mice (17). In
good accordance with the typing antigens and vaccine antigens,
there was a high level of congruence between the Opa alleles har-
bored by H44/76 (alleles 96, 288, 147, and 218) or 90/18311 (al-
leles 244, 132, and 347) and their respective cluster of strains with
high cross-reactivity toward the corresponding immune sera (28,
31). Opa proteins identical to those from H44/76 (but cloned
from MC58) expressed in E. coli displayed only minor cross-reac-
tivity with the immune sera from H44/76-exposed mice (Fig. 2A).
Furthermore, there was no reduction of cross-reactivity in an
H44/76 mutant devoid of all four Opa genes compared to wild-
type H44/76 (Fig. 3), perhaps related to the fact that CEACAM1-
humanized mice display a reduced humoral response toward Opa
proteins (32). Thus, Opa proteins do not appear to contribute
substantially to the strong cross-reactivity patterns among N.
meningitidis isolates, at least following natural infection.

As expected, given the high cross-reactivity of serum IgG (Fig.
2A and 5), we found that CEACAM1-humanized mice that were
previously colonized by the ST-11 strain 90/18311 could thereaf-
ter not be successfully colonized by either the isogenic strain or the
closely related ST-11 strain 38VI (Fig. 4c). Notably, 90/18311 ex-
posure also conferred protection against intranasal challenge with
the unrelated ST-32 strain 196/87; this was not an ST-related effect
since H44/76 (also ST-32) could still colonize these animals. The
only obvious difference between 196/87 and H44/76 is their cap-
sule: 196/87 expresses serogroup C capsule, while H44/76 is sero-
group B. While serogroup C capsule polysaccharide is immuno-
genic (8), we observed no differences in the cross-reactivities of
the 90/18311 immune serum with these two strains. On the other
hand, serogroup B polysaccharide is not immunogenic because it
mimics mammalian embryonic tissue antigens. Consistent with
this, several serogroup B strains were poorly recognized by the
serum from H44/76. Cross-reactivity elicited by the serogroup B
strains is, therefore, most likely protein based, which would ex-
plain the effective anti-196/87 response by H44/76-infected ani-
mals (Fig. 2A).
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One of the most notable findings of this study relates to the lack
of correlation between strain-specific cross-reactivity of SBAs and
protection against colonization. Exemplifying this, there was very
weak cross-reactivity of serum from 90/18311-infected mice with
either 196/87 or H44/76 (Fig. 2A), yet 90/18311 infection pro-
tected against subsequent 196/87 challenge (Fig. 4c). The presence
of detectable 196/87-specific SBA activity can explain this out-
come in certain animals; however, other protected mice showed
no detectable SBAs against this strain (Fig. 5c). Whether this re-
sults from very-low-abundance antibodies or T-cell-specific im-
munity remains to be tested in future studies.

The CEACAM1-humanized mice have proven to be an excel-
lent tool to analyze mucosal as well as humoral immunity toward
N. meningitidis. However, it is pertinent that this model cannot
mimic all aspects of the human-specific host interaction of N.
meningitidis; therefore, we will need to consider combining the
CEACAM1-humanized mice with other transgenic models ex-
pressing human forms of factor H (33), transferrin binding pro-
tein (34), and other factors in the future. Since, despite all similar-
ities, the immune systems of humans and mice may differ in some
regards, novel insights gained using this or other infection models
would obviously require verification in humans. However, the
humanized mouse models provide an experimentally tractable
system by which to explore the contribution of immune processes
to infection of the nasal mucosa.

Since valid measures of existing protection are required for
studies aimed at defining the impact of vaccines, and since the
ideal vaccine is one that confers sterilizing immunity, understand-
ing these protective effects will provide more prognostic value to
guide the effective implementation of new and improved menin-
gococcal vaccines.
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