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Although capsular polysaccharide (CPS) is critical for menin-
gococcal virulence, the molecular basis of alternative comple-
ment pathway (AP) regulation by meningococcal CPSs remains
unclear. Using serum with only the AP active, the ability of
strains to generate C3a (a measure of C3 activation) and subse-
quently deposit C3 fragments on bacteria was studied in encap-
sulated group A, B, C, W-135, and Y strains and their isogenic
unencapsulated mutants. To eliminate confounding AP regula-
tion by membrane-bound factor H (fH; AP inhibitor) and lipoo-
ligosaccharide sialic acid, the meningococcal fH ligands (fHbp
and NspA) and lipooligosaccharide sialylation were deleted in
all strains. Group A CPS expression did not affect C3a genera-
tion or C3 deposition. C3a generated by encapsulated and unen-
capsulated group B and C strains was similar, but CPS expres-
sion was associated with reduced C3 deposition, suggesting that
these CPSs blocked C3 deposition on membrane targets. Para-
doxically, encapsulated W-135 and Y strains (including the
wild-type parent strains) enhanced C3 activation and showed
marked C3 deposition as early as 10 min; at this time point C3
was barely activated by the unencapsulated mutants. W-135 and
Y CPSs themselves served as a site for C3 deposition; this obser-
vation was confirmed using immobilized purified CPSs. Purified
CPSs bound to unencapsulated meningococci, simulated find-
ings with naturally encapsulated strains. These data highlight
the heterogeneity of AP activation on the various meningococ-
cal serogroups that may contribute to differences in their path-
ogenic mechanisms.

Neisseria meningitidis is an important cause of bacterial
meningitis and sepsis worldwide. Based on the antigenic com-
position of its capsular polysaccharide, N. meningitidis can be
divided into various serogroups. Of the 13 serogroups
described thus far (1), five (A, B, C, W-135, and Y) are respon-
sible for most cases of invasive meningococcal disease world-
wide (2). With very few exceptions (3—-5), almost every case of
invasive meningococcal disease is caused by a strain that
expresses capsular polysaccharide.
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The complement system constitutes an important arm of
innate immune defenses against invasive meningococcal infec-
tion. Persons deficient in terminal complement components
(C5 through C9) or components of the alternative pathway
(such as properdin and factor D) are highly predisposed to
meningococcal disease (6 —20). Deficiencies of inhibitors of the
complement system such as factor H and factor I also predis-
pose individuals to meningococcal disease because lack of com-
plement inhibition in plasma leads to uncontrolled C3 activa-
tion and consumption (12, 21). Epidemiologic data suggest that
persons with deficiencies of properdin or terminal complement
components may be more predisposed to disease caused by
groups W-135 and Y and other rare serogroups (13—-14). Why
certain serogroups of N. meningitidis are overrepresented in
persons with complement deficiencies is not fully understood.

Several microbes express capsular polysaccharides as part
of their virulence armamentarium. In general, capsules are
believed to limit complement activation on the microbial sur-
face and are anti-opsonophagocytic (22). Prior studies have
shown that expression of group B and C meningococcal cap-
sules limit alternative pathway-mediated C3 deposition on the
bacterial surface (23, 24). The capsules of both of these sero-
groups are homopolymers of sialic acid. The group B capsule is
composed of «(2,8)-, whereas the group C capsule is composed
of «(2,9)-linked polysialic acid. Other sialic acid containing
capsules such as the capsular polysaccharide of type III group B
streptococci have also been shown to limit alternative pathway
activation (25). In the case of group B streptococci, the tertiary
structure of the capsule, which is dependent upon the negative
charge of the carboxylate residue of sialic acid, limits activation
of the alternative pathway. However, the molecular basis of
alternative pathway regulation by meningococcal group B and
C capsules has not been elucidated.

To our knowledge, there are no published data on regulation
of the alternative pathway by the other clinically important
meningococcal capsular polysaccharides (A, W-135, and Y).
The serogroup A polysaccharide is a homopolymer of N-acetyl-
mannosamine 1-phosphate, and serogroup W-135 and Y cap-
sules comprise disaccharide repeating units of 6-p-Gala(1,4)-
NANA«(2,6)- and 6-p-Glca(1,4)-NANA®(2,6)-, respectively
(1). The polysaccharides of serogroups A, C, W-135, and Y are
also variably O-acetylated (26, 27). The purpose of this study
was to examine how capsular polysaccharides from each the
five major meningococcal serogroups interact with the alterna-

JOURNAL OF BIOLOGICAL CHEMISTRY 8297


http://www.jbc.org/cgi/content/full/M110.184838/DC1

Alternative Pathway Activation on Meningococci

TABLE 1
Bacterial strains used in this study and their relevant characteristics
Strain” Relevant characteristics
A2594 A:4:P1.9%:ST-5; invasive isolate (Germany) (Ref. 32); encapsulated; LOS not sialylated
A2594 fHbp NspA Encapsulated; LOS not sialylated; fHbp::erm®; nspA::spc®
A2594 mynB fHbp NspA Unencapsulated (mynB::cm®) isogenic mutant of A2594 fHbp NspA
H44/76 B:15:P1.7,16: ST-32 (Ref. 65); invasive isolate; encapsulated; LOS sialylated
H44/76 Ist fHbp NspA Encapsulated; insertional inactivation of lipooligosaccharide (LOS) sialyltransferase (Ist:kan™); LOS not sialylated;
fHbp::erm™; nspA::spc®
H44/76 siaD Ist fHbp NspA Unencapsulated (siaD::cm®) isogenic mutant of H44/76 Ist fHbp NspA
C2120 C:NT:P1.5,2:ST-11 (Ref. 66); invasive isolate; encapsulated; LOS sialylated
C2120 Ist fHbp NspA Encapsulated; insertional inactivation of LOS sialyltransferase (Ist::kan™); LOS not sialylated; fHbp::erm®;
nspAzspc®
C2120 siaD Ist fHbp NspA Unencapsulated (siaD::cm®) isogenic mutant of C2120 Ist fHbp NspA
W171¢ W135:NT:P1.10:ST-11 (Ref. 26); invasive isolate; encapsulated; LOS sialylated
W171 Ist fHbp NspA Encapsulated; insertional inactivation of LOS sialyltransferase (Ist::kan); LOS not sialylated; fHbp::erm®;

nspAzspc®
W171 siaD Ist fHbp NspA
Y2220
Y2220 Ist fHbp NspA
nspAzspc?
Y2220 siaD Ist fHbp NspA
LNP19995 Ist fHbp NspA

Unencapsulated (siaD::cm”) isogenic mutant of W171 Ist fHbp NspA
Y:21:P1.15 (ST-172) (Ref. 26); carrier isolate; encapsulated; LOS sialylated
Encapsulated; insertional inactivation of LOS sialyltransferase (st::kan”); LOS not sialylated; fHbp::erm®;

Unencapsulated (siaD::cm®) isogenic mutant of Y2220 Ist fHbp NspA
W135:2a:P1.5:ST-11; invasive isolate; encapsulated; insertional inactivation of LOS sialyltransferase (Ist:kan®);

LOS not sialylated; fHbp::erm®; nspA::spc®

LNP19995 siaD Ist fHbp NspA

Y2225 Ist fHbp NspA
sialylated; fHbp::erm®; nspA::spc®

Y2225 siaD Ist fHbp NspA

Unencapsulated (siaD::cm®) isogenic mutant of LNP19995 Ist fHbp NspA
Y:NT:P1.2:ST-11 (Ref. 26); encapsulated; insertional inactivation of LOS sialyltransferase (ist::Kan®); LOS not

Unencapsulated (siaD::cm”) isogenic mutant of Y2225 Ist fHbp NspA

“ All mutant strains were constructed for this study.
? Denotes that PorA VR typing (67) was used to define the serosubtype.
€W171 is also known as ATCC 35559, or M-603.

tive pathway of complement to better understand differences in
the pathophysiology among the various serogroups.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Mutants—N. meningitidis strains and
their isogenic mutants used in this study are listed in Table 1.
The mutant strain pairs differ in capsular polysaccharide
expression; all mutant strains lacked lipooligosaccharide
(LOS)? sialic acid (group A meningococcal strains do not
endogenously sialylate their LOS) and fHbp and NspA expres-
sion; these outer membrane components regulate the alterna-
tive pathway of complement and were excluded to avoid con-
founding of results that examined alternative pathway
regulation by encapsulated bacteria (28 —31). Construction of
Ist (32), fHbp (30), and nspA (29) deletion mutants have been
described previously. For simplicity, encapsulated and unen-
capsulated mutants have been referred to as “Cap+” and
“Cap—,” respectively.

Sera and Complement Reagents—To selectively study the
alternative pathway we used either C2-depleted serum (lot
number 16; Complement Technology, Inc.) or normal human
serum (NHS) that contained MgCl, and EGTA (both to a final
concentration of 10 mm; Mg/EGTA-NHS). Preliminary exper-
iments showed that C3 fragment deposition on bacteria using
C2-depleted serum or Mg/EGTA-NHS were similar. When
necessary, all complement pathways were inactivated by heat-
ing serum at 56 °C for 30 min. For some experiments, IgG and
IgM were depleted from serum as follows. NHS that contained
EDTA (final concentration 10 mm) was passed over protein
G-Sepharose and anti-human IgM-agarose (both from Sigma)

2The abbreviations used are: LOS, lipooligosaccharide; HBSS, Hanks' bal-
anced salt solution; Cap, capsule; NHS, normal human serum; fHbp, factor
H-binding protein; NspA, Neisserial surface protein A; BisTris, 2-[bis(2-hy-
droxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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in tandem at 4 °C. The fall-through was spin concentrated and
dialyzed against PBS containing 0.1 mm EDTA to its original
volume. Depletion of IgG and IgM was confirmed by Western
blotting and hemolytic activity of the serum that was reconsti-
tuted with 1 mm Ca®>* and 1 mm Mg>* was confirmed with the
Total Hemolytic Complement assay (Binding Site, Birming-
ham, United Kingdom).

Antibodies—mADb G-3E that recognizes the 68-kDa «;’
chain of iC3b (33, 34) was used to detect iC3b targets on
bacteria in Western blotting assays and to measure iC3b
deposited on immobilized capsular polysaccharide. Factor H
bound to bacteria was detected by flow cytometry with sheep
polyclonal anti-human factor H (Lifespan Biosciences).
Anti-group A mAb JW-A-1 (IgG2a), anti-group C mAb
KS-C-1 (IgG3), anti-group W-135 mAb JW-W1b (IgG2b),
and anti-group Y mAb JW-Y2a (IgM) were provided by Drs.
Dan M. Granoff (Childrens Hospital Oakland Research
Institute, Oakland, CA) and Jo Anne Welsch (Novartis Vac-
cines), whereas anti-group B mAb 2-2-B (IgM) was obtained
from the National Institute for Biological Standards and
Control (Potters Bar, Hertfordshire, UK). Chicken poly-
clonal anti-human C3d that recognizes the a chain of C3
(~115 kDa), a’ chain (~106 kDa) of C3b, «;' chain of iC3b
(~68 kDa), C3d and C3dg was from Quidel (San Diego; cat-
alogue number A800). mAb 755 is a directed epitope
spanned by amino acids 1499 and 1519 of the C3 amino acid
sequence (SwissProt data base, accession no. P01024) and
therefore recognizes the o’ chain (~106 kDa) of C3b and the
a,’ fragment (~40 kDa) of iC3b (35). All secondary antibod-
ies (alkaline phosphatase-conjugated anti-mouse IgG, anti-
mouse IgM and anti-chicken IgY, and anti-sheep IgG-FITC)
were from Sigma.

Purified Polysaccharides and Methylated Human Albumin—
Purified serogroup A, C, W-135, and Y meningococcal capsular
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polysaccharides were obtained from the National Institutes
Biological Standards and Controls (NIBSC, Porton Down,
Salisbury, UK). Serogroup B meningococcal capsular polysac-
charide was the kind gift of Dr. Jo Anne Welsch (Novartis Vac-
cines). Methylated human albumin (NIBSC) was used to bind
capsular polysaccharides to microtiter wells (see below).

Flow Cytometry—Flow cytometry to detect factor H bound to
bacteria was performed as described previously (29). Briefly,
bacteria grown overnight on chocolate agar plates were washed
with Hanks” balanced salt solution (HBSS) containing 1 mm
Ca’>* and 1 mm Mg®" (HBSS>") and suspended to a final con-
centration of 3 X 10° cells/ml; 10® organisms were centrifuged
and incubated with factor H purified from human plasma
(Complement Technology, Inc.) at 20 pug/ml. Bound factor H
was detected using affinity-isolated sheep anti-human factor H
(Lifespan Biosciences, Seattle, WA) followed by FITC-labeled
anti-sheep IgG (Sigma).

To detect binding of purified capsular polysaccharide to
unencapsulated bacteria, bacteria as prepared above were sus-
pended in HBSS*" and incubated separately with each purified
capsular polysaccharide to a final concentration of 125 ug/ml
for 10 min at 37 °C. Capsule bound to bacteria was detected by
FACS using the respective mAb against capsule at a concentra-
tion of 10 ug/ml (with the exception of anti-group B capsular
mAb 2-2-B that was provided as lyophilized ascites and used at
a1:100 dilution), followed by the appropriate FITC-labeled sec-
ondary antibody at a concentration of 1:100 (Sigma).

Western Blotting—W estern blotting to detect C3 fragments
deposited on meningococci was performed as described previ-
ously (36). Briefly, 1 X 10® bacteria suspended in HBSS*" were
incubated with C2-depleted serum (final concentration 25%
(v/v)) in a final reaction volume of 80 ul for 10 or 30 min at
37 °C. Bacteria were washed twice in HBSS*" and lysed in
NuPAGE® LDS Sample Buffer (4X) (Invitrogen) containing
10% 2-mercaptoethanol. In some experiments, the bacteria
were divided into two aliquots treated either with buffer alone
(C3 fragments bound to its targets through ester and amide
linkages are left intact) or methylamine, pH 11, at a concentra-
tion of 1 M (to selectively disrupt ester bonds, but leave amide
bonds intact), for 1 h at 37 °C. Direct determination of the spe-
cific amide-bound C3b/iC3b is not possible, because it cannot
be separated intact from acceptor surfaces without altering its
primary structure. Proteins were separated on NuPAGE Novex
4-12% BisTris gradient gels using NuPAGE MOPS running
buffer (Invitrogen). Proteins were transferred to a PVDF mem-
brane (Millipore, Billerica, MA) by Western blotting. iC3b was
detected using mAb G-3E (tissue culture supernatants contain-
ing ~20 ug/ml of mAbD diluted 1:4 in TBS) that recognizes a
neoepitope in the ;' chain of iC3b, followed by goat anti-
mouse IgG conjugated to alkaline phosphatase. To reduce vis-
cosity of bacterial lysates caused by DNA, in some experiments
serum-coated bacteria were osmotically lysed by incubation for
15 min in ddH,O at 37 °C, followed by treatment with DNase I
(50 units; Invitrogen) for 30 min at 37°C. Addition of
NuPAGE® LDS Sample Buffer (4X) and electrophoresis was
performed as described above.

C3a ELISA—Activation of C3 is accompanied by release of
the C3a fragment from the N terminus of the « chain of C3 into
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the fluid phase. 1 X 10® bacteria were suspended in 60 ul
HBSS*", followed by the addition of 20 ul of C2-depleted
serum (final serum concentration in the reaction mixture was
25%). Aliquots were obtained at sequential time points and
reactions were stopped by adding EDTA to a final concentra-
tion of 20 mm. C3a released by activation of C3 in the reaction
mixture was measured in serial dilutions of the EDTA-inacti-
vated reaction mixtures using the MicroVue C3a Plus EIA kit
(Quidel Corp., San Diego, CA). The concentration of C3a in the
reaction mixtures was calculated using OD values that fell
within the linear range of the standard curve of the EIA kit.

Capsular Polysaccharide Binding of C3 by ELISA—Methy-
lated human albumin was used to bind capsular polysaccharide
to microtiter wells as described previously (37). Briefly, each
capsular polysaccharide (10 ug/ml in 10 mm PBS) was mixed
with methylated human albumin (10 ug/ml in 10 mm PBS) at a
1:1 ratio and mixtures were used to coat individual microtiter
wells for 15h at 22 °C. Wells were blocked with PBS, 2% BSA for
1hat37 °C, followed by addition of 20% Mg/EGTA-NHS (alter-
native pathway specific) for 1 h at 37 °C. Heat inactivated
Mg/EGTA-NHS (20%) was used as a control. Factor H and
factor I present in serum convert bound C3b to iC3b. iC3b was
detected using tissue culture supernatant that contained anti-
iC3b mAb G-3E (33) followed by anti-mouse IgG conjugated to
alkaline phosphatase.

Serum Bactericidal Assay—Bactericidal assays were per-
formed as described previously (29, 38). Bacteria from an over-
night culture on chocolate agar plates were inoculated onto
fresh chocolate agar and allowed to grow for ~6 hat 37 °Cin 5%
CO,. C2-depleted serum was used at a final concentration of
50% (v/v) in bactericidal assays. In some instances, purified C2
was added to C2-depleted serum to a final concentration of 40
pg/mlas a control. Briefly, 2000 colony forming units of menin-
gococci were incubated with serum (concentrations specified
for each experiment) in a final reaction volume of 150 ul. Ali-
quots of 25 ul were plated in duplicate at the start of the assay
(¢,) and after incubating the reaction mixture at 37 °C for 30
min (£,,). Survival was calculated as the number of viable colo-
nies at £,, relative to baseline colony counts at £,.

Statistical Analysis—Differences between groups of observa-
tions were determined using a paired two-tailed ¢ test.

RESULTS

Encapsulated W-135 and Y Strains Generate High Levels of
C3a at 10 Min—To identify the specific role of capsular poly-
saccharide in modulating alternative pathway activation it was
first necessary to eliminate variables known to regulate alterna-
tive pathway activation on Neisseriae. These include LOS sialic
acid (28, 39, 40) and the ligands for factor H, fHbp (30, 41), and
NspA (29). Strains representing capsular groups A, B, C,
W-135, and Y used in this study lacked LOS sialic acid expres-
sion (group A strains do not sialylate LOS and in all other
strains the sialyltransferase, Ist, was insertionally inactivated)
and were also mutated to abrogate fHbp and NspA expression.
Fig. 1 confirms lack of factor H binding by the fHbp/NspA dou-
ble mutants in each of the five encapsulated (Cap+) groups and
their unencapsulated (Cap—) mutant counterparts (data with
H44/76 and A2594 have been shown previously (29)). Wild-
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Control (no added fH)
Cap+/fHbp+/NspA+
Cap+/fHbp- /NspA-
Cap-/fHbp+/NspA+
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A2594 H44/76 C2120 W171 Y2220

FIGURE 1. Deletion of fHbp and NspA abrogates factor H binding to
meningococcal mutants used in this study. Meningococcal strains A2594
(group A), H44/76 (group B), C2120 (group C), W171 (group W-135), and
Y2220 (group Y) that lacked LOS sialic acid, but expressed capsule (Cap+/
fHbp+/NspA+; solid black bars) and their isogenic mutants that were defi-
cient in capsule production (Cap—/fHbp+/NspA+; solid gray bars) were fur-
ther mutated to delete both known meningococcal factor H-binding
proteins, fHbp (30,41) and NspA (29). The Cap+ and Cap— strains that lacked
fHbp and NspA are shown by the black and gray hatched bars, respectively.
The five sets of isogenic mutant strains were incubated with factor H (20
ng/ml) and bacteria-bound factor H was detected using sheep polyclonal
anti-human factor H followed by anti-sheep IgG-FITC. The y axis represents
the median fluorescence intensity of the entire bacterial population. A repre-
sentative control (factor H omitted from the reaction mixture) with group A
strain 2594 is shown; all strains yielded similar control fluorescence values.

type strain Y2220 expresses very low levels of fHbp and binds
barely detectable levels of factor H by flow cytometry, as we
have described previously (29, 30).

The C3 molecule comprises a 115-kDa « chain that is linked
to a 75-kDa S chain through a disulfide bond. Deposition of C3
fragments on the bacterial surface is preceded by activation of
C3, during which the ~9-kDa C3a fragment is cleaved from the
N terminus of the 115-kDa « chain of C3 (reviewed in Ref. 42).
To determine whether capsular polysaccharide expression
affected C3 activation by the alternative pathway, we compared
C3a generation at 10 and 30 min in reaction mixtures contain-
ing C2-depleted serum and either encapsulated organisms
(representing each major capsule group) or their isogenic unen-
capsulated mutant counterparts. Rather surprisingly, at 10 min,
Cap+ group W-135 and Y strains generated high amounts of
C3a compared with their unencapsulated counterparts (Fig.
2A). At this time point, only small amounts of C3a were gener-
ated by all other strains tested. Although the Cap— group B
strain generated statistically higher amounts of C3a at 10 min
compared with its Cap+ counterpart, the total amount of C3a
produced by this strain was ~5-fold less compared with C3a
generated by Cap+ W-135 and Y strains. At 30 min, all strains
produced high amounts of C3a and differences between Cap+
and Cap— mutant pairs, with the exception of the group W-135
mutant pair, were not significant (Fig. 2B). Thus, expression of
group W-135orY capsular polysaccharides was associated with
rapid alternative pathway activation, evidenced by high C3a
generation at 10 min. However, all strains were activated by C3
through the alternative pathway by 30 min.

Rapid C3 Fragment Deposition Occurs on Encapsulated
Group W-135 and Y N. meningitidis—Cleavage of the C3a frag-
ment from the N terminus of the « chain of C3 is accompanied
by exposure of a labile internal thioester bond in the resulting
~106-kDa o' chain. The &' chain remains linked to the 75-kDa
B chain by a disulfide bond and this metastable C3b binds to
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FIGURE 2. C3a generation by Cap+ and Cap— isogenic meningococcal
mutants. Five Cap+ and Cap— isogenic mutant pairs of meningococcal
strains (one representative of each meningococcal serogroup) that lacked
LOS sialic acid, fHbp, and NspA were incubated with C2-depleted human
serum (final concentration 25% (v/v)). Aliquots were collected at 10 and 30
min and C3a generated in the reaction mixture was measured by ELISA. Base-
line levels of C3a generation were measured in control reaction mixtures that
contained C2-depleted serum in HBSS** (no bacteria added) and is shown by
the bar labeled C2-dep. Each data point represents the mean = S.D. of 3
separate experiments.

+ -

& +- + - < Cap
7 N

surfaces through the reactive thioester in the «’ chain (43). The
calculated half-life of the activated thioester is ~60 us (43, 44)
and within this short period the metastable C3b molecule must
bind to a surface target (in this instance, the meningococcal
surface) though a covalent ester or amide bond; failure of the
metastable C3b to react with a target molecule results in its
reaction with a H,O molecule and the resulting hydrolyzed C3b
molecule remains in solution. iC3b is formed by cleavage of the
o' chain into «;' (~68 kDa), a,’ (~40 kDa), and C3f (~2 kDa)
fragments by factor H and factor I (43). In the unreduced state,
the ;" and «,’ fragments remain united through a second
disulfide bond; the «;" fragment is covalently attached to the
target molecule. Electrophoresis under reducing conditions
results in migration of the 3 chain (present in both C3b and
iC3b) at its calculated mass of ~75 kDa, whereas the 106-kDa
a’ chain of C3b and the 68-kDa o’ chain of iC3b migrate cova-
lently bound to their targets; the free «,” chain of iC3b migrates
independently at 40 kDa.

Previous reports have shown that almost all C3b deposited
on the meningococcal surface is converted to iC3b (35, 45) as
early as 10 min. The mutants used in this study were con-
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FIGURE 3. iC3b deposition on isogenic Cap+ and Cap— meningococci. The five isogenic Cap+ and Cap— pairs of N. meningitidis were incubated with
C2-depleted human serum for either 10 or 30 min and bacteria-bound iC3b was analyzed by Western blotting with anti-iC3b mAb G-3E. The position of the «,’
(68 kDa) fragment of C3 is indicated in the control lane that contains purified iC3b (see text for an explanation of the ;" “doublet”). Both blots (10 min (left) and
30 min (right) incubations) were exposed to the alkaline phosphatase substrate for the same duration. “a;” + L" and “a;,” + O” indicate the positions of adducts
of LOS or opacity-associated protein covalently linked to the «,’ iC3b fragment, respectively (36, 46, 47). The asterisks in the “10-min blot” indicate high-
molecular mass complexes that contain iC3b in the lanes containing Cap+ W and Y strains. Proteins on the membrane migrating below ~40 kDa were stained
with Coomassie Blue and served as a loading control. Cap+ and Cap— derivatives of strain W171 were incubated with heat-inactivated C2-depleted serum
(lanes marked W + HIS) and served as controls to validate the specificity of covalently bound C3 fragments to bacteria.

structed to minimize alternative pathway inhibition by LOS
sialic acid, fHbp, and NspA. We sought to determine the extent
of processing of C3b deposited on the bacterial surface to iC3b
in these strains. All 10 mutant strains were incubated with
Mg/EGTA-NHS for 30 min and samples were treated with
methylamine to release C3 fragments linked to their targets
through ester linkages. We confirmed that iC3b was also the
predominant C3 fragment present on all mutant strains using a
polyclonal antibody directed against C3d as well as mAb 755,
which is directed against the o' chain of C3b (~106 kDa) and
the «,’ chain of iC3b (~40 kDa) (supplemental Fig. S1). The
data in supplemental Fig. S1 reveal quantitative differences in
the amount of C3 fragments deposited on the mutant pairs and
a more detailed characterization of bacteria-bound iC3b was
carried out next. For simplicity, henceforth we have used “iC3b
deposition” to imply initial C3b deposition with subsequent
conversion to iC3b. In subsequent experiments a well charac-
terized anti-iC3b mAb, mAb G-3E, that specifically recognizes
aneoepitope on the 68-kDa «, " chain of iC3b (33, 34) was used.

Consistent with C3a generation (Fig. 2), at 10 min almost no
iC3b was deposited on the derivatives of the group A, B, and C
strains (Fig. 3, left blot). However, the Cap+ W-135 and Y
strains showed markedly increased iC3b deposition compared
with their Cap— counterparts. A high molecular mass anti-
iC3b-reactive “smear” (indicated by asterisks at the point of
entry of samples into the gel) was seen in the Cap+ W-135 and
Y lanes. Note that the iC3b «," chain in the lane containing
purified iC3b migrates as a doublet (~68- and ~70-kDa bands)
probably because a fraction of the a’ chain of C3b was not
cleaved at the second site by factor I to release the 2-kDa C3f
fragment. As expected, more iC3b deposition on all strains was
seen at 30 min (Fig. 3, right blot). LOS (~4 kDa) and the phase
variable opacity proteins (~25 kDa) have previously been char-
acterized as Neisserial ligands for C3 fragments (36, 46, 47) and
the locations of adducts of the «;" chain of iC3b linked cova-
lently to LOS and opacity proteins have been indicated in Fig. 3
asa,’ + Land ;" + O, respectively. Expression of the group A
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capsule did not limit iC3b deposition, whereas expression of the
group B capsule markedly decreased iC3b deposition. Expres-
sion of group C capsule expression was associated with slightly
less iC3b deposition; the difference was most evident in the
band indicated by “a;" + L” (the 68-kDa «;" chain of iC3b
linked covalently to LOS). The Cap+ group W-135 strain
showed greater iC3b deposition than its corresponding Cap—
mutant. Although more subtle than observations with the
group W-135 mutant pair, the Cap+ group Y strain also
showed more iC3b than its Cap— isogenic mutant. Differences
in the amount of C3 fragments deposited on the mutant strain
pairs are also evident in supplemental Fig. S1. A portion of iC3b
detected in lanes containing bacteria treated with serum
migrates as free (or released) ;" fragment despite the lack of
treatment with a nucleophile such as methylamine. Spontane-
ous release of C3b previously covalently linked by ester bonds
to surfaces such as sheep RBCs (48), glycerol (48, 49), IgG aggre-
gates or tyrosine (50) has been reported. This spontaneous
release of covalently bound C3 has been attributed to hydrolytic
attack by the His residue (that corresponds to the His residue at
position 1106 in the ester bond-forming C4B isoform of C4)
113 amino acids C-terminal to the ester-forming Gln residue on
the ester bond (43).

Capsule-specific antibodies may enhance alternative path-
way-mediated C3 deposition and bacterial killing (23, 51, 52).
To exclude the possibility that antibodies in the C2-depleted
serum contributed to increased C3 activation and C3 fragment
deposition on the Cap+ W-135 and Y strains, we incubated
bacteria with serum depleted of IgG and IgM, which simulated
results with C2-depleted serum (data not shown).

The rather unexpected finding of increased alternative path-
way activation on encapsulated group W-135 and Y strains
prompted us to examine an additional strain from each of these
two serogroups to ensure that these results were not unique to
strains W171 and Y2220. Strains LNP19995 (group W-135) and
Y2225 (group Y), lacking the ability to sialylate their LOS or
bind to fH via fHbp or NspA, and their isogenic Cap— mutants
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FIGURE 4. Demonstration of rapid and enhanced complement activation on additional Cap+ group W and Y strains of N. meningitidis. Group W strain
LNP19995 and group Y strain Y2225 that lacked LOS sialic acid, fHbp, and NspA were incubated with C2-depleted human serum (25% (v/v)) for 10 min and iC3b
deposited on bacteria was analyzed by Western blotting. Strains W171 and Y2220 that had been used in previous experiments were used as controls to
facilitate comparison. Following incubation with serum, half the samples were treated with 1 m methylamine, pH 11, to disrupt ester linkages between the «,’
chain of iC3b and its targets; amide linkages between iC3b and its targets remain unaffected with methylamine treatment. The position of the free 68-kDa «,
chain of iC3b is indicated. “a;;" + L” indicates the position of the LOS-iC3b adduct (36). The asterisks indicate the anti-iC3b-reactive high molecular mass
complexes that are seen only in the encapsulated strains and are decreased in intensity following methylamine treatment. Loading controls (Coomassie stain)
and controls where bacteria are incubated with heat-inactivated serum (HIS) are as described in the legend to Fig. 3.

were incubated with 25% C2-depleted serum for 10 min and
bacterial lysates were examined for iC3b deposition. The Cap+
and Cap— mutants of strains W171 and Y2220 were included as
controls for comparison. As seen in Fig. 4, more iC3b was
deposited on each Cap+ strain compared with its Cap— coun-
terpart. C3 fragments bind covalently to their targets on Neis-
seria predominantly through ester linkages (36). To define the
linkage specificity between the iC3b and its targets on the Cap+
and Cap-W-135 and Y strains, samples were treated with 1 m
methylamine, pH 11, which disrupts ester linkages but leaves
amide bonds intact. Also seen in Fig. 4, methylamine treatment
was associated with a decrease in intensity of almost every band
and the diffuse high molecular mass anti-iC3b reactive mate-
rial. As expected, a concomitant increase in the intensity of free
68-kDa «;" chain of iC3b released from its targets was noted.

The studies above that indicate increased complement acti-
vation by, and increased iC3b deposition, on group W-135 and
Y strains were performed with isogenic mutant strains that lack
several important surface molecules (fHbp, NspA, and LOS
sialic acid) that may serve to enhance virulence. To determine
whether these observations were relevant to wild-type menin-
gococcal isolates expressing fHbp, NspA, and LOS sialic acid,
the five encapsulated wild-type parent strains were incubated
with C2-depleted serum and C3a generation and iC3b deposi-
tion were measured. Consistent with the data obtained with the
mutant strains thus far, wild-type parent group W-135 and Y
strains activated the alternative pathway rapidly (evidenced by
greater C3a generation at 10 min; supplemental Fig. S2A4) and
also bound more iC3b (supplemental Fig. S2B) than strains that
belong to the other three groups at this time point. Again, iC3b
was associated with high molecular mass targets on the W-135
and Y strains (indicated by the asterisk in supplemental Fig.
S2B).
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Collectively, the data presented thus far show that expression
of group W-135 and Y capsular polysaccharides is associated
with increased alternative pathway activation at 10 min (evi-
denced by increased C3a generation) and also with increased
C3 fragment deposition compared with their Cap— isogenic
mutants. These observations also extended to the correspond-
ing wild-type strains.

W-135 and Y Capsules Serve as Targets for C3 Fragments on
Intact Bacteria—Increased C3 activation and C3 fragment dep-
osition on Cap+ group W-135 and Y strains compared with
Cap— strains raised the possibility that capsular polysaccharide
itself may serve to facilitate alternative pathway activation.
Capsular polysaccharides of N. meningitidis are high molecular
mass glycans that migrate as “diffuse” high molecular mass
material (>100 kDa) when analyzed by Western blot using
group specific antisera. The observation of diffuse anti-iC3b-
reactive material above ~200 kDa in the Cap+ W-135 and Y
lanes indicated by the asterisks in Figs. 3 and 4 (10-min time
points) raised the possibility that the W-135 and Y capsules
themselves may serve as targets for C3 fragment deposition and
facilitate amplification of the alternative pathway.

To reduce the sample viscosity, attributed to bacterial DNA,
bacteria were treated with DNase I following incubation with
Mg/EGTA-treated serum prior to electrophoresis and Western
blotting. To determine the approximate molecular masses and
migration of the capsular polysaccharide of the strains used in
this study, electrophoresed and Western blotted DNase
I-treated samples of bacteria were probed with the respective
anti-capsular mAbs. As expected, all capsules migrated as dif-
fuse, high molecular mass smears (Fig. 54). Thus, any capsule
covalently linked to the 68-kDa «;" chain of iC3b would be
expected to migrate at molecular masses above 150 kDa. As
seen in Fig. 5B, iC3b-reactive material was seen in lanes that
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FIGURE 5.iC3b is deposited on group W-135 and Y capsular polysaccharides. A, Western blotting to detect capsular polysaccharide on Cap+ strains. The
five Cap+ strains that were incubated with 25% (v/v) Mg/EGTA-NHS were Western blotted and probed with a mAb against the respective capsular polysac-
charide. No reactivity was seen in control blots (anti-capsular mAb excluded; data not shown). B, iC3b is deposited selectively on group W-135 and Y capsular
polysaccharides. The Cap+ mutant strains were incubated with 25% (v/v) Mg/EGTA-treated serum for 30 min. Bacteria incubated with heat-inactivated normal
human serum (HI-NHS) served as negative controls. Following washing of bacteria, the pellets were treated with DNase | to decrease sample viscosity. Western
blotting for iC3b detection and Coomassie staining to confirm similar loading across strains was performed as described in the legends to Figs. 3 and 4.

contained Cap+ group W-135 and Y strains but not in lanes
containing other capsular groups. No reactivity was seen in any
lane that contained bacteria incubated with heat-inactivated
NHS. These data provide evidence for alternative pathway-me-
diated iC3b deposition on the capsular polysaccharides of
group W-135 and Y strains.

Deposition of C3 Fragments Occurs Preferentially on Immo-
bilized Group W-135 and Y Capsular Polysaccharides—To fur-
ther demonstrate the specificity of iC3b deposition on group
W-135 and Y capsular polysaccharides, we immobilized puri-
fied group A, B, C, W-135, and Y capsules on microtiter wells.
Mg/EGTA-NHS was added to the wells to a final concentration
of 20% and bound iC3b was detected with anti-iC3b mAb G-3E.
High levels of iC3b bound to wells coated with group W-135
and Y polysaccharides; ~3-fold lower levels of deposition were
observed in wells coated with group A, B, and C polysaccharides
(Fig. 6, gray shaded bars). The differences in iC3b deposition on
the W-135 and Y capsules were significantly higher than iC3b
deposition on group A, B, or C capsules (p < 0.01). Controls
included: () polysaccharide-coated wells incubated with heat-
inactivated Mg/EGTA-treated serum (HI-Mg/EGTA-NHS)
(Fig. 6, open bars) and (b) wells that had been coated with
methylated human albumin with Mg/EGTA-NHS added
(not shown). All controls yielded similar A,,5 ., readings
(<0.2). Serum depleted of IgG and IgM yielded similar
results as Mg/EGTA-NHS (data not shown), which provided
evidence that antibodies in serum were not responsible for
increased iC3b deposition on group W-135 and Y capsular
polysaccharides.

Surface-bound, but Not Soluble, Group W-135 and Y Capsu-
lar Polysaccharides Activate the Alternative Pathway—Having
shown that intact Cap+ W-135 and Y meningococci rapidly
activate the alternative pathway and that immobilized purified
W-135 and Y polysaccharides bind higher amounts of C3b that
is converted to iC3b, we questioned whether purified capsular
group W-135 and Y polysaccharides in solution could acti-
vate C3 in alternative pathway-specific serum. Each of the
purified capsular polysaccharides was added separately to
25% (v/v) C2-depleted serum at a final concentration of 125
png/ml and the amount of C3a generated was measured by
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FIGURE 6. Deposition of iC3b on immobilized purified capsular polysac-
charides. Microtiter wells were coated with purified group A, B, C, W-135, and
Y capsular polysaccharides followed by addition of 20% (v/v) Mg/EGTA-
treated normal human serum (Mg/EGTA-NHS; gray bars). Deposited iC3b was
detected with an anti-iC3b mAb. Control wells were incubated with heat-
inactivated Mg/EGTA-NHS (HI-Mg/EGTA-NHS; open bars). Additional controls,
where Mg/EGTA-NHS was added to wells coated with human serum albumin
aloneyielded signals less than that seen with HI-Mg/EGTA-treated wells. Each
bar shows the mean = S.D. of 4 separate experiments.

ELISA. C2-depleted serum in HBSS** (no added polysac-
charide) served as a control. Purified soluble capsular poly-
saccharide did not activate C3 above baseline control levels
(Fig. 7A).

In light of the lack of complement activation by soluble cap-
sular polysaccharides, but the ability of group W-135 and Y
capsules to augment C3 activation and bind iC3b either in the
context of whole bacteria (Figs. 3-5) or when immobilized to
microtiter wells (Fig. 6), we hypothesized that purified W-135
and Y capsules, if bound to the surface of a Cap— strain, would
result in enhanced complement activation. We mixed each
group-specific polysaccharide capsule separately with an unen-
capsulated W-135 strain and examined: () binding of each of
the capsules to the Cap— group W-135 strain; (b) C3a genera-
tion by the alternative pathway of each group-specific capsule
surface-bound to an otherwise Cap— W-135 strain; and (c)
iC3b (the result of C3b cleavage) deposition by the alternative
pathway onto each group-specific capsule bound to the bacte-
rial surface. Shown in Fig. 7B, each of the 5 purified capsular
polysaccharides bound to the representative Cap— W-135
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FIGURE 7. Only group W-135 and Y capsular polysaccharides bound to bacteria, but not free soluble polysaccharide, enhance alternative pathway
activation. A, purified capsular polysaccharides in solution do not generate C3a. C2-depleted serum (25% (v/v)) was incubated with soluble purified capsular
polysaccharides (each at a concentration of 125 ug/ml) for 10 min at 37 °C and C3a generated was measured by ELISA. Each bar represents the mean = S.D. of
2 separate experiments. B, binding of purified capsular polysaccharides to Cap— N. meningitidis. W171 Cap—/fHbp—/NspA— (referred to as W Cap—) was
incubated separately with purified polysaccharides (125 ng/ml) representing each of the 5 major meningococcal serogroups. Bound polysaccharide was
detected using a mAb specific for each of the serogroups (gray shaded histograms). Binding of the mAb to the corresponding Cap+ mutant strain used in this
study (i.e. A2594, H44/76, C2120, W171, and Y2220) is shown by the solid black histogram. Controls where the Cap— W171 mutant without any added
polysaccharide was incubated with the anti-capsule mAb and secondary conjugate are shown by the broken lines. One of two reproducible experiments is
shown. C, group W-135 and Y polysaccharides induce rapid C3a generation when bound to bacteria. Strain W171 Cap— was incubated with soluble purified
capsular polysaccharides (each at a concentration of 125 wg/ml), followed by the addition of C2-depleted serum (25% (v/v)) for 10 min at 37 °C; C3a generated
in the reaction mixture was measured by ELISA. Encapsulated strains W171 and Y2220 served as positive controls, whereas W171 Cap — plus C2-depleted serum
(no added capsular polysaccharide) and C2-depleted serum alone were used as negative controls. Each bar represents the mean = S.D. of 3 separate
experiments. D, deposition of iC3b on W171 Cap— coated with purified capsular polysaccharides. The bacterial strains incubated with C2-depleted serum as
described in C were washed, lysed, and Western blotted to analyze iC3b binding.

strain, W171 Cap—. The amount of purified capsule that bound
to W171 Cap— was similar to the amount of capsule elaborated
by the corresponding wild-type strain that expressed capsule
intrinsically. Fig. 7C shows C3a generation that resulted from
activation of the alternative pathway by Cap- strain W171 dis-
playing each of the group-specific polysaccharides. Adding
purified W-135 or Y capsule to W171 Cap— resulted in
increased C3a generation at 10 min and parallel results of C3a
generation by intrinsically encapsulated W-135 and Y strains
(labeled W171 Cap+ and Y2220 Cap+, respectively). As
hypothesized, minimal C3 activation occurred with W171
Cap— lacking added polysaccharide or when the group A, B,
or C capsules were added to this strain. Consistent with C3
activation by bacteria-bound purified W-135 and Y capsular
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polysaccharides, Western blotting revealed increased iC3b
deposition on these “reconstituted” mutants (Fig. 7D) to an
extent similar to that seen with W171 Cap+ and Y2220
Cap+. No iC3b was detected on W171 Cap— alone or W171
Cap— in the presence of group A, B, or C capsular polysac-
charides. The sites of iC3b deposition were similar to those
seen on intrinsically encapsulated W-135 and Y strains
(labeled W Cap+ and Y Cap+, respectively) (Fig. 7D). Taken
together, these data provide strong evidence that group
W-135 and Y capsular polysaccharides on the bacterial sur-
face facilitate alternative pathway activation and that these
two capsular groups themselves are targets for C3 fragment
deposition and may serve as a foci for alternative pathway
amplification.
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The Alternative Pathway Alone Cannot Support Comple-
ment-dependent Killing of N. meningitidis—Having demon-
strated rapid and high levels of alternative pathway-mediated
C3 fragment deposition on encapsulated (Cap+) W-135and Y
mutants, we questioned whether these mutants would be more
susceptible to killing by the alternative pathway of complement
alone. Each mutant was incubated with C2-depleted serum to a
final concentration of 50%. All 5 Cap+ and Cap— mutant pairs
showed 100% survival in C2-depleted serum. Reconstituting
the C2-depleted serum with physiologic concentrations (~40
png/ml) of purified C2 to restore the classical and lectin path-
ways of complement resulted in complete (100%) killing of Y
Cap— that was used as a control (data not shown). These data
indicate that the alternative pathway alone cannot support
complement-dependent killing of these strains of N. meningiti-
dis even when regulation by direct binding of factor H to bac-
teria is absent.

DISCUSSION

Bacterial polysaccharide capsules are important virulence
factors of several human pathogens including N. meningitidis,
Haemophilus influenzae, Streptococcus pneumonia, Esche-
richia coli K1, and group B streptococci. Capsules are believed
to function by inhibiting complement activation and enhancing
resistance to opsonophagocytosis (22). Sialic acid-containing
capsules have received particular attention because of the well
defined role of sialic acid residues on erythrocytes in regulating
the alternative pathway (53, 54). Several studies have shown
that sialic acid residues on bacteria, as on host cells, regulate the
alternative pathway of complement (55, 56). The alternative
pathway is regulated by sialic acid expressing capsules of type
III group B streptococci and E. coli K1 (25). Jarvis and Vedros
(23) showed that desialylation of group B meningococci (E. coli
K1 and group B meningococcal capsules are structurally simi-
lar) enhanced alternative pathway activation. Uria et al. (24)
showed that group C meningococcal strains that express very
high levels of capsular polysaccharide because of the presence
of an IS1301 insertion element between the capsule biosynthe-
sis (sia) and capsule transport (ctr) operons activated the alter-
native pathway less than an isogenic mutant that lacked the
IS1301 element and expressed normal amounts of capsule.
Consistent with these studies, our data show that group Band C
capsule expression decreased C3 fragment deposition on bac-
teria. Taken together with the observation that Cap+ group B
and C strains did not limit the amount of C3 activated through
the alternative pathway compared with their Cap— isogenic
mutants (measured by C3a generation in Fig. 2), we speculate
that group B and C capsule expression may interfere with the
ability of activated C3 to form covalent linkages with its mem-
brane targets on these strains. Expression of the group A cap-
sule also did not impact the rate or amount of alternative path-
way activation by bacteria. However, unlike the group B and C
capsules, group A capsule expression did not interfere with C3b
deposition on membrane targets. Unexpectedly, our studies
showed that the W-135 and Y capsular polysaccharides
enhanced activation of the alternative pathway.

Activation of the alternative pathway occurs in three phases:
a lag phase, an amplification phase, and a plateau phase (57).
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The lag phase on alternative pathway activator surfaces ranges
from about 1 to 2 min for rabbit erythrocytes to 6 -8 min for
zymosan and cryptococci (57, 58); maximal C3 deposition
occurs by about 10 min. The duration of the lag phase varies on
different strains of E. coli, and data reported with E. coli O4
revealed a lag phase of about 10 min (57). Similarly, our data
showed that the rate of C3 activation varied among meningo-
coccal strains. The novel and rather unexpected finding in this
study was that the group W-135 and Y capsular polysaccha-
rides, both of which contain sialic acid, showed the shortest lag
phase and facilitated alternative pathway activation. The link-
age specificity and substitutions of the sialic acid moiety are
crucial factors that determine whether a sialoglycan inhibits the
alternative pathway. For example, 9-O-acetylation of sialic acid
on erythrocytes enhances activation of the alternative pathway
of complement (59). The capsular sialic acids of certain group
W-135 and Y strains may be O-acetylated at the 7 or 9 positions
(enzymatic O-acetylation likely occurs at the 7 position; subse-
quent non-enzymatic isomerization results in migration of the
acetyl group to the 9 position) (26). However, we do not believe
that acetylation is responsible for increased activation of the
alternative pathway in this case because neither strain W171
nor Y2225 express the O-acetyltransferase (the result of dele-
tion of part (Y2225) or the entire (W171) oat WY gene) (26). We
speculate that the Gal and Glc residues in group W-135 and Y
capsular polysaccharides, respectively, may provide the elec-
tron-donating -OH group that forms a covalent ester bond with
C3. Why the group A capsule, which is devoid of sialic acid,
does not rapidly activate the alternative pathway is not clear.
We speculate that the N-acetyl and phosphate substitutions of
the mannose residues of the group A capsule may prevent
C3b deposition and render it a relatively poor activator of
complement.

In accordance with prior work by Kozel (60), who showed
that purified cryptococcal capsular polysaccharide bound to
unencapsulated Cryptoocccus neoformans, we observed bind-
ing of purified meningococcal capsular polysaccharides to
Cap— bacteria. Interestingly, only immobilized or bacteria-
bound W-135 and Y capsular polysaccharides activated the
alternative pathway; the same capsules in solution did not acti-
vate C3. These data are consistent with previous studies, which
showed that soluble yeast 3-glucans do not activate the alter-
native pathway, but turbid B-glucan suspensions that contain
the same glycosidic linkages are potent activators of C3 in
Mg/EGTA-treated serum (61). A likely explanation is that high
local concentrations of polysaccharide are achieved when cap-
sule is associated with a bacterial surface, which would provide
abundant —OH groups that can participate in forming ester
linkages with the short-lived activated C3 molecule (half-life
<100 ps (43, 62)) and therefore permit efficient amplification
of the alternative pathway. In contrast, the density of —OH
groups that can serve as electron donors to react with metasta-
ble C3 when capsules are in the fluid phase is probably too
low to permit efficient perpetuation of the positive feedback
loop of the alternative pathway at the concentrations that we
have tested.

The goal of the current study was limited to defining the role
of capsular polysaccharides, independent of other variables that
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can limit alternative pathway activation, such as LOS sialylation
(28) and expression of the meningococcal ligands for factor H,
fHbp (30, 31, 41), and NspA (29). It is likely that one or more of
these variables may act in concert with capsular polysaccharide
to confer the high levels of serum resistance that often are char-
acteristic of wild-type Cap+ strains. Although beyond the
scope of this study, an examination of the interactions between
these variables in determining how meningococci limit com-
plement activation is merited.

None of the mutants tested were killed by C2-depleted serum
despite lacking fHbp, NspA, capsule, and LOS sialic acid. These
data reiterate the importance of activation of the classical path-
way in mediating direct complement-dependent killing of Neis-
seriae (63, 64). C3 deposition through the classical pathway can
also recruit the alternative pathway to amplify complement
activation. The differences in the rates of alternative pathway
activation and the sites of C3 fragment deposition on the vari-
ous meningococcal serogroups that we have described may
translate to differences in their pathogenic mechanisms, for
example, their ability to interact with professional phagocytes,
and merit further investigation.
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