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Dissecting the specificities of human antibody responses following disease caused by serogroup A menin-
gococci may be important for the development of improved vaccines. We performed a study of Ethiopian
patients during outbreaks in 2002 and 2003. Sera were obtained from 71 patients with meningitis caused by
bacteria of sequence type 7, as confirmed by PCR or culture, and from 113 Ethiopian controls. Antibody
specificities were analyzed by immunoblotting (IB) against outer membrane antigen extracts of a reference
strain and of the patients’ own isolates and by enzyme-linked immunosorbent assay for immunoglobulin G
(IgG) levels against lipooligosaccharide (LOS) L11 and the proteins NadA and NspA. IB revealed that the
main antigens targeted were the proteins PorA, PorB, RmpM, and Opa/OpcA, as well as LOS. MenA disease
induced significant increases in IgG against LOS L11 and NadA. The IgG levels against LOS remained
elevated following disease, whereas the IgG anti-NadA levels returned to acute-phase levels in the late
convalescent phase. Among adults, the anti-LOS IgG levels were similar in acute-phase patient sera as in
control sera, whereas anti-NadA IgG levels were significantly higher in acute-phase sera than in controls. The
IgG antibody levels against LOS and NadA correlated moderately but significantly with serum bactericidal
activity against MenA strains. Future studies on immune response during MenA disease should take into
account the high levels of anti-MenA polysaccharide IgG commonly found in the population and seek to clarify
the role of antibodies against subcapsular antigens in protection against MenA disease.

In the meningitis belt of sub-Saharan Africa (30), the inci-
dence rate of meningococcal disease is higher than in any other
region of the world. In this area, epidemics of meningococcal
disease can sweep through several countries during the same
year, and large epidemics occur roughly every 8 to 12 years
(21). Historically, most of the cases are caused by Neisseria
meningitidis bacteria harboring the capsular polysaccharide of
serogroup A. In the last two decades, most serogroup A me-
ningococci have belonged to the genetic lineage subgroup III,
as determined by multilocus enzyme electrophoresis (1, 10).
Most subgroup III strains belonged to sequence type 5 (ST-5)
or ST-7, as determined by multilocus sequence typing (38).
While ST-5 strains dominated from 1989 to the mid-1990s,
ST-7 strains have since then replaced them in the area (38). In
Ethiopia, which lies in the easternmost part of the meningitis
belt, the replacement of ST-5 by ST-7 strains occurred between
1995 and 2000 (42). Both of these STs express the same PorA

and PorB porins (P1.20,9 and P3.4/21, respectively). However,
we recently showed that Ethiopian ST-5 and ST-7 strains
differed from each other at several loci associated with outer
membrane antigens, changes that could be relevant for
clonal replacement (42). Since such replacements may be
related to immunological selection pressure, it is of interest
to determine which antigens induce an antibody response
following disease.

The antibody response against meningococcal antigens fol-
lowing disease caused by serogroup A meningococci has been
the subject of several studies (2, 6, 7, 28, 40, 49). The advent of
whole-genome sequencing and improved protein characteriza-
tion techniques have resulted in the identification of numerous
novel meningococcal proteins (3, 32), but the naturally ac-
quired human immunity against these antigens is less explored.
Outer membrane vesicle (OMV)-based vaccines provide pro-
tection against serogroup B meningococcal (MenB) disease in
humans (4, 48) and are able to induce bactericidal and op-
sonophagocytic antibodies against serogroup A meningococcal
(MenA) strains in mice (39, 41). Therefore, generation of
antibodies against outer membrane proteins or lipooligosac-
charide (LOS) might be an alternative option to provide pro-
tection against meningococcal disease in the meningitis belt.
Exploring the specificity of the non-polysaccharide antibody
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responses following MenA disease may thus contribute to
vaccine development.

A study of meningococcal meningitis in Ethiopian patients
was performed in 2002 and 2003 (40, 42). Besides character-
ization of the etiology, another major objective was to charac-
terize the kinetics, functional activity, and specificity of the
capsular and subcapsular antibody responses following MenA
disease caused by subgroup III ST-7 meningococci in Ethiopia.
We have previously reported the serum bactericidal activities
and the immunoglobulin G (IgG) responses against MenA
polysaccharide (APS) and OMVs in Ethiopian patient and
control sera (40). We then confirmed that there was a signifi-
cant anti-MenA background immunity in the Ethiopian popu-
lation, as shown by a high proportion of both acute patient sera
and controls with a putatively protective titer in the serum
bactericidal activity (SBA) assay. We also found that MenA
meningitis could induce bactericidal IgGs in nearly all of the
patients. The IgG responses were directed both against APS
and against subcapsular antigens. Besides showing a strong
association between anti-APS IgG concentration and SBA ti-
ters, the results also indicated that the IgGs against subcapsu-
lar antigens could have a role in providing protection against
MenA disease.

To characterize the specificity of the subcapsular antibody
response associated with the putative protection induced by
MenA meningitis, the Ethiopian patient and control sera were
therefore in the present study analyzed by immunoblotting
(IB) and by enzyme-linked immunosorbent assay (ELISA)
against LOS and the proteins NadA and NspA. The latter
three antigens were selected for analyses for their ability to
induce bactericidal antibodies and their potential as future
vaccine components.

(Part of this study was presented at the 15th International
Pathogenic Neisseria Conference in Cairns, Australia, Septem-
ber 2006.)

MATERIALS AND METHODS

Patients. Ninety-five suspected cases of meningitis residing in Ethiopia were
included in the present study. The study was conducted from April 2002 to June
2003, after ethical clearance was obtained from the relevant authorities in Ethi-
opia and Norway, as described previously (42). The study area, population,
layout, patient demographic characteristics, clinical data, and hospital laboratory
investigation findings have been described previously (42). The inclusion criteria
were clinical diagnosis of meningitis (58), presentation of a turbid cerebrospinal
fluid, and age of �6 months (40). Of the 95 suspected cases, 71 were confirmed,
either by culture or PCR, to have serogroup A N. meningitidis in the cerebro-
spinal fluid (42).

Sera and bacterial isolates. Patient and control sera analyzed in the present
study were obtained from the Ethiopian individuals as described previously (40).
These sera had been analyzed in ELISA for IgG against APS and against
deoxycholate-extracted OMVs (dOMVs) of the Mk 686/02 isolate. In addition,
the sera had been analyzed in an SBA assay against two serogroup A isolates (Mk
686/02 and F8238) using rabbit or human serum as the complement source. The
patient sera analyzed by IB were only from patients that had been laboratory
confirmed for MenA meningitis (42) and for whom the serum from at least one
phase had been collected. Of the 113 previously described Ethiopian control sera
(40), 111 were available for analysis. All 111 sera were analyzed by LOS ELISA,
and smaller samples of these (n � 30) were selected for the NadA ELISA
analysis, and another smaller sample of these (n � 22) was selected for the IB
analysis. The sera analyzed by IB against the dOMVs of the Mk 686/02 isolate
were from 2 patients in the infant and toddler age group, 7 in the young
children’s age group, 21 in the older children and teenager age group, and 18 in
the adult group. The corresponding numbers for control sera in the IB against
dOMVs were five, five, four, and eight individuals, respectively. The correspond-

ing numbers for sera analyzed by IB against the OMVs of the patients’ own
isolates were 1, 3, 15, and 11 patients, respectively. The six patients selected for
NspA ELISA were of 3, 4.5, 7, 15, 16, and 38 years of age, respectively. In
addition, sera from healthy Norwegian teenagers (median age � 13.5 years [n �
37]) (40) were used as controls in antibody analyses with LOS and NadA. The
meningococcal isolates used to prepare LOS ELISA and IB antigens have been
described previously (42); they were all ST-7 organisms with the characteristics
A:4/21:P1.20,9, possessing the FetA VR epitope 3-1 and the NadA3 variant.

Preparation of OMVs. Native meningococcal OMVs (nOMVs) were prepared
by extraction with lithium chloride/lithium acetate (LiCl/LiAc), as described
previously (16, 39), from MenA isolates of patients from whom sera also were
available. The dOMVs, derived from the Ethiopian ST-7 strain Mk 686/02, as
well as the nOMVs, derived from the patients’ own isolates and used in IB, were
previously characterized (42). The nOMV preparations showed higher amounts
of Opa proteins and LOS than the dOMV preparations (39).

IB. IB was carried out as described previously (41, 52), using both dOMVs
from strain Mk 686/02 and nOMVs from the patients’ own isolates as antigenic
targets. Positive control strips from the blot, which were incubated with murine
monoclonal antibodies (MAbs) against NadA (1079-B6) (19), PorA P1.9 (W316)
(2), PorB P3.21 (14-1-P21) (54), RmpM (185, H-8) (46), OpcA (279 5c) (45),
NspA (236, B-2) (41), LOS L11 (4C4) (29), LOS L10 (14-1-L10) (47), or poly-
clonal rabbit antisera against Omp85 (80K-1) and FetA (70K-1) (17), identified
the positions of the major antigens. Binding of antibodies to each antigen was
scored visually on a scale from 0 to 5 by two observers independently as follows:
0, no reaction; 1, very weak reaction; 2 to 4, progressively stronger reaction; and
5, very strong reaction.

Preparation of LOS. The LOS of immunotype L11 was prepared from strain
Mk 686/02 as described by Wu et al. (59), with some modifications. Briefly,
bacteria were grown in 2.8-liter Fernbach flasks in chemically defined medium
(Modified Catlin 6 [MC.6*]) (18, 39). The cell mass was harvested by centrifu-
gation, suspended in 70% ethanol and centrifuged again. After evaporation of
ethanol from the pellet and redissolution in 40 mM NaPO4 buffer with 5 mM
sodium EDTA and 0.05% NaN3 (pH 7.0), it was treated with lysozyme (Sigma-
Aldrich, St. Louis, MO) (25) and RNase (BDH Chemicals, Ltd., Poole, United
Kingdom) (14). The LOS was then extracted by the hot-phenol method (56), and
the pellet was washed in ethanol and dissolved in 0.05 M Tris-HCl with 2 mM
sodium EDTA, 2.5% deoxycholate and 0.01% merthiolate (pH 8.95). LOS was
eluted in a Sephacryl S-400 column (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden) with 20 mM Tris-HCl with 2 mM sodium EDTA, 1% sodium deoxy-
cholate (wt/vol), and 0.02% NaN3 (pH 8.5) as the elution buffer. Fractions with
a high LOS content were identified by 16.5% Tricine-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and silver staining (31). These fractions were
pooled, and the LOS was precipitated overnight at �20°C with ethanol and
NaCl. After centrifugation, the pellet was dissolved in distilled water. Purification
of the LOS of the L11 immunotype from culture biomass of strain Mk 686/02
yielded a product with undetectable protein contamination, as evaluated by
Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis with silver
and Coomassie brilliant blue staining (data not shown). A single LOS band was
detected by silver staining, and this band reacted strongly with the anti-L11 MAb.

LOS ELISA. IgG antibodies against L11 LOS were analyzed as described
previously (44), except that microtiter plates were incubated with dilutions of
sera overnight at 37°C. Concentrations of test antibody were calculated from a
four-parameter curve derived from the twofold dilutions of the convalescent-
phase serum standard pool. This was made by pooling early-convalescent-phase
sera from five confirmed N. meningitidis patients determined to be positive by
screening and was defined as 1,000 arbitrary units (AU)/ml for anti-LOS L11 IgG
response. Positive and negative or weak sera were included as internal references
on all plates.

NadA ELISA. The purified recombinant NadA (rNadA) protein used in
ELISA was of allele variant 3—the same variant harbored by the Ethiopian ST-5
and ST-7 strains (42). Maxisorp plates (Nunc, Roskilde, Denmark) were coated
with 100 �l/well of 2 �g protein/ml of rNadA (NadA3 as in strain 2996, 961c;
Chiron S.p.A., Siena, Italy) (9) in phosphate-buffered saline (PBS) buffer (pH
7.2). Plates were then allowed to stand overnight at 4°C in PBS and were blocked
with 200 �l of serum dilution buffer (Dulbecco PBS without Ca or Mg but with
0.5% bovine serum albumin, 0.02% [wt/vol] NaN3, and 0.05% [wt/vol] Tween 20;
pH 7.4) for 30 min at room temperature. Plates were then washed three times in
PBS with 0.5% (vol/vol) Tween 20, and 100 �l of serum diluted 1:100 in serum
dilution buffer was added. The plates were incubated for 2 h at 37°C and washed
as described above. Bound antibodies were detected by using alkaline-phos-
phatase anti-human IgG conjugate and p-nitrophenyl phosphate substrate (both
from Sigma-Aldrich), as described previously (40). The optical densities (ODs)
at 405 nm were read after 35 min.
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rNspA ELISA. Specific antibodies to recombinant NspA protein (rNspA) were
determined by ELISA as described previously (39). Microtiter plates were coated
with Escherichia coli nOMVs, genetically modified with (�) and without (�) the
expression of rNspA (36). Bound antibodies were detected as described above.
The difference in OD (�OD) between rNspA(�) and rNspA(�) nOMVs at the
serum dilution 1:800 was assumed to represent the binding of antibodies to
rNspA.

Statistical methods. The statistical analyses were performed by using SPSS
version 13.0.1 for Windows (SPSS, Inc., Chicago, IL). Geometric mean fold rises
from acute phase to early convalescent or to late convalescent phase were
calculated by dividing individual paired-serum data from early- or late-convales-
cent-phase serum results by the acute-phase serum result. For nonpaired data,
group-to-group comparisons using Mann-Whitney t tests were performed if an
analysis of variance test (Kruskal-Wallis) had verified a significant overall dif-
ference between all groups. Comparison of paired data between groups of sera
collected at different points of time from the same patients was performed by
using a Wilcoxon signed-rank sum test. Differences in the proportions of re-
sponders of the above predefined threshold values were compared by using a
chi-square test. After log transformation of data, the relation between the results
from various assays were analyzed by using a Pearson correlation test and
univariate linear regression. The relationship between IB results and results of
other assays was analyzed by the Spearman correlation (rs) test.

Sera with an undetectable SBA were assigned to have a titer of 2 (40). With
rabbit complement and target strain F8238, an SBA titer of �128 was defined as
putatively protective against MenA disease (40). With human complement and
target strain Mk 686/02, an SBA titer of �4 was defined as putatively protective
(16). A titer of a serum analyzed with the rabbit complement SBA (rSBA) assay
was referred to as an rSBA titer, whereas a titer of a serum analyzed with the
human complement SBA (hSBA) assay was referred to as an hSBA titer. A
seroresponder was defined as an individual demonstrating a �4-fold rise in SBA
titer.

RESULTS

IgG antibody binding analyzed by IB. The specificity of the
subcapsular antibody responses in sera from Ethiopian MenA
disease patients was analyzed by using either IB with dOMVs
from isolate Mk 686/02 or IB with nOMVs from the patient’s
own isolate. Sera from Ethiopian controls were analyzed
against dOMVs from Mk 686/02. The percentages of sera with
medium to strong binding in the IB (band intensity score of
�2) are shown in Table 1.

The IgG binding in the acute-phase sera from MenA pa-
tients ranged from absent to very strong. The results from IB
analysis using dOMVs of the strain Mk 686/02 as the antigen
showed that early-convalescent-phase sera most commonly re-
acted with an IB band intensity score of �2 against the anti-

gens RmpM (74%), Opa/OpcA (63%), and PorB (54%). To
demonstrate the binding strength changes over time in indi-
vidual patients, we subtracted the IB score value in acute-
phase patient serum from the score value in early-convales-
cent-phase patient serum (Table 1). An increase in intensity
score of �1 in IB between the acute and early convalescent
phases was observed only in a minority of the patients, but was
most frequent against LOS (40%), Omp85 (31%), and RmpM
and Opa/OpcA (26% each). The only antigen for which a
significant mean score increase was seen from acute to early
convalescent phase was the Omp85 antigen (P � 0.009).

In IB using nOMVs of the patients’ own isolates, early-
convalescent-phase sera from MenA meningitis patients most
commonly reacted with an IB band intensity score of �2
against PorB and RmpM (77% each), PorA (73%), and LOS
(62%). Also, an increase in intensity score of � 1 in IB be-
tween acute and early convalescent phase was observed only in
a minority of patients, but was most frequent for LOS (44%)
and PorA, NspA, and Omp85 (31% each) in IB with nOMVs
(Table 1). Despite the fact that LOS was the most frequent
antigen patients responded to, some individuals did not re-
spond to LOS (e.g., patients 8006 and 8009 in Fig. 1), and for
all sera the increase in anti-LOS IgG antibodies as detected by
IB was not statistically significant (P � 0.076). A significant
decrease from early to late convalescent phase was observed
for antibodies against NadA (P � 0.039) and Opa/OpcA (P �
0.046).

Sera from nine MenA disease patients were selected for
illustration of reaction patterns commonly observed in the IB
analyses (Fig. 1). Selection was based on differences in IB
pattern and on previous results from SBA analyses (40). Two
typical response patterns are shown: (i) group I representing
patients without SBA activity in acute-phase sera but with an
increase in intensity score to several antigens between acute-
and convalescent-phase sera and (ii) group II representing
patients with SBA activity in acute-phase sera but with only
minor differences observed in IB between the sera collected at
different time points.

Anti-LOS IgG by ELISA. The geometric mean concentra-
tion (GMC) of IgG against immunotype L11 LOS increased
significantly from acute to early convalescent phase (n � 38,

TABLE 1. Proportions of Ethiopian MenA patient and control sera with immunoblot band reaction scores of �2 and proportions of patient
sera with an increase or decrease in score of �1 from acute to early convalescent phasea

Antigen
band

identity

Reaction against dOMVs of strain Mk 686/02 in: Reaction against nOMVs of patients’ own isolates in
Ethiopian patientsEthiopian patients % of

Ethiopian
controls
(n � 22)

% Acute
(n � 48)

% Early
(n � 35)

% Late
(n � 31)

No. (%)
increased
(n � 26)

No. (%)
decreased
(n � 26)

% Acute
(n � 30)

% Early
(n � 26)

% Late
(n � 19)

No. (%)
increased
(n � 26)

No. (%)
decreased
(n � 26)

NadA 0 3 3 3 (9) 1 (3) 0 17 17 16 4 (15) 3 (12)
Omp85 4 20 6 11 (31) 2 (6) 5 43 38 42 8 (31) 7 (27)
FetA 0 6 0 1 (11) 2 (6) 5 7 8 0 2 (8) 2 (8)
PorA 40 43 48 8 (23) 7 (20) 23 70 73 74 8 (31) 4 (15)
PorB 44 54 35 7 (20) 4 (11) 23 70 77 74 5 (19) 4 (15)
RmpM 69 74 48 9 (26) 6 (17) 64 73 77 84 7 (27) 6 (23)
Opa/OpcA 69 63 52 9 (26) 5 (14) 27 23 46 21 6 (23) 4 (15)
NspA 0 0 0 0 (0) 1 (3) 0 20 38 37 8 (31) 4 (15)
LOS 35 51 32 14 (40) 4 (11) 9 50 62 53 11 (44) 4 (16)

a As graded by a visual score scale of 0 to 5 against OMV antigens. n, number of sera analyzed.
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P � 0.002), when we analyzed paired sera from individual
patients only (Table 2). The IgG levels remained elevated in
the late convalescent phase, as demonstrated by a higher
IgG GMC than for the acute phase (n � 32, P � 0.033).
However, in some MenA patients there was no significant
increase or even a decline in IgG levels against LOS. The
proportion of patients with a �4-fold increase in IgG from
acute to early convalescent phase was 26%, while the similar

proportion with a �2-fold increase was 45% (Fig. 2a). We
detected a higher level of IgG in early-convalescent-phase
sera than in controls (P � 0.004) (Table 2), but no statisti-
cally significant differences were found when we compared
Ethiopian control sera with either acute-phase or late-con-
valescent-phase patient sera.

Significant differences in IgG levels were observed between
age groups of Ethiopian controls (P � 0.001), with the IgG

FIG. 1. Examples of immunoblotting results from selected Ethiopian MenA patients. Patients in group I (patients 3018, 5001, 5007, 5009, 9090,
and 9117) were observed to have no detectable rSBA titer in their acute-phase serum, whereas those in group II (patients 8006, 8009, and 9115)
showed high rSBA titers already in their acute-phase serum. Letters indicate the positions of individual antigen bands, as determined by the
guidestrips incubated with MAbs (PorA, PorB, RmpM, OpcA, NspA, and L11) or polyclonal sera (Omp85 and FetA) as follows: A, NadA; B,
Omp85; C, FetA; D, PorA; E, PorB; F, RmpM; G, OpcA; H, NspA; I, LOS L11. Pat. No., patient number; D.A.O., days after reported onset of
disease; rSBA, SBA against MenA strain F8238 with rabbit complement; hSBA, SBA against MenA strain Mk 686/02 with human complement;
IgG APS, approximate IgG concentration (�g/ml) against MenA polysaccharide as measured by ELISA (40); nd, not done due to limited amount
of serum available.

TABLE 2. GMCs of anti-LOS L11 ELISA IgG levels and anti-NadA IgG levels in Ethiopian MenA patient and control seraa

Parameter and age group
(in yr)

Ethiopian patients

Ethiopian controls Norwegian controls
Acute phase Early convalescent

phase Late convalescent phase

GMC (range) n GMC (range) n GMC (range) n GMC (range) n GMC (range) n

LOS IgG (AU/ml)
All ages 24.6 (0.8–135) 63 46.7 (8–143) 41 36.1 (11–281) 33 28.8 (4–232) 111 1.5 (1–5) 37
0.5 to �2 9.8 (8–12) 2 25 1 51.2 (25–105) 2 14.0 (5–51) 19 0
�2 to �6 18.8 (2–53) 10 38.5 (15–136) 8 34.6 (17–74) 4 21.9 (8–232) 17 0
�6 to �15 31.0 (3–135) 26 40.8 (8–143) 17 31 (13–68) 15 41.3 (16–81) 21 1.5 (1–5) 37
�15 23.2 (1–52) 25 62.8 (31–140) 15 41.8 (11–281) 12 35.1 (4–153) 54 0

NadA-IgG (OD U/ml)b

All ages 0.26 (0.11–0.86) 62 0.37 (0.13–1.20) 42 0.28 (0.05–1.23) 34 0.16 (0.05–0.34) 30 0.09 (0.05–0.15) 10
0.5 to �2 0.11 (0.11–0.12) 2 0.13 1 0.18 (0.12–0.26) 2 0.17 (0.12–0.34) 10 0
�2 to �6 0.24 (0.13–0.86) 10 0.31 (0.15–0.62) 8 0.26 (0.16–0.54) 4 0 0
�6 to �15 0.25 (0.14–0.70) 26 0.33 (0.14–0.69) 17 0.28 (0.15–1.23) 15 0.18 (0.14–0.23) 10 0.09 (0.05–0.15) 10
�15 0.31 (0.13–0.73) 23 0.49 (0.20–1.2) 16 0.31 (0.05–0.70) 13 0.13 (0.05–0.34) 10 0

a n, number of sera analyzed.
b Anti-LOS IgG antibody concentrations were calculated using a four-parametric fitting model for standard curve dilutions of a positive serum assigned to 1,000

AU/ml, which is assumed to correlate well with actual antibody concentrations. In contrast, the direct OD values of anti-NadA IgG binding in 1:100 dilution of sera
do not correlate with antibody concentrations in a proportional manner.
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levels increasing with age, as demonstrated by increasing pro-
portions of sera with IgG levels above two different thresholds
up to the age of 15 years (Fig. 2b). For the acute-phase sera
from the patients, the same trend was observed, but the dif-
ferences were not statistically significant (P � 0.062). The IgG
levels were significantly higher in Ethiopian control sera (age,
�6 to �15 years; GMC � 41.3 AU/ml; n � 21) than in Nor-
wegian teenager sera (Table 2) (P � 0.001).

Anti-rNadA IgG by ELISA. Many of the patients showed a
weak IgG response against rNadA in ELISA from acute to
early convalescent phase, as demonstrated by only 19% mount-
ing a �2-fold increase in OD (Table 2 and Fig. 3). On overall,
the increase was, however, statistically significant (n � 37, P �
0.012). In late convalescent phase, the IgG levels were compa-
rable to those of the acute phase (n � 33, P � 0.491) (Table 2).

The levels of IgG were higher in acute-phase sera (P � 0.009)
and early-convalescent-phase sera (P � 0.001) from patients
infected with an isolate reacting strongly with an anti-NadA
MAb in dot blot (42) than in those with a weak or no reaction
in the dot blot.

Among adults (age � 15 years), a higher level of anti-rNadA
IgG was found both in acute-phase and in late-convalescent-
phase patient sera than in control sera (P � 0.001 and P �
0.002, respectively). No significant differences in IgG levels
were revealed between age groups among the controls (P �
0.05). The anti-rNadA IgG levels were higher in Ethiopian
teenager control sera (GMC � 0.16 OD units, n � 30) than in
Norwegian teenager sera (Table 2) (P � 0.001).

Anti-rNspA IgG by ELISA. Acute- and convalescent-phase
sera from six MenA cases, who had demonstrated significant
increase in IgG against OMVs, were tested by ELISA against
rNspA. No significant increase in the GMC of anti-rNspA IgG
from acute to early convalescent phase was observed. How-
ever, one patient demonstrated a strong increase in IgG of 0.52
OD units from day 6 to day 16 after onset of disease (data not
shown).

Correlation between immune responses analyzed by IB,
ELISA, and SBA. Among sera from patients who had an
isolate with positive reaction with an anti-L11 MAb in dot
blot analyses, there was a correlation between having an IB
score of �2 against LOS in dOMVs from Mk 686/02 and a
protective hSBA level (titer � 4) (P � 0.006). We further
analyzed whether there were any significant correlations
between anti-LOS IgG levels and previously obtained hSBA
and rSBA titers with the same sera (40). Using pooled
results from all patient sera, we observed overall weak cor-
relations between log-transformed rSBA titers and ELISA
anti-LOS IgG (r � 0.18, P � 0.041, n � 133). Parallel
analyses for data on hSBA titers showed similarly weak
significant correlations with anti-LOS IgG (r � 0.30, P �
0.001, n � 109). In the patients infected by LOS L11 strains,
we found a moderate correlation between log-transformed
anti-LOS IgG levels and hSBA titers (r � 0.45, P � 0.001,
n � 52 sera) (Fig. 4a) and between anti-LOS L11 IgG and

FIG. 2. Development of IgG against LOS L11 in sera from MenA disease patients as measured by ELISA. (a) Response in paired sera from
acute versus early convalescent phase. The 45° line indicates the location of values that show no difference in IgG binding between acute- and
early-convalescent-phase sera. (b) Age-related differences in anti-LOS IgG levels among Ethiopian control sera, expressed as percentages of sera
above or equal to thresholds (the thresholds used are either the GMCs of these control sera or 50% of the GMC).

FIG. 3. Development of IgG against NadA in sera from MenA
disease patients as measured by ELISA indicated by the response in
acute-phase versus early-convalescent-phase paired sera. The 45° line
indicates the location of values that show no difference in IgG binding
between acute-and early-convalescent-phase sera.
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rSBA titers (r � 0.28, P � 0.028, n � 61 sera). With all
patient sera, the anti-LOS L11 IgG levels also correlated
with the IB LOS band reaction scores, both against LOS in
nOMVs from own isolates (rs � 0.37, P � 0.001, n � 72) and
against the Mk 686/02 dOMVs (rs � 0.25, P � 0.008, n �
112). In contrast, among sera from patients infected with an
L10 isolate (n � 12) there was no correlation between hav-
ing a strong binding to LOS in IB and the bactericidal titer.

We further analyzed correlations between anti-rNadA levels
and previously obtained hSBA and rSBA titers (40). With
pooled results from all patient sera, we observed overall weak
correlations between log-transformed rSBA titers and ELISA
anti-rNadA IgG (r � 0.29, P � 0.001, n � 132), as well as
between hSBA titers and anti-rNadA IgG (r � 0.23, P � 0.017,
n � 109). When only results from sera from patients who had
an isolate with positive reaction with an anti-NadA MAb in dot
blotting were considered, we observed a correlation between
log-transformed rSBA titers (40) and anti-rNadA IgG OD
values in ELISA of r � 0.59 (n � 18) (Fig. 4b).

When analyzing all patient sera, we found significant corre-
lation between having an IB reaction (score � 2) against con-
served antigens as the Omp85 band of Mk 686/02 dOMVs or
NspA and RmpM bands of nOMVs and having a protective
SBA titer (data not shown). However, no statistically signifi-
cant correlations were observed between SBA titers and IgG
binding in IB for PorA, PorB, or Opa/OpcA.

Use of LOS ELISA for serological evaluation of probable
MenA cases. A total of 71 of 95 patients were confirmed MenA
cases by culture or PCR (42). Among those 10 nonconfirmed
patients for whom serum pairs were available, 6 were previ-
ously shown to have a significant increase in anti-APS IgG or
anti-OMV IgG and thus termed “probable MenA cases” (40).
In the present study, 4 of the 10 nonconfirmed patients also
showed a �2-fold increase in anti-LOS IgG, all among those 6
already assigned as probable MenA cases. Of the remaining
patients with paired sera available and not showing significant

anti-APS IgG or anti-OMV IgG increases (40), two showed a
remarkable fall from acute to early-convalescent-phase serum
in IgG against LOS.

DISCUSSION

IB results and disease associated changes. We generally
found high frequencies of sera with strong antibody reaction in
IB against the major outer membrane antigens PorA, PorB,
RmpM, Opa/OpcA, and LOS (Table 1). However, large indi-
vidual differences between patients were evident (Fig. 1). This
is comparable to results from previous IB studies of sera from
patients with MenA (15, 49) and MenB (55, 57) disease, al-
though the identity of the protein antigens was not always
clearly defined in the previous MenA studies.

The proportions of sera with binding scores of �2 in early-
convalescent-phase sera in our study were higher for PorA and
PorB than those reported among MenB cases in Norway (55),
while the proportions of patient sera binding to Omp85, FetA,
Opa/OpcA, and LOS were comparable. In late-convalescent-
phase sera, higher proportions of the MenA cases were re-
sponders against PorA than reported for the MenB cases (55);
against Opa/OpcA and LOS the proportions were similar and
were lower against Omp85 and FetA. The differences may be
explained by the fact that the IB analyses in the present study
were performed with OMVs from the patients’ infecting MenA
strain, whereas the previous MenB IB study also included
patients infected with strains different from the one used in IB.
Alternatively, it could be due to a difference in immunogenicity
between the PorA porins expressed by MenA and MenB
strains, or differences in background immunity in Ethiopia
compared to in Norway (Table 1). This background activity
was probably stimulated by previous contact with neisseriae or
with other bacteria with cross-reacting proteins (26, 27, 44, 46).

In general, only a few of the patients demonstrated IB band
reaction scores that differed significantly between serum

FIG. 4. (a) Scatter plot showing the correlation between results in the hSBA assay and in the anti-L11 LOS IgG ELISA in all sera (acute,
early convalescent, and late convalescent phases) from Ethiopian MenA disease patients infected with L11-positive strains (n � 52). (b)
Similarly, the correlation between log-transformed results in the rSBA assay and in the anti-NadA IgG ELISA in all sera from patients
infected with NadA-positive strains (n � 18) is shown. The Pearson correlation coefficient r and the least-squares linear regression line
equation are given.
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phases. However, the relatively low proportion of Ethiopian
MenA patient sera showing increased binding to PorA (23%
with dOMV) from the acute to the convalescent phase is com-
parable to that observed with MenB patients (55). This is
partly due to the high proportion of acute-phase sera showing
an anti-PorA binding score of �2, possibly explained by a
delayed collection of acute-phase sera, or by a stimulus (e.g.,
carriage) prior to the onset of disease, as described previously
(39). Other explanations could be saturation of the antigens
with antibodies on the nitrocellulose membrane, or that our
visual scoring method was not sensitive enough. However, the
latter explanation is less likely, since a previous study of sera
from MenB cases reported good correlation between visual
scoring and the more accurate method of digital scanning (55).

Our results may also have been affected by the OMV ex-
traction method and the isolate-specific differences in proteins
and LOS. Although dOMVs and nOMVs from the same
MenA isolate are known to contain approximately similar
amounts of PorA, PorB, and RmpM (39), the nOMVs contain
more LOS and Opa/OpcA proteins, as well as a much wider
array of minor proteins (39). We also observed that the sera
presented with higher band intensities when analyzed in IB
against nOMVs, than when analyzed against dOMVs from the
same isolate (data not shown). This may be due to conforma-
tional changes of the antigens caused by the different extrac-
tion procedures. The ST-7 isolates used in the present study
were previously shown to express relatively stable amounts of
PorA, widely varying amounts of NadA, and varying types and
amounts of Opa/OpcA (42). In addition, different LOS immu-
notypes were observed among these isolates, although LOS
L11 was dominant.

IB results and associations with SBA. The previous study of
the same Ethiopian patient and control sera demonstrated that
there was a significant association between IgG against
dOMVs of Mk 686/02 and SBA (r � 0.69 and r � 0.30 with
human or rabbit complement, respectively) (40). In order to
single out antigens that may have contributed to the observed
SBA, we correlated IB results from the current study with the
previously obtained SBA results (40). Significant relationships
between IB scores and SBA were observed for LOS and the
conserved proteins Omp85, RmpM, and NspA. Such covaria-
tions have been described previously in some studies (53, 55),
whereas other studies did not confirm that antibodies to
RmpM and NspA could exert bactericidal activity (23, 46).

Previous studies of MenB patients and MenB OMV vaccin-
ees have shown a strong association between antibodies against
PorA and SBA titers (34, 55) and that PorA is critical for
mounting a protective immune response (44). In the Ethiopian
MenA cases, 40 to 74% of the patient sera had antibodies
strongly binding to PorA (scores � 2) in all phases (Table 1),
but no statistically significant association with SBA titers was
found. The association between anti-APS antibodies and SBA
was previously shown to be very strong (r � 0.6 for both human
and rabbit complement) (40). The lack of association between
PorA and SBA may thus, in part, be due to the high concen-
tration of anti-APS IgG in the Ethiopian sera.

Unlike the PorA of MenB meningococci, the PorA of MenA
bacteria shows low antigenic variation (50). This could be ex-
plained by a lack of immunological selection pressure on the
P1.20,9 PorA variable region epitopes (50). In a study of MenA

OMV vaccine response in mice, however, we found that the
typical PorA of ST-5 complex strains (P1.20,9) was highly im-
munogenic and induced bactericidal antibodies, as demon-
strated by a significant correlation between Mk 686/02 hSBA
titers and anti-PorA IB reactions (39). Immunization with
OMV vaccines may, however, be a more efficient way than
disease to induce anti-PorA antibodies. In order to evaluate
the possibility of using PorA as part of future vaccines against
MenA disease, further studies should determine naturally ac-
quired immunity to PorA and its role in protection against
MenA disease.

ELISA results and associations with SBAs. Using the LOS
L11-specific ELISA, we observed that anti-LOS IgG levels
increased significantly in patients during early convalescent
phase (Table 2), in line with a previous study in Egyptian
MenA patients (49) and in patients with MenB and MenC
disease (13, 22, 33, 43, 57). Although anti-LOS L11 IgG in-
creased significantly during disease and remained elevated in
the late convalescent phase, the GMCs in acute-phase or late-
convalescent-phase sera were not statistically different from
that found in Ethiopian control sera.

Among sera from patients infected with an L11 positive
isolate, we found that anti-L11 LOS IgG levels correlated both
with hSBA (Fig. 4a) and rSBA titers. In addition, having a
significant IB reaction against LOS L11 was correlated with
having a protective hSBA titer. Thus, L11 LOS seemed to
induce a protective immune response against L11 isolates,
whereas infection with L10 isolates did not seem to be effective
in inducing SBA against L11 isolates. This is in line with the
results from a previous study demonstrating an immunotype-
specific effect of bactericidal antibodies directed against LOS
(60).

Using the NadA-specific ELISA, we found that acute-phase
patient sera had higher levels of anti-rNadA IgG than Ethio-
pian controls and that developing MenA disease induced a
significant increase in such antibodies (Table 2). This finding is
in agreement with the results from a study of MenB and MenC
patients in the United Kingdom (32). The higher levels of
anti-rNadA IgG in acute-phase sera than in controls could
indicate that an immune response already was initiated at the
time of sampling serum in the acute phase. As discussed else-
where (40), the IgG levels against APS and OMVs in the same
sera showed the same tendency. Anti-rNadA IgG ELISA levels
correlated with rSBA titers (Fig. 4b). This is in agreement with
previous studies in animals (5, 11, 12, 20, 39) and indicates
NadA to be a favorable component of vaccines against MenA
disease.

We found no indication that a significant anti-NspA IgG
response was mounted following MenA meningitis disease.
Whereas the ability of anti-NspA IgG in conferring a protec-
tive immune response seems promising in mice (8, 35, 37),
immunization of humans with an rNspA vaccine did not induce
bactericidal antibodies (23), and immunization of humans with
the NspA-containing OMV vaccine “MeNZB” did not usually
elicit any anti-NspA IgG response (53). Conformation or pre-
sentation of the NspA protein may, however, be critical for the
induction of functional anti-NspA immune response in humans
(23, 24, 51).

Based on findings here and in previous studies (39, 41),
further work may focus on the potential of IgG antibodies
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specific for LOS, NadA, and PorA to provide a protective
immune response against MenA disease. In addition, the
specificity of naturally acquired antibodies that may show
opsonophagocytic activity against MenA bacteria should be
investigated.
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