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The capsule of Neisseria meningitidis is the major virulence factor that enables this bacterium to overcome host immunity elic-
ited by complement and phagocytes, rendering it capable of surviving in blood. As such, nonencapsulated N. meningitidis iso-
lates are generally considered nonpathogenic. Here, we consider the inherent virulence of two nonencapsulated N. meningitidis
isolates obtained from our national surveillance of infected blood cultures in Canada. Capsule deficiency of both strains was
confirmed by serology and PCR for the ctrA to ctrD genes and siaA to siaC genes, as well as siaD genes specific to serogroups B, C,
Y, and W135. In both strains, the capsule synthesis genes were replaced by the capsule null locus, cnl-2. In accordance with a lack
of capsule, both strains were fully susceptible to killing by both human and baby rabbit complement. However, in the presence
of cytidine-5' monophospho-N-acetylneuraminic acid (CMP-NANA), allowing for lipooligosaccharide (LOS) sialylation, a sig-
nificant increase of resistance to complement killing was observed. Mass spectrometry of purified LOS did not reveal any uncom-
mon modifications that would explain their invasive phenotype. Finally, in a mouse intraperitoneal challenge model, these non-
encapsulated isolates displayed enhanced virulence relative to an isogenic mutant of serogroup B strain MC58 lacking capsule
(MC58AsiaD). Virulence of all nonencapsulated isolates tested was below that of encapsulated serogroup B strains MC58 and
B16B6. However, whereas no mortality was observed with MC58AsiaD, 5/10 mice succumbed to infection with strain 2275 and
2/11 mice succumbed to strain 2274. Our results suggest the acquisition of a new virulence phenotype by these nonencapsulated

strains.

Neisseria meningitidis remains a common cause of invasive bac-
terial disease in humans of all age groups. One of the most
important virulence factors of this bacterium is the polysaccharide
capsule, and nearly all N. meningitidis isolates recovered from pa-
tients with invasive meningococcal disease (IMD) are encapsu-
lated, with capsule serogroups A, B, C, Y, and W135 being the
most frequent causes of disease. In contrast, meningococci ob-
tained from healthy carriers are often nonserogroupable, due ei-
ther to phase variation of capsule expression (13), inactivation of
genes involved in capsule synthesis by genetic mobile elements,
such as an insertion sequence (12), or absence of genes required
for capsule production, leading to a capsule null phenotype (6).

The Neisseria meningitidis capsule synthesis genes are clustered
together into 5 regions, denoted as A through E and arranged in
the order of B-D-A-C-E-D’ or B-D'-E-C-A-D, with D a trun-
cated duplicate copy of region D (35). Region A contains genes
required for synthesis of the serogroup-specific polysaccharide.
Region B contains genes encoding enzymes required for the syn-
thesis of the lipid moiety of the capsule, which allows the polysac-
charide to be anchored to the bacterial outer membrane. Region C
contains genes involved in capsule transport and genes in region D
are involved in lipooligosaccharide (LOS) synthesis, while the
function of region E remains unknown. Certain N. meningitidis
strains have lost genes for the transport and synthesis of the cap-
sule polysaccharide, and the regions A and C are replaced by a
stretch of about 110 bp of DNA termed the capsule null locus
(cnl). Three cnl alleles encoding sequence variants have been iden-
tified in N. meningitidis, and additional alleles are found in the
related but naturally nonencapsulated Neisseria lactamica and
Neisseria gonorrhoeae (6).
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Two independent carriage studies (6, 27) have found the prev-
alence of capsule null mutants to be ~16% among nasopharyn-
geal meningococci in healthy children and young adults. Further-
more, most null mutants were found within a few genetic clones of
sequence type 53 (ST-53),ST-1117, ST-845, ST-198, and ST-1136,
as defined by multilocus sequence typing (MLST). While these are
usually regarded as nonpathogenic commensal strains, there have
been 3 reports of N. meningitidis strains with a cnl allele causing
IMD. The first case occurred in 2001, with an infection developing
in an immunocompromised 42-year-old adult suffering from a
common acute lymphatic leukemia and established chronic graft-
versus-host disease after peripheral blood stem cell transplanta-
tion without T-cell depletion (36). Shortly after initiation of sys-
temic antibiotic treatment, the symptoms of sepsis resolved in this
patient. The second documented case, in 2004, developed in a
previously healthy 13-year-old girl, with the course of infection
appearing typical of IMD in teenagers. Her initial flu-like symp-
toms quickly progressed to septic shock with widespread petechial
rashes and significant disseminated intravascular coagulopathy
that resulted in death about 5 h after initial hospitalization (14).
The most recent report described 3 IMD cases with no epidemio-
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logical link but which were caused by a single strain with a cnlallele
circulating among healthy carriers in Burkina Faso (8). Two of the
cases happened in March and April 2003 in children aged 12 and
13 years, while the third case involved an 11-year-old girl in April
2004. All three patients had symptoms of meningitis (fever, head-
ache, stiff neck, and turbid cerebrospinal fluid with pus cells) but
without petechia or loss of consciousness, and all three patients
responded to treatment with chloramphenicol.

Although IMD cases caused by cnl strains are still rarely en-
countered in our routine surveillance program in Canada, there
have been two instances of IMD with cnl strains, in one patient
who had fatal disease in British Columbia in 2004 (strain 2274)
and a second patient in Ontario in 2006 (strain 2275). In this
study, we have characterized these cnl strains and investigated
their pathogenicity by using an in vivo mouse model of sepsis, with
the objective to compare the intrinsic virulence of invasive cnl
isolates relative to nonencapsulated mutants of encapsulated dis-
ease isolates.

MATERIALS AND METHODS

Bacterial strains. Strains 2274 and 2275 were provided by the provincial
Public Health Laboratories in British Columbia and Ontario, respectively,
for phenotypic and genetic analysis at the National Microbiology Labora-
tory. N. meningitidis MC58 and B16B6 were obtained from ATCC (Ma-
nassas, VA). MC58AsiaD was obtained by insertion of a kanamycin cas-
sette into the siaD gene of BI6B6 and transformation into MC58 (the siaD
construct was generously provided by Rolando Pajon and Anthony B.
Schryvers, University of Calgary). Other meningococci used in this study
were from the Public Health Agency of Canada’s culture collection.

Serogrouping, serotyping, and serosubtyping. Serogroup determi-
nation was done by standard bacterial agglutination test (22) using rabbit
antisera against all 13 serogroups (A, B, C,D,H, LK, L,W135,X,Y, Z,and
29E) (2). Detection of serogroups A, B, C, W135, X, Y, Z. and 29E by PCR
was accomplished using primers and PCR conditions described by Bor-
row and colleagues (in 1997 and 1998), Taha (in 2000), and Bennett et al.
(in 2004) (3-5, 32). The serotype and serosubtype antigens were deter-
mined by indirect whole-cell enzyme-linked immunosorbent assay (1)
and using a monoclonal antibody typing kit (Rijksinstituut voor Volksge-
zondhei en Milieu, National Institute of Public Health, The Netherlands).

Genetic analysis and MLST. Sequencing of the porB and porA genes,
which encode the serotype and serosubtype antigens, respectively, was
performed following the protocol and nomenclature of Sacchi et al. (25,
26). Detection of the capsule null locus and determination of the cnl allele
by PCR amplification and sequencing were performed according to meth-
ods described by Claus et al. (6). MLST was done according to the method
described by Maiden et al. (22), and sequence types (STs) were assigned
according to information presented on the Neisseria MLST website (http:
//pubmlst.org/neisseria).

In vitro susceptibility of meningococci to complement. Baby rabbit
serum was obtained from Pel Freeze, Inc. (Brown Deer, WI) and aliquoted
into small volumes sufficient for each assay to prevent repeated freeze-
thawing of the complement source. Human serum was obtained by veni-
puncture of healthy volunteers by using a BD vacutainer and quickly
processing the samples on ice after allowing them to coagulate. Coagu-
lated blood samples were spun down at 10,000 X g for 10 min, and serum
was recovered, aliquoted, and immediately frozen at —80°C. The in vitro
testing of susceptibility of meningococci to complement was based on
modifications of the method described by Vogel et al. (36). Briefly, bacte-
ria were grown in the presence or absence of 20 uM CMP-N-acetyl-
neuraminic acid (CMP-NANA), as indicated, and approximately 10>
CFU were mixed with various concentrations (0%, 5%, 10%, 20%, or
40%) of baby rabbit serum or of human serum in a final volume of 50 pl
of minimum essential medium (Invitrogen Corp., Burlington, ON, Can-
ada). After incubation at 37°C for 30 min, serial dilutions were made, and
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15-pl aliquots were removed from each dilution for plating on agar plates
(GC agar supplemented with IsoVitaleX [Becton Dickinson]). After incu-
bation (18 to 24 h) at 37°C with 5% CO,, the numbers of CFU on the agar
plates were counted and converted to represent the number of bacteria
present in the serum-bacteria mixture.

Mass spectrometric analysis of LOS structures. N. meningitidis
strains were grown overnight on GC agar plates, and the lawn of growth
was resuspended in 1 ml of phosphate-buffered saline (PBS). The samples
were heat inactivated for 30 min at 65°C, washed thrice with PBS, pelleted
at 10,000 X gin Eppendorf tubes, and lypophilized.

Lyophilysates were dissolved in 180 wl of H,O and 20 pl of proteinase
K (0.25 mg/ml) and incubated for 4 h at 37°C; the samples were heated to
65°C for 10 min and lyophilized. The samples were then dissolved in 180
wl of buffer (20 mM ammonium acetate, pH 7.4) and 10 pl each of RNase
(0.1 mg/ml of 20 mM ammonium acetate) and DNase (0.2 mg/ml of 20
mM ammonium acetate), incubated for 4 h at 37°C, and then lyophilized.
Samples were then dissolved in 200 wl of anhydrous hydrazine and incu-
bated for 1.5 h at 37°C under N,. Excess hydrazine was destroyed by
treating the ice-chilled reaction mixtures with 5 volumes of “dry ice-cold”
acetone, i.e., the acetone was cooled in a dry ice bath prior to addition to
the hydrazine reaction mixture and pelleting the O-deacylated lipopoly-
saccharide (LPS-OH) at 8,000 X g for 15 min. The LPS-OH was washed
twice with acetone and dissolved in H,O and lyophilized. Capillary elec-
trophoresis-electrospray-mass spectrometry (CE-ES-MS) experiments
were performed as described previously (30).

Mouse infection studies. Animal experiment procedures were ap-
proved by the Animal Ethics Review Committee of the University of To-
ronto. Six-week-old male C57BL/6 mice were purchased from Jackson
Laboratories. Mouse intraperitoneal infection studies were performed as
described by Gorringe et al. (9). Briefly, the N. meningitidis strains were
grown overnight at 37°C with 5% CO, on chocolate agar plates, the lawn
of growth was harvested and transferred to Mueller-Hinton broth supple-
mented with 60 wg/ml of the iron chelator deferoxamine mesylate and
agitated for 4 h at 37°C to induce expression of virulence factors. The neat
suspension was adjusted with Mueller-Hinton broth to the target density,
and 1 volume of suspension was admixed with 1 volume of 40 mg/ml of
human holo-transferrin (Sigma) as a source of iron for the meningococci.
A total of 107 or 10® viable CFU in a final volume of 500 wl per animal was
injected intraperitoneally. Viable CFU counts in the inoculum were mon-
itored by plating serial dilutions onto GC agar plates and counting colo-
nies grown after overnight incubation at 37°C, 5% CO,. Mice were
weighed and monitored for signs of sickness every 6 h to 12 h from 36 h
prior to infection until 48 h after infection. The following scheme was
applied to assign clinical scores (with higher scores reflecting aggravated
symptoms): loss of body weight (5 to 10%, score of 1; 10 to 15%, 2; 15 to
20%, 3); grooming (0 to 2); posture (0 to 2); appearance of eyes and nose
(0 to 2); breathing rate (0 to 2); unprovoked behavior (0 to 2); provoked
behavior (0 to 2); dehydration (0 to 2); diarrhea (0 to 2).

Protein expression analysis. N. meningitidis strains were grown over-
night on GC agar supplemented with IsoVitaleX (Becton Dickinson), and
the lawn of growth was swabbed and resuspended in phosphate-buffered
saline supplemented with 1 mM MgCl,. The suspension was adjusted to
2 X 10'° CFU/ml, and 50 pl of suspension was mixed with 50 ul of 2X
SDS loading buffer and boiled for 10 min. Next, 12% SDS-polyacrylamide
gels were loaded with 20 pl of sample per lane for silver staining of whole
protein or for Western blot analysis of Opa proteins, or with 5 ul of
sample per lane for Western blot analysis of pilin. After electrophoresis,
either thessilver staining procedure was performed using the SilverSnap kit
II (Thermo Scientific) or protein was blotted onto a nitrocellulose mem-
brane and probed for Opa proteins using MAb 4B12/Cl11 or, for pilin
protein, MAb 5H10.1.1.

opa gene typing. For fingerprinting of opa genes, the method de-
scribed by Khaki et al. was used (18). Briefly, PCR was performed with
primers that bind to all the different Opa alleles (forward primer, ATGT
GCAGGCGGATTTAGCT; reverse primer, AGACTTCGTGGGTTTTG)
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TABLE 1 Phenotypic and genetic characterization of Neisseria meningitidis capsule null locus (cnl) strains recovered from invasive meningococcal

disease patients in Canada

Strain Antigenic formula® PorB VR types” PorA VR types” MLST result cnl allele
2274 NG:15:P1.— VR1 =A VRI =19 ST-198 cnl-2
VR2 =A VR2 = 13-9
VR3 =A VR3 = 35-1
VR4 = Ba
2275 NG:15:P1.6 VRl =A VRI =18 ST-198 cnl-2
VR2 =A VR2 = 25-1
VR3 =A VR3 = 38-1
VR4 = Ba

“ NG, nongroupable.

? PorA and PorB VR types were identified and named according to the nomenclature of Sacchi et al. (25, 26).

and with genomic DNA of the N. meningitidis strains as template. The
reaction mixture contained the following: 3 pl 10X ThermoPol buffer, 2
mM each deoxynucleoside triphosphate, 200 pM forward and reverse
primer, 2 U ThermoPol Taq DNA polymerase (all reagents from New
England BioLabs) in a total volume of 30 pl. The cycler settings were
initial denaturing at 94°C for 10 min and then 30 cycles of 1 min denatur-
ing at 94°C, 1 min annealing at 64°C, and 1 min elongation at 72°C. The
PCR products (~670 bp) were sodium acetate precipitated, and pellets
were resuspended in distilled water and subsequently subjected to restric-
tion enzyme digestion by using 30 U/pg DNA of Hpal (New England
BioLabs). Approximately 500 ng of DNA was loaded per lane on a 12%
polyacrylamide gel and electrophoretically separated. DNA bands were
visualized by ethidium bromide staining of the gel.

RESULTS

Phenotypic and genetic characterization. The first cnl strain iso-
lated from an IMD patient in Canada (strain 2274) was previously
characterized and described in detail (14). Briefly, the strain was
recovered in 2004 in British Columbia, Canada, from cerebrospi-
nal fluid of an immunocompetent 13-year-old girl before she suc-
cumbed to the infection. The isolate was found to be nonencap-
sulated and to harbor the cnl-2 allele. Analysis of 16S rRNA as well
as porA gene analysis confirmed that the isolate was N. menin-
gitidis.

The second cnl strain (strain 2275) has not been previously
described. It was isolated from blood cultures of a 13-year-old
male in Ontario, Canada, in 2006. The isolate was identified by
standard biochemical tests as N. meningitidis. As with strain 2274,
however, this isolate failed to agglutinate the serogrouping anti-
sera. Genogrouping by PCR also failed to identify the serogroup,
and PCR to detect the ctrA gene was also negative. Instead, the
cnl-2 allele could be identified in this strain.

Serotyping and serosubtyping as well as PorB and PorA VR
typing results for both strains are shown in Table 1 (applying the
nomenclature of Sacchi et al. [25, 26]). Strain 2274 was identified
as NG:15:P1.— (with NG indicating nongroupable). Despite not
being serosubtypeable, PorA VR types could be assigned for this
strain. Strain 2275 was identified as NG:15:P1.6. Note that the
P1.6 epitope, which is not listed under the Neisseria.org or Pub-
MLST.org databases because it is not located in VR1 or VR2, is
actually located in VR3 (PorA surface-exposed loop V). Multilo-
cus sequence typing identified both strains as ST-198. Addition-
ally, the fetA genes of both isolates were sequenced, and both were
determined to be type F5-5.

Considering that the strains possess similar serological typing
patterns and fetA sequences, it remains possible that the two cnl-2
strains may have recently diverged by simple horizontal acquisi-
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tion of one of the porA alleles. To further compare the two strains,
we sought to determine differences in their protein expression
profiles. As shown in Fig. 1A, a one-dimensional protein gel of
whole-cell lysates visualized by silver staining revealed several dif-
ferences between strains 2274 and 2275, and even moreso between
these two strains and MC58. Moreover, we observed what ap-
peared to be different Opa protein variants expressed by strains
2274 and 2275, and these two strains also displayed obvious dif-
ferences with respect to their pilin (Fig. 1A). Since phase-variable
expression of antigens by N. meningitidis can alter protein profiles
through the random on-and-off switching of about 47 different
proteins during cell division (24), we assessed differences among
the two nonencapsulated isolates by opa gene typing (Fig. 1B).
Opa proteins are N. meningitidis adhesins that can be considered
fast evolutionary clocks, since each of the four opa genes are highly
variable due to frequent recombination within and between
strains. Indeed, the opa fingerprint indicates sequence differences
in at least one of their opa genes. Given that 2274 and 2275 have
different porA genes, this indicates that at least two genes diverged
between the two nonencapsulated isolates.

Mass spectrometric analysis of the LOS structure of nonen-
capsulated pathogenic N. meningitidis strains. The O-deacyl-
ated lipooligosaccharide of the nonencapsulated N. meningitidis
strains was analyzed by capillary electrophoresis-electrospray-
mass spectrometry in order to assess any abnormalities in their
carbohydrate composition or lipid A modifications that could ac-
count for the observed virulence of these strains. The results of the
mass spectrometry analysis are summarized in Table 2. No obvi-
ous differences in LOS composition between the two cnl strains
were observed. With an m/z of 952 as determined by MS-MS anal-
ysis, the O-deacylated lipid A portion does not harbor any modi-
fications. The carbohydrate composition, as well, showed a stereo-
typical architecture of the core oligosaccharide, with one
phosphonoethanolamine group positioned at Hepll. Interest-
ingly, there was no evidence for any sialic acid modifications of the
LOS, an addition which is often found in pathogenic Neisseria as a
means of molecular mimicry to counteract killing by the comple-
ment system (23, 37).

Susceptibility to bactericidal complement present in human
and baby rabbit serum. Despite the absence of LOS modifica-
tions, we considered that the ability to establish systemic disease
may be attributable to an intrinsic resistance to the bactericidal
activity of serum complement. To test this hypothesis, both cnl
strains as well as encapsulated meningococcal control strains were
exposed to various concentrations (5%, 10%, 20%, and 40%) of
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FIG 1 Phenotypic characterization of nonencapsulated N. meningitidis strains. (A) Whole-cell lysates of strains 2274, 2275, and MC58 were analyzed on a 12%
polyacrylamide gel and visualized by silver staining (left). The indicated low-molecular-mass portion of the gel after prolonged silver stain development is shown
to the right. Differences in band intensities or band presence are indicated by arrowheads. Black arrowheads indicate the presence of a protein band missing or
expressed at a significantly different level or with a different molecular mass than in the other strain(s). White arrowheads indicate protein bands missing or
significantly fainter in MC58 than in 2274 and 2275. Immunoblots for Opa and pilin are shown on the right (note that the molecular mass markers are aligned
with those of the adjacent [overdeveloped] silver-stained gel.) (B) PCR-based opa typing of strains 2274, 2275, MC58, and B16B6. The white arrowhead indicates

a band that was detected in strain 2275 but not 2274.

normal rabbit baby serum or human serum and then tested for
survival. Encapsulated meningococci belonging to serogroup B
(strain MC58; H44/76), serogroups Y (strain 860060) and X
(strain 860800), maintained viability after 30 min of exposure to
medium containing up to 40% serum from either origin, human
or rabbit. No bacteria were recovered when strains 2275 and 2274
were incubated with 20% human serum. In rabbit serum, strain
2275 was effectively killed by as little as 10% rabbit serum, while
strain 2274 required 20% serum for complete killing (Fig. 2).
Therefore, both c¢nl strains were susceptible to both human and
rabbit complement, consistent with their lack of the serum pro-
tection that would be afforded by capsular polysaccharide. It is
interesting that the capsule-deficient mutant strain MC58AsiaD
was also susceptible to killing by both human and rabbit serum,
yet it required significantly higher concentrations of both human
and rabbit serum for complete killing.

In considering that the cnl strains were isolated from invasive
infections, their susceptibility to complement-mediated killing
seems counterintuitive. Indeed, these findings were in contrast
with a previous report that indicated that N. meningitidis cnl iso-
lates from Burkina Faso were naturally resistant to human com-
plement-mediated killing (8). Since some neisserial strains can
sialylate their LOS when provided with an exogenous source of
sialic acid, we exposed the nonencapsulated strains to CMP-

NANA, a substrate for this activity. This condition allowed a sub-
stantial increase in the resistance of 2274 and 2275 to comple-
ment-mediated killing, making them comparable to that of
MC58AsiaD, which in turn did not display any changes through
growth in the presence of CMP-NANA. In rabbit serum, the cnl
strains 2274 and 2275 showed an even more marked increase
upon exposure to CMP-NANA, each becoming substantially
more resistant than MC58AsiaD. When combined, these in vitro
serum killing assays suggest that exogenous LOS sialylation of
strains 2274 and 2275 bestows them with an increased resistance
to complement-dependent killing.

Virulence of cnl strains upon intraperitoneal infection of
mice. The human-restricted tropism of N. meningitidis is an in-
herent obstacle to a deeper understanding of its virulence mecha-
nisms in vivo. However, intraperitoneal infection of rodents still
represents the best model available by which to assess the potential
for strains to cause invasive meningococcemia (9); while these
models do not consider highly specialized adaptation to life in
humans, they do allow direct comparisons between the baseline
virulence potentials of pathogenic and nonpathogenic meningo-
coccal strains. With this intent, we sought to compare the relative
ability of the cnl strains 2274 and 2275 versus the wild type and a
nonencapsulated siaD mutant of serogroup B N. meningitidis in
the mouse intraperitoneal infection model. As expected, rapid on-

TABLE 2 Mass spectrometric analysis of LOS from Neisseria meningitidis capsule null locus (cnl) strains®

Observed ions (m/z) Molecular mass (Da)

Relative
Strain (M —3H)’~ (M —2H)?>~ Observed Calculated intensityb Lipid A-OH®  Core OS?  Proposed composition
2274 929.8 1,395.5 2,792.7 2,792.6 1.0 952 1,841 3Hex, 2HexNAc, PEtn, 2Hep, 2 Kdo, lipid A-OH
2275 930.1 1,395.5 2,793.1 2,792.6 1.0 952 1,841 3Hex, 2HexNAc, PEtn, 2Hep, 2 Kdo, lipid A-OH

“ Negative-ion CE-MS and CE-ES-MS-MS data and proposed compositions of O-deacylated LOS are shown. Average mass units (in Da) were used for calculation of molecular
masses, based on the proposed composition, as follows: Hex, 162.15; Hep, 192.17; HexNAc, 203.19; Kdo, 220.18; PEtn, 123.05.

b Relative to most intense peak in mass spectrum.

¢ As determined by MS-MS analyses, following introduction of separated LPS-OH glycoforms into the mass spectrometer by CE.

@ As deduced from lipid A-OH size determinations.
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FIG 2 Relative susceptibility of N. meningitidis isolates to killing with human versus rabbit serum as the source of complement. A total of ~10° CFU of each strain
was exposed to dilutions of serum for 30 min at 37°C in minimal essential medium, and then serial dilutions were plated onto GC agar plates to assess viable CFU
counts. Nonencapsulated strains 2274 and 2275 as well as the capsule-deficient strain MC58AsiaD, grown in the presence or absence of 20 uM CMP-NANA, were
compared to encapsulated clinical isolates MC58 (serogroup B), H44/76 (serogroup B), 86800 (serogroup X), and 860060 (serogroup Y).

set of severe clinical symptoms and high mortality were observed
in mice infected with the encapsulated, highly virulent serogroup
B control strains MC58 and B16B6 (Fig. 3A, right panels). Upon
infection with 107 CFU, seven out of eight mice (87.5%) suc-
cumbed to infection with B16B6 and six out of eight mice (75%)
succumbed to infection with MC58.

Upon infection with 107 CFU of the nonencapsulated menin-
gococcal strains, the mice displayed obvious clinical symptoms,
including a clear drop in body weight (~5% by 24 h), but the mice
tended to recover within 2 days of infection (Fig. 3A, center pan-
els). In order to understand whether the nonencapsulated strains
had the potential to cause lethal infection in this model, mice were
inoculated with a 10-fold-higher dose of bacteria. These mice
showed a pronounced loss of body weight, averaging about 10%
by 24 h, and this symptom was consistently longer for mice in-
fected with strain 2275 than strain 2274 or MC58AsiaD at 10°
CFU. Reflecting the changes in body weight, the clinical scores,
used as measures of morbidity, were significantly higher in mice
infected with 10® CFU of strain 2275 relative to strain 2274 or
MC58AsiaD (Fig. 3A, left panels). The effect of strain 2274 on the
mouse clinical scores was not different than that caused by
MC58AsiaD.

While the progression of clinical symptoms of the infection
caused by the cnllocus and MC58AsiaD tended to follow a similar
trend, particularly when comparing the capsule-deficient sero-
group B mutant and strain 2274, the end points of infection clearly
differed in that both cnl strains caused mortality whereas the
MC58AsiaD strain did not. While no mortality was seen upon
infection with MC58AsiaD, 2 of 11 mice (18%) succumbed to
infection with strain 2274, while 5 out of 10 (50%) mice died
after infection with strain 2275 (Fig. 3A, upper left panel). It is,
however, pertinent that while the mortality caused by strain 2275
reached statistical significance when using the Mantel-Cox test to
compare it to MC58AsiaD, the effects of strain 2274 did not.

In order to correlate disease progression with the kinetics of
bacterial sepsis, blood was sampled and cultured to detect invasive
meningococci during the course of an infection. As expected,
most mice infected with encapsulated strain MC58 or B16B6 dis-
played pronounced bacteremia until the end of the experiment (or
death of the mice). However, bacteremia was also apparent with
all three nonencapsulated strains. Whereas most mice (3/4 tested)
cleared MC58AsiaD within 12 h from their bloodstream, a large
proportion of mice infected with strain 2274 (3/7) or strain 2275
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(4/6) remained bacteremic until that time point, and several re-
mained bacteremic at the end of the experiment (Fig. 3B).

In summary, while encapsulated N. meningitidis strains are
clearly more virulent than any of the nonencapsulated strains
tested, the cnl strain 2275 showed higher virulence in the mouse
intraperitoneal challenge model than the capsule-deficient mu-
tant of an otherwise-encapsulated strain. While the effects of cnl
strain 2274 were not statistically different from those caused by
MC58AsiaD, cnl 2274 did persist in the bloodstream and caused
two mice to succumb. Combined, these results suggest that the cnl
strains have a higher intrinsic virulence in this model.

DISCUSSION

The two IMD cases caused by cnl strains in Canada occurred in
two separate parts of the country, with one case in the most west-
ern province of British Columbia and the other case in eastern
Canada, in the province of Ontario. Furthermore, these two cases
were separated by about 2 years (spring seasons of 2004 and 2006).
While both isolates have the cnl-2 allele, are ST-198, and fetA type
F5-5, their protein expression profiles display variations, they
have different porA VR types, and differ in at least one opa allele.
Our observation that both strains can use an exogenous source of
sialic acid to modify their surface in a manner that allows them to
resist the bactericidal activity of serum may help to explain their
abilities to cause invasive meningococcal disease in the mouse
model and in humans.

A meningococcal carriage study in Germany (6) that examined
nonencapsulated isolates from healthy children and young adults
found that cnl-2 and cnl-1 were the two common allele types in
isolates that carried the null locus and that these occurred at al-
most equal frequencies (75 out of 136 [55%] nonencapsulated
isolates carried the cnl-1 allele, while 60 of 136 [44%] were cnl-2).
Furthermore, 26 of the cnl-2 isolates were typed as ST-198, and an
additional 18 isolates belonged to STs related to ST-198 (as either
single or double allelic variants). In other words, of the 60 isolates
with the cnl-2 allele, 73% belonged to the ST-198 clonal complex
(6). The remaining 16 cnl-2 isolates belonged to 2 other clonal
complexes. Therefore, finding two Canadian cnl-2 null mutants
that both belong to ST-198 may reflect the fact that this is one of
the most prevalent cnl-2-harboring N. meningitidis lineages car-
ried, rather than reflecting the emergence of a new strain in
Canada.

The fact that these cnl strains can cause fatal IMD in apparently
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FIG 3 The mouse intraperitoneal infection model of invasive meningococcal disease. (A) Mice were infected with 10”7 CFU of encapsulated N. meningitidis strain MC58
or B16B6 (right panels) or with 10°® or 10’ CFU of N. meningitidis MC58AsiaD (capsule-deficient mutant) or the nonencapsulated clinical isolates strain 2274 and strain
2275 (center and left). From 36 h prior to infection until 48 h after infection, mice were monitored every 12 h (and also at 18 h postinfection) for survival (upper panels),
loss of body weight (middle panel), and clinical scores, assigned to reflect morbidity (lower panels). Statistic analyses were performed using GraphPad Prism 5. The
Mantel-Cox log rank test was used for survival analysis (*, P < 0.05). A one-way analysis of variance applying Bonferroni’s post hoc test was used for statistical analysis of
body weight (¥, P < 0.05, **, P < 0.01). The Kruskal-Wallis test with application of Dunn’s post hoc test was used to analyze clinical scoring data (*, P < 0.05). For body
weight and clinical score data, only the lowest significance levels of differences between strain 2275 and the other two groups are indicated. na, no statistics applicable
because only one (B16B6) or two (MC58) animals survived. (B) Assessment of bacteremia in intraperitoneally infected mice. Tail vein blood samples were drawn at the
indicated times after infection of mice and plated to assess viable bacteria in the peripheral blood. Depicted is the percentage of mice testing culture positive for N.
meningitidis. Numbers on top of columns indicate the numbers of culture-positive animals among the total number of tested animals.

healthy individuals prompted us to investigate their virulence specificity for human proteins (10, 11, 16, 29). However, the
properties. N. meningitidis is highly adapted to life in humans,and  mouse intraperitoneal challenge model has been widely used as a
certain virulence factors that contribute to colonization cannotbe  means to compare the overall virulence of meningococcal isolates
accounted for in animal models of infection, due to their exquisite (7, 15, 19, 34, 38) and the efficacy of novel vaccine candidates (20,
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21, 31) Herein, we used this model to understand whether the
Canadian cnl-2 strains were intrinsically more virulent than a
nonencapsulated mutant of an encapsulated strain. These in vivo
challenge studies revealed that at least one of the nonencapsulated
cnl-2 isolates, 2275, can be considered more virulent than a cap-
sule-deficient mutant of the well-characterized strain MC58.
While the other cnl-2 strain, 2274, was able to cause some mortal-
ity in the mouse model, which was not observed with MC58AsiaD,
this effect did not reach statistical significance. This effect must be
considered in context, since encapsulated strains MC58 and
B16B6 caused 75 to 87.5% mortality at a 10-fold-lower dose of
infection. However, the heightened virulence of the ¢nl-2 strain
2275 relative to the genetically engineered capsule-deficient strain
suggests that it has acquired some means by which to persist and
cause disease in vivo, both in the mouse model and in the patients
from which it was derived. Future functional genomic studies
aimed at understanding the diversity of cnl strains will hopefully
reveal whether specific attributes correlate with the invasive po-
tential of certain isolates.

It is interesting that both Canadian isolates and the German
IMD-derived nonencapsulated strain all belonged to ST-198 and
had the cnl-2 allele, and that they were susceptible to complement
present in normal serum from both rabbit and human. This is in
contrast to the capsular polysaccharide locus (¢ps) null strain in-
volved in 3 IMD cases in Burkina Faso in Africa where, in 2003 and
2004, apparently healthy children had systemic infections caused
by isolates that were typed as ST-192, had the cnl-3 allele, and were
resistant to normal human serum (8). It should be noted that we
observed that the availability of CMP-NANA, which allows exog-
enous sialylation of LOS, conferred increased serum resistance for
both Canadian cnl-2 isolates, whereas the serum sensitivity of the
cnl-3 Burkina Faso isolates was not affected by exposure to CMP-
NANA. The ability of both cnl strains 2274 and 2275 to sialylate
their surface may explain the increased virulence of these strains in
mice and, by extension, humans. However, since the virulence of
N. meningitidis can be viewed as a multigenic trait, the relative
contribution of this and other new or established virulence factors
remains unclear.

While an important model in which to study meningococcal
virulence, mouse infection studies lack some key components to
mimic human disease in detail. N. meningitidis is a human-re-
stricted pathogen that specifically interacts with human-derived
forms of host proteins, such as transferrin (29), factor H (10),
carcinoembryonic antigen-like cell adhesion molecules (11), and
CD46 (16), allowing important functions, such as the acquisition
of iron, evasion of complement killing, and adhesion to host cells
in vivo. The increased virulence of the cnl strains tested herein
cannot be attributed to these well-described virulence factors, im-
plying that more broadly effective attributes, such as endogenous
sialylation of surface antigens or other factors, must explain the
outcome in this model. In this context, it is pertinent to consider
that not all sequence types of encapsulated meningococci are as-
sociated with invasive disease. For example, ST-136 and ST-53 are
found frequently in carriers but are almost never isolated from
patients with invasive disease, whereas other STs, such as ST-32
and ST-11, are considered hyperinvasive for their potential to
cause epidemic outbreaks of invasive meningococcal disease
(http://pubmlst.org/neisseria) (17). Comparative genomics have
already proven to be an effective means to unravel the differences
in whole genomes from carriage and disease strains of Neisseria
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meningitidis (17, 28), and genome sequencing of a broad set of cnl
strains may prove informative in gaining deeper insight into their
genetic arsenal.

The capsule of N. meningitidis is generally appreciated as being
the most important virulence factor for protection against host
defense systems in the blood; however, certain strains of Neisseria
gonorrhoeae have a propensity to cause disseminated disease de-
spite the fact that this close relative to N. meningitidis does not
express any capsular polysaccharide (33). As such, a strict view
that a capsule is absolutely required for the invasive potential of a
pathogenic Neisseria sp. does not hold true. The IMD-causing
nonencapsulated N. meningitidis strains have the potential to
cause disease even in vaccinated populations, since there is no
protective immunity induced against nonencapsulated strains by
the currently licensed, capsular carbohydrate-based meningococ-
cal vaccines. This prompts consideration of the value of replacing
today’s capsule-based vaccines with a protein subunit-based or
other subunit vaccine that broadly protects against all meningo-
cocci. Perhaps more immediately, it means that meningococci
must not be summarily excluded as the cause of invasive bacterial
disease based solely upon the presence or absence of capsule.
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