INFECTION AND IMMUNITY, Dec. 1998, p. 5939-5947
0019-9567/98/$04.00+0

Vol. 66, No. 12

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

The (a2—8)-Linked Polysialic Acid Capsule and Lipooligosaccharide

Structure Both Contribute to the Ability of Serogroup B
Neisseria meningitidis To Resist the Bactericidal
Activity of Normal Human Serum

C. M. KAHLER,' L. E. MARTIN,' G. C. SHIH,"* M. M. RAHMAN,?
R. W. CARLSON,? anp D. S. STEPHENS"->#*

Departments of Medicine' and Microbiology and Immunology,” Emory University School of Medicine,
and VA Medical Center,* Atlanta, Georgia 30033, and the Complex Carbohydrate
Research Center, University of Georgia, Athens, Georgia 30602°

Received 28 July 1998/Returned for modification 28 August 1998/Accepted 23 September 1998

The molecular basis for the resistance of serogroup B Neisseria meningitidis to the bactericidal activity of
normal human sera (NHS) was examined with a NHS-resistant, invasive serogroup B meningococcal isolate
and genetically and structurally defined capsule-, lipooligosaccharide (LOS)-, and sialylation-altered mutants
of the wild-type strain. Expression of the (a«2—8)-linked polysialic acid serogroup B capsule was essential for
meningococcal resistance to NHS. The very NHS-sensitive phenotype of acapsular mutants (99.9 to 100% killed
in 10, 25, and 50% NHS) was not rescued by complete LOS sialylation or changes in LOS structure. However,
expression of the capsule was necessary but not sufficient for a fully NHS-resistant phenotype. In an encapsu-
lated background, loss of LOS sialylation by interrupting the «2,3 sialyltransferase gene, Ist, increased sen-
sitivity to 50% NHS. In contrast, replacement of the lacto-N-neotetraose a-chain (Gal31-4GlcNAcf1-3Galp31-
4Glc) with glucose extensions (Glcy) in a galE mutant resulted in a strain resistant to killing by 50% NHS at
all time points. Encapsulated meningococci expressing a Hep,(GlcNAc) —KDO,—lipid A LOS without an o-
chain demonstrated enhanced sensitivity to 50% NHS (98% killed at 30 min) mediated through the antibody-
dependent classical complement pathway. Encapsulated LOS mutants expressing truncated Hep,—KDO,—
lipid A and KDO,—lipid A structures were also sensitive to 50% NHS (98 to 100% killed at 30 min) but, unlike
the wild-type strain and mutants with larger oligosaccharide structures, they were killed by hypogammaglobu-
linemic sera. These data indicate that encapsulation is essential but that the LOS structure contributes to the

ability of serogroup B N. meningitidis to resist the bactericidal activity of NHS.

Serogroup B Neisseria meningitidis (the meningococcus) is
an obligate human pathogen and remains a leading cause of
fulminant septicemia and meningitis. In addition to sporadic
outbreaks, large epidemics of serogroup B meningococcal dis-
ease continue to occur in many parts of the world, including
South America, the United States Pacific Northwest, Western
Europe, and New Zealand (4, 22). After penetrating upper
respiratory tract mucosal surfaces, N. meningitidis must survive
and multiply in the bloodstream to cause sepsis, meningitis,
and other manifestations of invasive meningococcal disease. A
major mechanism inhibiting or preventing the multiplication of
meningococci in the blood is the complement-mediated bac-
tericidal activity of human sera (17, 39). The importance of this
activity in the prevention of systemic meningococcal disease is
reinforced by host factors that alter bactericidal activity and
increase the risk for development of invasive disease. These
factors include the absence of bactericidal antibodies against
meningococci (17, 18, 45), deficiencies in the complement cas-
cade (13), and the presence of blocking immunoglobulin A
antibodies that inhibit the bactericidal activity of human sera
(19). The bactericidal activity of human sera against meningo-
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cocci is also used as a surrogate marker for assessing menin-
gococcal vaccine efficacy.

Meningococci have evolved mechanisms that protect them
from the bactericidal activity of human sera. Invasive sero-
group B meningococcal strains recovered from blood and ce-
rebrospinal fluid often resist being killed by human sera (48).
The molecular basis for resistance has been attributed to the
expression by this organism of an («2—8)-linked polysialic acid
capsule and a short-chained lipooligosaccharide (LOS) with
terminal sialic acid residues (23, 34, 35). Meningococci isolated
from the bloodstream in invasive disease, in contrast to naso-
pharyngeal isolates, are heavily encapsulated (9) and express
the L3,7,9 LOS immunotypes (28). These immunotypes have a
lacto-N-neotetraose originating from Hepl of the inner core,
which may be terminally sialylated (34, 62). However, the ex-
perimental data defining the precise contributions of the cap-
sule, LOS sialylation, and LOS structure to the ability of se-
rogroup B meningococci to resist the bactericidal activity of
human sera is conflicting (11, 15, 20, 21, 27, 37, 63-65).

LOS epitopes are immunogenic in infants and children and
induce protective bactericidal antibodies in convalescent sera
(10, 12). These bactericidal LOS antibodies appear to be di-
rected at conserved low-molecular-weight LOS epitopes (10,
12). LOS is also a component of new serogroup B outer mem-
brane vesicle (OMV) vaccines and is proposed as a basis for
other new meningococcal vaccines (1-3, 50). Although changes
in the structure of LOS are known to influence the amount and
epitopes of bactericidal and other functional antibodies elicit-
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ed by OMYV vaccines (2), the precise LOS structure(s) to in-
clude in these and other LOS-containing meningococcal vac-
cines is uncertain.

To help understand the basis for meningococcal survival
following mucosal invasion and to facilitate development of
meningococcal vaccines which may contain LOS, we created a
series of genetically and structurally defined capsule-, sialyla-
tion-, and LOS-altered mutants of the serogroup B meningo-
coccal strain NMB. We used these mutants to study the con-
tributions of the capsule, LOS sialylation, and changes in LOS
structure to meningococcal resistance to the bactericidal activ-
ity of normal human sera (NHS).

MATERIALS AND METHODS

Strains and media. The serogroup B meningococcal strain NMB and a series
of genetically and structurally defined mutants of this strain were used. These
mutants were defective in capsule formation, LOS sialylation, or altered in LOS
structure or had a combination of these phenotypes. The characteristics of strain
NMB are summarized in Table 1, and the creation and selection of the mutants
have been described previously (29, 30, 32, 56, 57, 60, 69) or are described below.
The serum-resistant gonococcal strain FA19 was also used (55). The strains were
grown on gonococcal (GC) agar (Difco) with supplements according to the
recommendations of Morse and Bartenstein (38). The following antibiotics were
used where appropriate: 5 ng of tetracycline/ml and 60 pg of spectinomycin/ml.
Mutants containing the aphA::3 cassette were grown on brain heart infusion agar
supplemented with 2.5% fetal bovine serum and containing 80 wg of kanamycin/
ml.

Construction of syn4::Q) mutants. An internal section of synA4 (siaA) (57, 59)
was amplified by PCR with the primers JS51 (5'-GCAATACCATTACGTTTA
TCTCTC-3') and JS40 (5'-GTTTCAGGATTGTTGATTACTTCAGC-3'). The
TA cloning kit (Invitrogen) was used to clone this PCR product into the poly-
linker of the plasmid pCR2 to form pCK3. A Mscl partial digest of pCK3 was
ligated with a Smal-digested pHP45 (41) and transformed into Escherichia coli
JM109. Transformants were selected for resistance to kanamycin and spectino-
mycin. Restriction mapping of the recombinant plasmids confirmed the insertion
of the spectinomycin cassette ({2) into the internal site of the cloned synA
fragment in plasmid pCK4. The synA::() cassette was cloned from pCK4 into the
vector pHSG298 to form pCKS.

The plasmid pCKS was transformed into strains NMB, SS3, R6, 559, and 469
by the plate transformation method (60), and transformants were identified by
their acquisition of spectinomycin resistance. The site of insertion of syn4::() was
confirmed by PCR of the chromosomal synA4 locus.

Construction of Ist::Q) mutant. A unique Hincll site was introduced into an
internal region of the LOS sialyltransferase gene, Ist (16), using PCR. The primer
pairs Ist4Hc (5'-GAAGGTAAAGTCGAGCTGCTGC-3") with cycl (5'-GCAA
ATCCTGCCACGACAGTTTCC-3") and Ist5Hc (5'-CAGCAGCGTCGACTTT
ACCTTCAGC-3") with icdl (5'-CAAAAGCCTGCACAATCGGCAGC-3')
were used to amplify the 3’ and 5’ ends of the /st gene. Equimolar amounts of
these two PCR products were used as a template in a standard PCR with the
nested primer pair Ist2 (5'-GAATGCGGTTTCCCTGCTGAAGG-3") and Ist3
(5'-CAGCGGCAGGTAAGTCATCTTGC-3"). The resultant PCR product,
which represents an internal region of st containing a unique HinclI site, was
cloned into the polylinker Hincll site of the low-copy-number vector pHSG576
to create pCK90. The polar spectinomycin cassette, {2, was released from pHP45
(41) by using Smal and ligated with HinclI-digested pCK90. A combination of
recipient vector and cassette antibiotic resistances was used to select transfor-
mants harboring the correct recombinant plasmid. The resultant plasmid was
called pCK91. The Ist::Q) cassette was released from pCK91 with EcoRI and Pst1
and cloned into corresponding sites in the high-copy-number vector pHSG298 to
form pCK92. The wild-type parent, NMB, was transformed with pCK92 by the
plate transformation method (60), and transformants were identified by their
acquisition of spectinomycin resistance. The site of insertion of Ist::Q) was con-
firmed by PCR of the chromosomal /st locus with the icd1 and cycl primer pair.

Construction of FA19 LOS mutants. Piliated FA19 was transformed with
chromosomal DNA from the meningococcal LOS mutants R6 and 469. Trans-
formants were selected for acquisition of the tetracycline marker, and the LOS
profiles of these isolates were further characterized by Tricine sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (29). Those transfor-
mants which were tetracycline resistant and expressed truncated LOS structures
characteristic of the corresponding meningococcal mutants were used.

A t of outer brane structures. The outer membrane structures of
meningococcal strain NMB and of each mutant were extensively studied. Pilia-
tion of the wild-type parent was assessed by electron microscopy of negatively
stained preparations and by monoclonal antibody reactivity (54) and, in the case
of the mutants, by competence for transformation. Outer membrane proteins
(OMP) were assessed by serotyping and subtyping (44) (kindly performed by
George Carlone, Centers for Disease Control and Prevention) and by Coomass-
ie-stained Laemmli SDS-PAGE of isolated outer membranes (5). LOS immu-

TABLE 1. Characteristics of strains used in this study
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compared to time 0 value (~4.0 log units). The data represent 2 to 15 separate experiments per variable, with quadruplicate determinations of each variable per experiment. ND, not done.
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¢ CMK?2, the IgtF mutant, expresses the same phenotype as R6 and behaves similarly in NHS. CMK2 was not tested in hypogammaglobulinemic sera or C2-deficient sera.

® For phosphorylation patterns of lipid A of LOS expressed in each strain, see Fig. 1.
4 The indicated genes have been inactivated (see the text for details).
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notyping was performed as previously described (44). Structural analysis of LOS
expressed by strain NMB and the mutants was performed by Tricine SDS-PAGE,
compositional studies, nuclear magnetic resonance (NMR), and mass spectrom-
etry (29, 30, 32, 42). Immunoblots and whole-cell enzyme-linked immunosorbent
assays (57, 59, 60) were used to quantitate amounts of (a2—8)-linked polysialic
acid capsule. Phospholipid analysis of strain NMB and its mutants was per-
formed by mass spectrometry and NMR (51).

SBA. A microdilution serum bactericidal assay (SBA) was performed (55),
modified as described below. Briefly, blood from five healthy adult subjects
without a history of gonococcal or meningococcal disease and not under antibi-
otic therapy was collected under sterile conditions, allowed to clot for 3 min at
room temperature (23°C), and then centrifuged at 500 X g at 4°C for 15 min. The
serum was removed, pooled, divided into subsamples, and stored at —70°C until
used in the experiments. Total hemolytic activity in the serum (measured by the
50% hemolytic complement value [the amount of complement required to lyse
50% of sensitized sheep erythrocytes]) was at normal levels. Isolates to be tested
were grown on GC agar plates for 14 to 16 h at 37°C in 3% (vol/vol) CO,. The
colonies were inoculated into 10 ml of GC broth containing supplements and
grown to an optical density of 0.5 at 550 nm. The inocula were diluted in 1X
minimal essential medium (MEM; Gibco) containing 50 mM HEPES, pH 7.3
(HEPES-MEM) to the desired concentration (10° cells/ml) and used immedi-
ately in the SBA. In some experiments heat-inactivated sera (56°C for 30 min),
hypogammaglobulinemic serum from a patient with acquired common variable
immunodeficiency, or C2-deficient human serum (Calbiochem, La Jolla, Calif.,
and Quidel, San Diego, Calif.) were used.

HEPES-MEM, serum, and bacterial inoculum in HEPES-MEM in that order
were mixed in a microtiter plate well (Falcon tissue culture plate no. 3072) so
that the final suspension contained 100 pl with 10, 25, or 50% (vol/vol) serum
and 10* CFU/ml. The reaction mixture was incubated at 37°C in 3% (vol/vol)
CO.. Controls included an assay without serum. Quadruplicate samples (0.01 ml)
were withdrawn from the reaction mixture immediately after preparation and
after 5, 15, and 30 min of incubation. Colony counts were performed as previ-
ously described (55). After overnight incubation of the plates, the number of
CFU per sample was determined and the number of CFU per milliliter in the
original mixture at each sampling time was calculated. Data were expressed as
percentage survival or as log;, survival. The significance of differences between
the means of two variables was determined by using Student’s ¢ test with unpaired
values and a two-tailed hypothesis (StatWorks version 1).

RESULTS

Outer membrane composition of meningococcal strain NMB
and mutants. The wild-type parent strain, NMB, is an encap-
sulated B:2b;P1.2,5:1.3,7,9 (serogroup:serotype [class II or III
OMP];serosubtype [class I OMP]:LOS immunotype) originally
isolated from the cerebrospinal fluid of a patient with menin-
gococcal meningitis in Pennsylvania in 1982. Strain NMB was
competent and expressed class II pili, which can be glycosy-
lated (Galp1-4-Gal) (62a), and zero to two class V (Opa)
proteins.

The encapsulation and LOS structure of strain NMB and
each mutant are described below. Because the susceptibility of
meningococci to the bactericidal activity of NHS may be influ-
enced by phase-variable changes in the outer membrane, we
also assessed the OMP expression and membrane phospho-
lipid composition of the mutants. All mutants were competent
and retained the OMP serotype and serosubtype of the parent.
Except as noted, the OMP profiles of the mutants were iden-
tical by SDS-PAGE to that of the parent (data not shown).
Strain NMB and the mutants all expressed similar membrane
phospholipid profiles.

Wild-type parent strain NMB [encapsulated; NANAa2—
3GalB1—4GlcNAcB1—3GalB1—4GlcB1—4Hep,(GlcNAc,
Glc)PEA—KDO,—lipid A LOS]. The predominant structure
of the LOS of strain NMB, based on biochemical and physical
studies, is shown in Fig. 1A. The LOS species contains a ter-
minal lacto-N-neotetraose (Galgl—4GIcNAcB1—3GalBl—
4Glc) a-chain attached to the Hep,-KDO,-lipid A inner core.
By routine immunotyping, NMB is an L3. However, physical
studies indicate that strain NMB expresses both L3 and L2
LOS, with L2 as the predominant LOS structure (42). Both L2
and L3 structures have identical a-chains of lacto-N-neo-
tetraose attached to Hepl of the inner core. They differ pri-
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marily by the attachment of glucose to the 0-3 of HeplI in L2
versus attachment of a phosphoethanolamine (PEA) group at
the same position in L3. Antibodies that readily distinguish the
0-3 HeplI region are not usually employed in standard immu-
nologic typing techniques. Therefore, L2 and L3 structures
appear the same in standard immunotyping.

Meningococcal LOS structures with terminal galactose res-
idues, like that found in strain NMB, may be terminated with
N-acetylneuraminic acid (NANA) added by a LOS-specific
«2,3 sialyltransferase (68). The cytidine monophosphate (CMP)-
NANA substrate for this reaction (and also for capsule poly-
merization) is endogenously synthesized by serogroup B
N. meningitidis (57). Under laboratory growth conditions, the
a-chain of strain NMB was 20 to 50% sialylated (NANAa2—
3) at the a-chain terminal galactose (42), resulting in two major
LOS structures of different mobilities (4.5 and 4.8 kDa) when
separated by Tricine SDS-PAGE (Fig. 2A and B).

Strain NMB was completely resistant to killing by 10 and
25% NHS at all time points (Fig. 3). In 50% NHS, NMB was
resistant at 5 min and demonstrated 82 and 43% survival (<1
log unit decrease in CFU) at 15 and 30 min, respectively (Fig.
3 and Table 1). Complement-inactivated NHS (50% [vol/vol]
heated at 56°C for 30 min; designated ANHS) did not kill strain
NMB at any time point. Increasing the sialylation of the LOS
of strain NMB to 100% by growth in CMP-NANA did not
change the survival of NMB in 50% NHS (data not shown). In
C2-deficient and hypogammaglobulinemic sera, strain NMB
was completely resistant after 30 min of incubation.

SynA mutation [nonencapsulated; Gal31—4GlcNAcf1—
3Galp1—4Glcp—4Hep,(GlcNAc,Glc) PEA—KDO,—lipid A
LOS]. A mutant of strain NMB designated M7 contains a
single truncated Tn916 inserted in synA, the first gene of the
capsule biosynthesis operon (synABCD) of serogroup B
N. meningitidis (57, 60). SynA is responsible for conversion of
N-acetyl-p-glucosamine-6-phosphate to N-acetyl-D-mannos-
amine-6-phosphate in the CMP-NANA biosynthesis pathway.
Insertional activation of any of the CMP-NANA biosynthetic
genes, synA, -B, or -C, prevents endogenous LOS sialylation as
well as encapsulation. The SynA mutant is completely defec-
tive in both sialic acid biosynthesis (Fig. 2B) and capsule ex-
pression (57). The predominant LOS of the SynA mutant (Fig.
1B) was otherwise identical to the lacto-N-neotetraose-con-
taining L2 structure of the parent, except that the LOS was not
sialylated (Fig. 2) and phosphorylation of the lipid A was in-
creased (42).

In contrast to the encapsulated, LOS-sialylated parent strain,
NMB, the nonencapsulated, LOS-nonsialylated SynA mutant
was rapidly and completely killed in 5 min by 10, 25, and 50%
NHS (P < 3.5 X 10~°) (Fig. 3). Thus, in an unencapsulated
background the bactericidal activity of NHS was not inhibited
by expression of an unsialylated, lacto-N-neotetraose-contain-
ing LOS.

The rapid bactericidal activity of NHS against the SynA
mutant was mediated through the antibody-dependent, classi-
cal complement pathway. Fifty percent ANHS did not kill the
SynA mutant at any time point. The rapid bactericidal activity
observed in 10% NHS was probably below a critical concen-
tration for alternative-pathway-mediated complement activa-
tion (7, 61), and no killing of the SynA mutant was observed
with 10% C2-deficient sera. In 50% hypogammaglobulinemic
sera, minimal killing was observed over 30 min (3.92 log,,
[83%] survival [Table 1]). In 50% C2-deficient sera, ~1 log
unit of killing was observed over 30 min (Table 1). Restoration
of C2-deficient sera with exogenous C2 restored rapid and
complete killing (0% survival at 5 min). These data indicate
that bactericidal antibodies in NHS, recognizing exposed outer
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FIG. 1. Predominant LOS structure of the serogroup B N. meningitidis strain NMB and LOS structures expressed by a series of genetically defined NMB mutants.

(A) The predominant LOS of parental strain NMB, (NANAa2—3)GalB1—4GIcNAcB1—3Galp1—4Glc—Hep,(GlcNAc,Glc)PEA—KDO,, contains a terminal
lacto-N-neotetraose (GalB1—4GIlcNAcB1—3GalB1—4Glc) in the a-chain, with a portion of the molecules containing a terminally linked sialic acid attached to the 0-3
lacto-N-neotetraose galactosyl residue and two heptoses attached through two KDOs to lipid A (41). (B) In contrast to the LOS of the wild-type strain, NMB, the LOS
lacto-N-neotetraose of the sialic acid biosynthesis pathway mutant, M7 (synA4 ~ [sia4~]), and the a2—3 sialyltransferase mutant, Lst (Ist~), lacks the terminally linked
sialic acid. (C) In the UDP-Glc4-epimerase ga/E mutant, SS3, mass spectrometric analysis of O-deacylated LOS revealed the presence of multiple species, with the
predominant LOS species in this mutant strain formed by the Gley—Glcf1—4Hep,(GIcNAc,Glc)PEA—KDO, (32). (D) The LOS from HepIB1-4 glucosyl transferase
mutant NMBIgtF::aphA-3 (nonpolar igtF mutant) had a GleNAc/Hep ratio of 1:2.125 with no other hexoses detected, indicating that the predominant structure was
Hep,(GleNAc)KDO,—lipid A (29). The phosphoglucomutase pgm mutant, R6, has an identical structure (69). (E) Glycosyl composition and linkage analysis of rfaK~
(1,2 N-acetylglucosamine transferase mutant) LOS before and after de-O-acetylation showed that the oligosaccharide of this LOS consists of only Hep and KDO and
that a PEA group is attached to position 3 of HeplI. In addition, no glucose is present in the rfak~ LOS structure. Fast atom bombardment-mass spectrometry of the
de-O-acylated LOS and one-dimensional proton NMR analyses of the oligosaccharide gave results that were consistent with the structure (29). (F) Electrospray-mass

spectrometry of the de-O-acylated mutant 469 (orf4~) LOS preparation indicated that it contained one major molecular species, KDO,—lipid A.

membrane structures in an unencapsulated background, pro-
duce rapid and complete killing of the SynA mutant. The data
predict that unencapsulated, nonsialylated meningococci which
reach the bloodstream would be rapidly killed.

SynD mutation [nonencapsulated; NANA«2—3Galp1—
4GlcNAcB1—3Galp1—4Glcp1—4Hep,(GlcNAc,Glc)PEA—
KDO,—lipid A LOS]. The SynD mutant, designated mutant
43, is defective in capsule expression due to a Tn916 insertion
in the fourth gene, synD, of the serogroup B capsule biosyn-
thesis operon (57, 58). Inactivation of synD, which encodes the
serogroup B capsule a2—8 polysialyltransferase for capsule
formation from CMP-NANA, results in an unencapsulated
phenotype while retaining LOS sialylation. In contrast to the
20- to 50%-sialylated parent, the SynD mutant, under standard
laboratory growth conditions, produced an almost completely
sialylated LOS (Fig. 2B), presumably because the block in cap-
sule production shunts CMP-NANA into the LOS sialylation
pathway.

Like the unencapsulated, LOS-nonsialylated SynA mutant,
the unencapsulated LOS-sialylated SynD mutant was very sen-
sitive to killing by NHS. In 10, 25, and 50% NHS, the SynD
mutant was more rapidly and completely killed than the en-
capsulated wild-type parent (Fig. 3). Growth of the SynD mu-
tant in CMP-NANA, to further ensure complete sialylation of
LOS (Fig. 2B), did not enhance the survival of this mutant in
NHS (data not shown). Thus, complete sialylation of the lacto-
N-neotetraose of LOS in the absence of a capsule did not res-
cue the acapsular, serum-sensitive phenotype. These data con-
firm the necessity of the («2—8)-linked polysialic acid capsule
of group B meningococci for conferring resistance to the bac-
tericidal activity of NHS.

Lst mutation [encapsulated; Gal31—4GlcNAcp1—3Galp1—
4Glc31—4Hep,(GlcNAc,Glc) PEA—KDO,—lipid A LOS].
We next asked whether LOS structure influenced serum bac-
tericidal activity in an encapsulated meningococcal back-
ground. A mutation in the «2,3 sialyltransferase gene, Ist, was
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FIG. 2. LOS structures of N. meningitidis NMB and genetically defined LOS
mutants separated by Tricine SDS-PAGE and visualized by silver staining (30).
(A) The NMB parental LOS structure (lane 1) is compared to the truncated LOS
from NMBIst::Q) (lane 2), SS3 (galE~) (lane 3), R6 (pgm ™) (lane 4), CMK2
(IgtF~) (lane 5), CMK1 (rfaK™) (lane 6), and 469 (orfA~) (lane 7). (B) The
parent strain, NMB (lane 1), expresses LOS which is partially sialylated under
normal growth conditions and which separates as two bands in Tricine SDS-
PAGE. Mutant 43 (synD ™) (lane 2) expresses LOS which is almost completely
sialylated, since little further sialylation can be achieved when the strain is grown
in the presence of 50 ug of CMP-NANA/mI (lane 3). In comparison, mutant M7
(synA ™) cannot synthesize sialic acid and expresses only nonsialylated LOS (lane
4). Molecular mass standards (Boehringer Mannheim) are also shown.

created, resulting in the inability to add NANA to the 0-3
lacto-N-neotetraose galactosyl residue (Fig. 1B and 2B). The
Ist mutant was resistant to 10 and 25% NHS at all time points
(Fig. 3A and B). In 50% NHS, the Ist mutant was more sensi-
tive than the parent at 15 min (P = 0.0192) and at 30 min (P =
0.00125) (Fig. 3C and Table 1).

GalE mutation [encapsulated; Glcy-Hep,(GlcNAc,Glc) PEA—
KDO,—lipid A LOS]. A galE mutant, designated SS3, was
fully encapsulated but produced a truncated LOS which mi-
grated at 3.4 kDa (Fig. 2A). The mutation was due to a Tn916
insertion in the amino terminus of the functional copy of the
UDP-Glc4-epimerase, galE (32). UDP-Glc 4-epimerase activ-
ity was present in N. meningitidis NMB but not in SS3, indi-
cating that the Tn976 insertion had abolished this activity.
Structural analysis of LOS from mutant SS3 revealed that
there was no galactose present in the structure (Fig. 1C), but
multiple terminal glucoses were present. The original galE
transformant expressed one class V (Opa) protein rather than
the two expressed by the wild-type parent. However, class V
expression was not linked to the galE mutation, and only galE
mutants which matched the class V expression profile of the
parent were used in the bactericidal assays.

The galE mutant was completely resistant to NHS and 50%
ANHS at all serum concentrations and at all time points (Fig.
3 and Table 1). The galE mutant was more resistant than the
wild-type parent in 50% NHS (P < 0.02 at 15 min and P <
0.0005 at 30 min). Thus, an encapsulated mutant lacking lacto-
N-neotetraose and LOS sialylation, but expressing a Glcy—
Hepl a-chain, demonstrated enhanced resistance to NHS.

Pgm mutation [encapsulated; Hep,(GlcNAc)PEA—KDO,—
lipid A LOS]. The LOS mutant designated R6 produced a
truncated LOS molecule of 3.1 to 3.2 kDa (Fig. 2) and was
shown to contain a Tn976 inserted in the 3’ end of pgm, the
gene encoding the meningococcal and gonococcal phosphoglu-
comutase (69). The inability of mutant R6 to convert glucose-
6-phosphate to glucose-1-phosphate, which is required for UDP-
glucose and UDP-galactose synthesis, resulted in the truncated
LOS phenotype expressed by this mutant. Analysis of R6 LOS
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by mass spectrometry (69) showed that the predominant LOS
structure was Hep,(GIcNAc)PEA—KDO,—lipid A (Fig. 1D).

The Pgm mutant was resistant to 10% NHS but, compared
to the parent strain NMB, demonstrated increased sensitivity
at 5, 15, and 30 min to 25 (P < 0.003) and 50% (P < 0.002)
NHS (Fig. 3 and Table 1). By 30 min, 98% killing was observed
for the Pgm mutant in 25 and 50% NHS (Fig. 3 and Table 1).
Killing of the Pgm mutant in 50% NHS was not seen with
C2-depleted or hypogammaglobulinemic sera, indicating that
killing of this mutant was largely due to the antibody-depen-
dent classical complement pathway.

LgtF mutation (CMK2) [encapsulated; Hep,(GlcNAc)—
PEA—KDO,—lipid A LOS]. LgtF is the B1-4 glucosyl trans-
ferase initiating synthesis of the a-chain from Hepl and is
found in the inner core extension (icel) operon with rfaK, the
al,2 N-acetylglucosamine transferase (see below) (30). When
IgtF was inactivated by a nonpolar cassette, the LOS «-chain
was missing but the inner core GlcNAc attached to Hepll
was present. No glucose was present in the LgtF mutant LOS
structure. Although produced by distinct mutations, the pre-
dominant LOS structures expressed by the LgtF and Pgm mu-
tants were identical (Fig. 1D).

The susceptibility of the LgtF mutant to killing by NHS did
not differ from the susceptibility of the Pgm mutant to NHS at
any time point or serum concentration. Like the Pgm mutant,
the LgtF mutant was resistant to killing by 10% NHS but
showed increased susceptibility at 15 and 30 min compared to
the parent strain in 25 (P < 0.01) and 50% (P < 0.0009)
NHS (Fig. 3). Thus, mutants expressing Hep,(GlcNAc)—
KDO,—lipid A, created by inactivation of two different genes
(pgm and IgtF), demonstrated identical profiles of increased
sensitivity to NHS.

RfaK mutation (encapsulated; Hep,PEA—KDO,—lipid A
LOS). Mutant CMKI1 is created by an () insertion in the a1,2
N-acetylglucosamine transferase gene, rfaK, encoding the en-
zyme responsible for the addition of N-acetylglucosamine to
HeplI (29). The CMK1 mutant expressed a truncated LOS of
3.0 kDa (Fig. 2A), that is, a Hep,PEA—KDO,—lipid A struc-
ture (Fig. 1E). The mutant was totally deficient in the addition
of GIcNAc to the inner core LOS and also completely lacked
an a-chain on Hepl. The lack of an a-chain extension from
Hepl in mutant CMKI is likely due to structural constraints
imposed by the incomplete biosynthesis of the LOS inner core
(29).

The susceptibility of the RfaK mutant to NHS resembled
those of the Pgm and LgtF mutants (Fig. 3). Compared to the
parent strain, NMB, the RfaK mutant was resistant in 10%
NHS but demonstrated increased susceptibility at 15 and 30
min to 25% NHS (P < 0.02) and was completely killed in 50%
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FIG. 3. Survival in 10 (A), 25 (B), and 50% (C) NHS of the wild-type pa-
rental meningococcal strain, NMB (0J); sialic acid or capsule pathway mutants
expressing different sialylation phenotypes (syn4~ [m], synD~ [O], and NMBIst::
() [@]; or mutants expressing truncated LOS structures (SS3 [galE~] [©], R6
[pgm~], [®], CMK2 [lgtF ], [*], CMK1 [rfaK~] [A], and 469 [orfA~] [A]). Error
bars indicate standard error of the means.
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FIG. 4. Resistances to NHS of the parental gonococcal strain, FA19 (OJ), and
the LOS mutants containing the pgm mutation (FA19/R6) (<) and the orfd
mutation (FA19/469) (——-) are shown at 10 (A), 25 (B), and 50% (C) NHS.
Error bars indicate standard error of the means.

NHS (P < .0009). However, unlike the Pgm mutant, the RfaK
mutant was completely killed by 50% hypogammaglobulinemic
sera (0% survival at 30 min) but not by 50% C2-deficient sera
(>100% survival at 30 min) (Table 1).

OrfA mutation (encapsulated; KDO,—lipid A LOS). The
LOS mutant designated 469 exhibited a markedly truncated
LOS structure of 2.9 kDa (Fig. 2A). The mutant contained a
single truncated Tn916 insertion located in a second LOS inner
core extension operon, ice2. Inactivation of the gene orfA in
the ice2 operon was responsible for the truncated LOS phe-
notype. Glycosyl composition and linkage analysis of the mu-
tant OrfA LOS showed that it consisted of KDO,—lipid A (52)
(Fig. 1F).

In contrast to the LOS mutants LgtF, Pgm, and RfakK, the
OrfA mutant was more resistant to killing in 25% NHS at all
time points (Fig. 3). However, compared to the parent strain,
NMB, the OrfA mutant was more sensitive to killing by 50%
NHS (P < 0.002). Fifty percent ANHS and C2-deficient sera
did not kill the OrfA mutant. However, as with the RfaK
mutant, hypogammaglobulinemic serum completely killed the
OrfA mutant (e.g., 0% survival at 30 min).

Effect of combined LOS and capsule mutations. The plas-
mid pCKS, containing the synA4::() cassette, was used to trans-
form the pgm, galE, rfaK, and orfA mutants. The lack of capsule
expression of the transformants was confirmed by colony im-
munoblotting. Each of the acapsular, LOS-truncated mutants
was rapidly and completely killed at 5 min by 10% NHS (data
not shown). This profile was not significantly different from the
killing of the synA4 or synD mutants that expressed the LOS a-
chain composed of sialylated or nonsialylated lacto-N-neote-
traose.

Effects of LOS mutations in a Neisseria gonorrhoeae back-
ground. To assess whether the influence of LOS structure on
meningococcal sensitivity to NHS was dependent on an encap-
sulated meningococcal background, we transformed the pgm
and 469 (orfA) mutations into the serum-resistant gonococcal
strain FA19. Compared to the serum-resistant parent, the pgm
mutation enhanced serum sensitivity (90% killing) in the gono-
coccal background (Fig. 4), similar to that observed in the
meningococcal background. However, the orfA mutation re-
sulted in a very NHS-sensitive gonococcal phenotype that was
completely killed in 10% NHS at 5 min (Fig. 4) compared to
the same mutation in meningococci (Fig. 3). Thus, examination
of LOS mutations in the appropriate meningococcal or gono-
coccal background was important for the assessment of the
contributions of LOS to killing by NHS.

DISCUSSION

The wild-type meningococcal strain used in this study resem-
bled other invasive serogroup B meningococcal strains (11, 65)
in that it was encapsulated, expressed a sialylated lacto-N-
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neotetraose LOS, and resisted the bactericidal activity of up to
50% NHS. The (a2—8)-linked polysialic acid capsule was the
major determinant that allowed this strain to resist the bacte-
ricidal activity of NHS. The serogroup B capsule is poorly
immunogenic due to its identity with host cell molecules, such
as the neural cell adhesion molecule, N-CAM (14). Through
steric or electrostatic hindrance, the polysialic acid capsule
may decrease the binding of antibodies directed toward other
meningococcal surface structures. In addition, sialic acid cap-
sules have been shown to redirect overall C3 deposition on the
bacterial surface (24, 27, 65), to increase the quantity of amide-
linked C3 (25), and, although not clearly shown for sialic acid
polymers, perhaps to render surface-bound C3 more accessible
to the action of factors H and I with subsequent blocking of
factor B binding and enhanced inactivation of C3b to iC3b (36,
40). Vogel et al. (65) recently showed that deposition of C3b
and its derivatives (e.g., iC3b) on encapsulated group B me-
ningococci was initially dependent on the classical pathway and
that the location of C3b differed in the encapsulated parent
versus unencapsulated mutants.

Unencapsulated variants of our serogroup B meningococcal
strain, regardless of LOS structure, were rapidly killed by NHS.
In addition, expression of a fully sialylated lacto-N-neotetraose
through endogenous or exogenous CMP-NANA did not pro-
tect the unencapsulated phenotype. These data are consistent
with those of Klein et al. (31), who found that the blood-sen-
sitive phenotype of acapsular N. meningitidis could not be res-
cued by the presence of sialylated LOS, and with those of
Fox et al. (15), who were unable to increase serum resistance
by growing meningococci in the presence of exogenous CMP-
NANA. In N. gonorrhoeae, however, exogenous sialylation of
LOS inhibits complement-mediated killing by serum (8, 43, 53,
67). These data emphasize the critical role of the meningococ-
cal serogroup B polysialic acid capsule in inhibiting the bacte-
ricidal activity of NHS and the differences in the mechanisms
of resistance of meningococci and gonococci to NHS.

Capsule expression, while necessary, was not sufficient to
confer a fully NHS-resistant phenotype on group B meningo-
coccl. In an encapsulated background, expression of LOS a-
chain structures from Hepl was needed for high-level resis-
tance to NHS. These a-chain structures included, but did
not require, a sialylated lacto-N-neotetraose. Moran et al. (37)
showed that meningococci expressing the sialylatable lacto-N-
neotetraose of the L3 LOS immunotype were more resistant to
the bactericidal activity of serum than meningococci expressing
the nonsialylatable Galg1—4Glcp1—4Hepl of the L8 immu-
notype. Vogel et al. (64, 65) and Hammerschmidt et al.
(21) initially reported that sialylation of LOS and encapsula-
tion were both indispensible for serogroup B meningococcal
resistance to complement-mediated killing by NHS and for
bacteremia in the infant rat model. However, these conclusions
were based on the increased serum sensitivity of a LOS-trun-
cated gal/E mutant. As shown, our galE mutant was completely
resistant at all concentrations of NHS and was even more
resistant than the wild-type parent. Our mutant contains Gley
extensions from Hep (32) in contrast to the truncated a-chain
containing one or two glucose moieties present on other me-
ningococcal galE mutants (66). Interestingly, Robertson et al.
(47) reported that galE mutants of the gonococcal strain MS11
also exhibit increased resistance to NHS compared to the si-
alylated, lacto-N-neotetraose-expressing parent. Recently, Es-
tabrook et al. (11) reported that bactericidal activity of NHS
against serogroup C meningococcal strains correlated with the
amount of free lacto-N-neotetraose exposed, not with LOS
sialylation per se. While antibodies in NHS directed at lacto-
N-neotetraose could explain these observations, this molecule
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is poorly immunogenic, since the lacto-N-neotetraose structure
is common to the human Ii antigens (33) and NHS does not
contain significant amounts of antibodies directed against
lacto-N-neotetraose (11). Estabrook et al. (11) suggest that
bactericidal activity may be due to binding of C3 to the termi-
nal galactose of unsialylated lacto-N-neotetraose on LOS. In
contrast, Vogel et al. (63) recently reported that a serogroup B
encapsulated Ist (a2,3 sialyltransferase) mutant, which was un-
able to terminally sialylate LOS, was as resistant to NHS as the
wild-type parent, despite enhanced C3b binding. In our studies
in a serogroup B encapsulated background, loss of sialylation
enhanced susceptibility to NHS. This may be due to the in-
creased exposure of terminal galactose of the a-chain lacto-N-
neotetraose or loss of the effect of LOS sialylation in blocking
complement pathway activation (43). Certainly, the length and
nature of meningococcal LOS a-chain extending beyond
GlcB1—4Hepl was an important determinant for facilitating
meningococcal resistance to NHS.

In an encapsulated background, loss of the a-chain and ex-
posure of inner core LOS structures [Hep,(GlcNAc)—KDO,—
lipid A or Hep,—KDO,—lipid A] enhanced meningococcal
susceptibility to killing by NHS. Though the kinetics and mech-
anisms of killing were different, truncation of LOS to Hep,
inner core structures made these encapsulated mutants as sen-
sitive to NHS as the capsule-deficient mutants (i.e., up to 100%
killing). For the Hep,(GlcNAc)—KDO,—lipid A mutants,
killing was largely mediated by an antibody-initiated classical
complement pathway, since killing was not observed in hypo-
gammaglobulinemic sera. Bactericidal antibodies to conserved
inner core LOS structures are found in sera of meningococcal
carriers, in convalescent sera of patients following meningo-
coccal disease, and in NHS (10, 12). The NHS used in this
study contained antibodies which recognized the minimal LOS
structure, Hep,(GlcNAc)—KDO,—lipid A (data not
shown). Enhanced immunoglobulin M antibody binding to the
truncated ga/E mutant described by Vogel et al. (65) was seen.

Alternatively, truncated LOS structures may alter the topol-
ogy of the outer membrane (including sialic acid capsule poly-
mers) and enhance exposure of other outer membrane com-
ponents. This may enhance susceptibility to complement-
mediated killing by NHS through direct activation of C1, (6,
26), activation of the alternative complement pathway, en-
hanced binding of bactericidal antibodies to outer membrane
structures other than LOS, or allowing the binding of blocking
antibodies. The rapid killing of Hep,—~KDO,—lipid A and
KDO,—lipid A mutants in hypogammaglobulinemic sera but
not C2-deficient sera suggests that these strains are not killed
by bactericidal antibody or the alternative complement path-
way but may directly activate C1,. Surprisingly, despite their
marked sensitivity to hypogammaglobulinemic sera, the Hep,—
KDO,—lipid A and KDO,—lipid A mutants were partially
resistant to NHS, suggesting that extensive truncation of me-
ningococcal LOS may expose epitopes (e.g., class IV proteins)
recognized by nonbactericidal or blocking antibodies. Expo-
sure of certain inner core LOS structures in a gonococcal back-
ground resulted in serum killing profiles different from those
seen in the corresponding meningococcal mutants. Although
the expression of Hep,(GlcNAc)PEA—KDO,—lipid A in
gonococci also produced a serum-sensitive phenotype similar
to that in meningococci, the deep rough mutant, FA19/469, in
contrast to the meningococcal 469 mutant, was extremely sen-
sitive to serum. These findings reinforce the concept that trun-
cation of LOS structures in gonococcal and meningococcal
strains may have different effects on the topology of the outer
membrane.

In addition to heterogeneity in oligosaccharide structure,
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meningococcal LOS displays heterogeneity in the phosphory-
lation substitution of lipid A. We have previously noted that
the lipid A of meningococcal LOS from a capsule-defective
mutant is more heavily substituted with phosphate than lipid A
of the parent (42). However, the biological role of this modi-
fication of lipid A in capsule-defective and truncated LOS
mutants remains unclear. We found no correlation of menin-
gococcal lipid A phosphorylation with sensitivity to NHS.
However, monophosphoryl enteric lipid A is less bioactive than
diphosphoryl lipid A, as shown by the rabbit pyrogenicity test,
the chicken embryo lethal dose test, and the Schwartzmann
reaction, as well as by a reduced ability to stimulate monokine
induction in murine macrophage cell lines (46). Indeed, a brief
study of the ability of meningococcal and gonococcal LOS to
clot Limulus amebocyte lysate revealed that this activity was
strain dependent and possibly related to the amount of phos-
phorylated lipid A expressed by each isolate (49). The biolog-
ical importance of phosphorylation of meningococcal lipid A
remains to be elucidated.

Defining the role of the capsule, LOS sialylation, and LOS
structure in serum killing of meningococci has implications for
the development of new serogroup B meningococcal vaccines
containing OMVs or LOS. Since the (a2—8)-linked serogroup
B capsule and the LOS lacto-N-neotetraose and digalactose
structures of the a-chain molecule are weakly immunogenic,
the use of truncated LOS molecules with Hep,(GlcNAc)—
KDO,—lipid A structures in OMV vaccines may boost LOS
antibodies produced by these vaccines. Andersen et al. have re-
cently shown that this may be true by using a Glc—Hep,
(GleNAc)—KDO,—lipid A truncated LOS in an OMYV vaccine
given to mice (2). OMYV vaccines containing Hep,(GlcNAc)—
KDO,—lipid A in addition to higher-molecular-weight LOS
components may also be useful as a means of avoiding immune
escape (3). Further truncation of the LOS molecule appears
less likely to induce bactericidal LOS antibodies.
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