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Antibody (Ab) responses to polysaccharides (PS), such as Neisseria meningitidis group C PS (MCPS), are
characterized as being thymus independent and are restricted with regard to clonotype and isotype expression.
PS conjugated to proteins, e.g., MCPS coupled with tetanus toxoid or the diphtheria toxin derivative CRM197,
elicit thymus-dependent responses. The present study developed a surface plasmon resonance approach to
evaluate Ab responses to MCPS conjugate vaccines, including either O-acetylated (OAc�) or de-O-acetylated
(OAc�) forms of the PS. The results were generally consistent with those obtained by enzyme-linked immu-
nosorbent assay and showed that sera from mice immunized with conjugate vaccines contain Abs that bind
more effectively to OAc� and OAc� MCPS than sera from mice immunized with fixed bacteria. The data
suggest a critical shared or overlapping epitope recognized by all the conjugate vaccine immune sera and
strategies for assessing polyclonal Ab avidity.

A major virulence factor of many pathogenic bacteria that
cause invasive diseases is the capsular polysaccharide (PS).
Antibodies (Abs) against these PSs are protective (29, 30), but
poor immune responses are observed in infants (19, 29, 49, 58).
PSs are classified as thymus-independent type 2 (TI-2) antigens
(Ags) because they do not require mature T cells to elicit a
humoral response in vivo. The ability to elicit an Ab response
to TI-2 Ags develops late in ontogeny (28, 49, 55) and in mice
requires a subset of B cells that mature late and are defined by
the expression of Lyb5 and other cell markers (46, 61). In
general, TI-2 Ags elicit a poor memory response and fail to
result in affinity maturation of the Ab response. In contrast, the
ability to respond to a thymus-dependent (TD) Ag is present at
birth and results in the formation of memory cells, and the Ab
response undergoes subsequent affinity maturation upon reim-
munization (59). For TI-2 Ag, immunoglobulin M (IgM) and
IgG3 are the major isotypes expressed in mice, even after
secondary immunization (50), whereas for TD Ag, the ratio of
IgG to IgM increases after secondary immunization, with IgG1
being the major subclass (54, 60, 61).

The immunogenicity of TI-2 Ag has been shown to be en-
hanced by covalently binding TI-2 Ag to carrier proteins, thus
converting the response to TD (7, 60, 61). Haemophilus influ-
enzae type b (Hib) was once the most common cause of bac-
terial meningitis in children under 5 years of age in the United
States, but immunization with TD conjugate vaccines has been
remarkably successful in decreasing the incidence of Hib dis-

ease (1, 16, 47). The almost complete disappearance of Hib
disease and the reduction in pharyngeal carriage of Hib (8)
highlight the importance of these conjugate vaccines for public
health (8, 16, 62).

Neisseria meningitidis remains one of the major causes of
bacterial meningitis in children and young adults worldwide
(33), with recent outbreaks of different serogroups (22, 24, 44).
N. meningitidis PS vaccines have been widely available for �25
years (31); however, the PS is a TI-2 Ag that is poorly immu-
nogenic in infants and has a short duration of protection in
young children (15, 26, 27, 41). The meningococcal group C
capsular PS (MCPS) is a linear homopolymer of �(239)-
linked sialic acid residues that are O-acetylated (OAc�) at
carbons 7 and/or 8 (10, 20). In nature, �85% of infections
occur with OAc� strains and the rest with de-O-acetylated
(OAc�) strains (6), although in the United Kingdom the pro-
portions of fatal cases caused by OAc� and OAc� meningo-
coccal group C strains were not significantly different (12).

Previous studies of mice showed that mainly IgG1 Abs to PS
and carrier were produced in response to a single dose of
meningococcal conjugate vaccine (9) and that IgG titers in-
creased after a second dose (18, 54). Several oligosaccharide-
protein conjugate vaccines that elicit a TD response to protect
young children against invasive meningococcal disease (18, 35,
36) have been developed and evaluated in clinical trials around
the world (4, 13, 14, 18, 21, 38, 40, 42, 43, 52, 53, 65). Recently,
the meningococcal group C conjugate (MCC) vaccines have
been approved for routine immunization in Europe (57). Li-
censure was based on immunogenicity and safety data alone,
but recent estimates suggest the efficacy of the conjugate vac-
cine in teenagers and toddlers in England to be �90% (5, 51).
Two of the three licensed MCC vaccines contain PSs that are
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OAc� coupled to CRM197, a nontoxic mutant diphtheria toxin.
In one, the MCPS is conjugated directly to the carrier; in the
other, it is conjugated to the carrier using a bis-N-hydroxysuc-
cinimide ester linker. The third vaccine consists of an OAc�

MCPS conjugated to tetanus toxoid (MCC-TT). The presence
or absence of OAc groups generates unique epitopes, and the
specificity of Ab binding to MCPS can affect bactericidal ac-
tivity against OAc� and OAc� strains (6, 45, 56). It is possible
that these differences in the compositions of the MCC vaccines
affect their potential to offer protection against meningococcal
strains expressing each form of the group C capsule (OAc� or
OAc�) (12). In addition to epitope specificity, Ab levels and
affinity (63) play important roles in protection. Thus, assays
that can measure Ab specificity, concentration, and affinity can
contribute to the evaluation of sera from immunized individ-
uals. In this study, we use BIAcore (BIAcore, Inc., Piscataway,
N.J.) to evaluate sera from mice immunized with MCC vac-
cines.

BIAcore uses surface plasmon resonance (SPR) to measure
the accumulation of soluble molecules, such as Abs, on a sen-
sor chip matrix to which the ligand is covalently attached (37).
The interaction between soluble molecules and the ligand mol-
ecules can be followed in real time, allowing the characteriza-
tion of binding kinetics, as well as binding at equilibrium (3, 11,
39, 66). We have determined the binding and apparent disso-
ciation half-times for monoclonal Abs (MAbs) specific for dif-
ferent MCPS epitopes (23) and sera from mice immunized
with different conjugate vaccines using BIAcore with OAc�-

bovine serum albumin (BSA) or OAc�-BSA immobilized on
the sensor chip. The end point titer, as well as the relative
amounts of IgM and IgG, was determined by fluorescence
enzyme-linked immunosorbent assay (FELISA). We have also
compared the two methods in assessing the binding of the
polyclonal Abs and MAbs to MCPS epitopes.

MATERIALS AND METHODS

Animals. Six- to 8-week-old female BALB/cAnN (BALB/c) mice were pur-
chased from Charles River Laboratories and maintained under pathogen-free
conditions in our animal rooms. All animal protocols were approved by the
Center for Biologics Evaluation and Research (CBER) Animal Care and Use
Committee or the Animal Ethics Committee at the National Institute for Bio-
logical Standards and Control.

PS. The structures of the PSs used in these studies are shown in Table 1.
Native MCPSs (OAc�) were prepared from N. meningitidis strain C11 and
obtained from Merck, Inc., West Point, Pa. (lot 1815T). OAc� MCPS prepared
from N. meningitidis strain MC19 was obtained from the Division of Bacterial,
Parasitic and Allergenic Products, Office of Vaccines Research and Review,
CBER. The Escherichia coli K92 and K1 PSs were obtained from Willie Vann,
Division of Bacterial, Parasitic and Allergenic Products, Office of Vaccines Re-
search and Review, CBER.

Conjugate vaccines. Three conjugate vaccines were used in these studies; two,
vaccine 1 (Vac1) and Vac2, consisted of oligosaccharides of OAc� MCPS con-
jugated to CRM197. The third, Vac3, consisted of OAc� MCPS conjugated to
TT. Three different manufacturers manufactured these conjugate vaccines.

Immunization. Sera were produced by immunizing groups of 10 female
BALB/c mice with OAc� or OAc� fixed bacteria. The mice used in the OAc� or
OAc� bacterial experiments were in a weight range of 18 to 20 g and were
immunized intraperitoneally (i.p.) with 0.5 ml (108 CFU) of fixed bacteria on day
0 and bled by cardiac puncture on day 8. Groups of 10 mice weighing between 16
and 18 g were immunized with Vac1, Vac2, or Vac3 on day zero. They were
immunized i.p. with one-fifth of a human dose (equivalent to 2 �g of MCPS) of
vaccine on day 0, boosted i.p. with a further one-fifth dose of vaccine on day 28,
and bled on day 42.

MAbs. The specificities of the MAbs used for validation of binding in the SPR
analyses and inhibition experiments were described previously (23, 56) and are
summarized in Table 2. MAbs 2055.5 and 2016.3 were obtained by immunizing
BALB/c mice with OAc� fixed bacteria (56). MAbs C2/1076.10, C2/655.7, and
C2/256.8 were obtained by immunizing BALB/c mice with MCPS-TT conjugate
vaccine and boosting them with the same vaccine (23).

FELISA. IgM and IgG isotypes in sera were determined by direct binding in a
FELISA as described in detail elsewhere (55). End point titers are expressed as
reciprocal dilutions and were determined by extrapolation to zero from the linear
part of the titration curve using Unitcalc software (PhPlate AB, Stockholm,

TABLE 1. Structures of PSs used in this study

PS Structure

MCPS OAc� ............................9)-�-NeuNAC-(23
7/8
Œ
O-acetyl

MCPS OAc� ............................9)-�-NeuNAC-(23
E. coli K92 ................................8)-�-NeuNAC-(239)-�-NeuNAC-(23
E. coli K1 ..................................8)-�-NeuNAC-(23

TABLE 2. Fine specificities, avidities, and bactericidal activities of MAbsa

MAb Specificity by FELISA
Specificity by PPTb Concn at 50% bindingc Concn at 50%

killingd

MCPS OAc� K92 MCPS OAc� K92 MCPS OAc�

IgG3�
2055.5 MCPS � �e � 0.2 �f � 0.18 �g

2016.3 OAc� �� MCPS � � � �3.0 0.1 � 0.63 1.1

IgG1�
C2/1076.10 MCPS � OAc� ��� K92 � � �h 0.005 0.002 1.5 NDi ND
C2/655.7 OAc� �� MCPS � � � 0.3 0.003 � ND ND
C2/256.8 MCPS � OAc� � � � 0.005 0.003 � ND ND

a The fine specificity and precipitation with MCPS and OAc�, the concentration at 50% binding of MAb, and 50% killing were published previously (23, 56).
b Determined by Ouchterlony precipitation (PPT) (48). Proteins were tested at 1 mg/ml. �, precipitation; �, no precipitation.
c Concentration (micrograms per milliliter) at 50% binding were determined at the midpoint of the linear part of the titration curve on PS-coated plates. Proteins

were tested by 12 threefold serial dilutions starting at 3 �g/ml.
d The concentration (micrograms per milliliter) of antibody at which 50% of the bacteria were killed.
e Not detectable at highest concentration tested (1 mg/ml).
f Not detectable at highest concentration tested (3 �g/ml).
g No detectable killing.
h Negative using the purified protein, but undiluted ascites fluid was positive on all three Ags and negative on K1.
i ND, not determined.
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Sweden). The sera were tested by 8 to 12 threefold serial dilutions starting at a
serum dilution of 1:30. The FELISA assay is similar to a conventional ELISA;
however, it has three unique features. The MicroFLUOR “W” U plates (Dyna-
tech Laboratories, Chantilly, Va.) are opaque, and PSs adhere well; the sub-
strate, 4-methylumbelliferyl phosphate (Sigma Chemical Co., St. Louis, Mo.), is
not hydrolyzed in water, resulting in a background that is stable over time; and
the scale on the microfluor reader (Dynatech) is 0 to 4 rather than 0 to 2. The
Ags with which the plates were coated for the assays used in these experiments
were OAc�, OAc�, and K92 purified PSs. For isotype analysis of the immune
sera, alkaline phosphatase-labeled goat anti-mouse IgM and IgG were used.
These alkaline phosphatase anti-isotype reagents were purchased from Southern
Biotechnology (Birmingham, Ala.).

SPR analyses. Analyses were done using the BIAcore 3000 instrument, and
data were analyzed using BIAevaluation version 3.0. The running buffer used for
all experiments was HBS buffer, pH 7.4, containing 10 mM HEPES, 150 mM
NaCl, 3 mM EDTA, and 0.005% surfactant P20, filtered and degassed. Research
grade CM5 sensor chips were activated by mixing equal amounts of N-ethyl-N	-
(dimethylaminopropyl)carbodiide and N-hydroxysuccinimide. BSA-PS conju-
gates (OAc�-BSA and OAc�-BSA), kindly provided by Harold Jennings, Na-
tional Research Council, Ottawa, Canada, were immobilized in 10 mM sodium
acetate buffer, pH 4.0, followed by ethanolamine to block the unreacted dextran.
The optimal pH to immobilize BSA and BSA conjugates (OAc�-BSA and
OAc�-BSA) to the dextran matrix on the CM5 sensor chips was determined at
25°C. The pH range used was from 5.5 to 2.0 in gradations of 0.5. BSA or BSA
conjugate (10 �g/ml) was passed through the chip (flow rate, 5 �l/min). Optimal
immobilization occurred between pH 2.0 and 4.0, with some differences between
the different ligands. To select the immobilization pH for experimental surfaces,
we compared the binding of an anti-MCPS MAb to OAc� conjugate surfaces
immobilized at pH 2.0 and 4.0. There was no notable difference in the binding.
However since de-O-acetylation can occur at low pH (34), we chose pH 4.0, as
indicated above. Additional studies were done to evaluate the effects of the
ligand concentration and dwell time on immobilization. Based on these studies,
OAc�-BSA and OAc�-BSA conjugates were immobilized at a concentration of
50 �g/ml, with a contact time of 28 min and a flow rate of 5 �l/min. These
conditions gave �200 to 350 resonance units (RU) of immobilized OAc�-BSA
material. An RU corresponds to an immobilized protein concentration of �1
pg/mm2. Similar contact times and flow rates gave higher RU values for OAc�-
BSA and BSA. To immobilize similar levels of OAc�-BSA and OAc�-BSA
conjugates, a BIAcore sensor chip for the analysis of MAbs was prepared using
a programmable feature for targeted immobilization. The chip was set up as
follows: channel 1 was used as a blank, BSA (706.5 RU) was bound to channel
2, The OAc�-BSA conjugate (242.8 RU) was bound to channel 3, and channel
4 contained the OAc�-BSA conjugate (243.7 RU). Successful immobilization of
Ags was verified by the use of well-defined MAbs (23, 56).

For the evaluation of binding, samples were diluted in HBS buffer and ana-
lyzed at several concentrations. Ab at the specified concentration was injected
over the sensor chip surface for 4 min at a flow rate of 10 �l per min. The sensor
chip was regenerated between cycles with two 1-min injections of 2.5 M NaCl at
the same flow rate. The corrected response, in RU, was obtained by subtraction
of the RU detected at the same MAb or serum concentration with unconjugated
BSA coupled to the sensor chip. Thus, the resulting sensorgrams were corrected
for background binding to the dextran matrix coupled to BSA, as indicated by
Cooper et al. (17). For generation of concentration-dependent binding curves
with the corrected sensorgrams, we calculated the concentration-dependent av-
erage RU values from an �20-s interval in the last 40 s of each 240-s injection.
The binding was evaluated late in the injection to better reflect equilibrium
values.

The bivalent nature of Abs can complicate the modeling of binding data for
equilibrium and kinetic binding constants. In addition, since immune sera are
polyclonal, the sensorgrams from these sera are the sums of a number of different
Ab interactions, and the exact concentrations of the Abs are unknown. This
makes modeling difficult, since the determination of equilibrium and kinetic
association constants are concentration dependent. However in ideal Langmuir
1:1 binding, the dissociation can be modeled as a concentration-independent
exponential decay. Thus, we attempted to model the dissociation of MAb and
polyclonal-Ab binding to MCPS as an exponential decay. For evaluation of
kinetics, we calculated the apparent half-life of the Ab bound to the Ag-coated
surface. This was done by fitting the binding data from 40 to 120 s postinjection
with an exponential decay model using BIAevaluation version 3.0 software.
Comparison of the apparent half-life values was performed with the Student t
test or with the Tukey-Kramer honestly significant difference (HSD) test for
multiple comparisons. A P value of 
0.05 for the Tukey-Kramer HSD test is

significant, since it compensates for multiple comparisons, while a P value of

0.05 for the Student t test is suggestive.

Inhibition experiment. To determine if similar epitopes were bound by the
Abs produced in response to vaccination with the different conjugate vaccines,
we blocked OAc�-BSA- or OAc�-BSA-coated surfaces with MAbs of different
specificities. MAbs 2055.5, 2016.3, C2/1076.10, and C2/256.8 were described
previously (23, 56) (Table 2). Different concentrations of sera, starting at dilu-
tions of 1:20, were injected across OAc� or OAc� conjugate surfaces before and
after the surface was blocked with a MAb. The amounts of binding pre- and
postblockade were compared using the Student t test and the Tukey-Kramer
HSD test for multiple comparisons. The significant differences at the 0.05 level
for these tests and the percent inhibition [using the formula percent inhibition �
(RU with MAb � RU with MAb control surface)/(RU � RU control surface)]
were evaluated. The data shown for MAbs 2055.5, 2016.3, and C2/1076.10 (see
Fig. 6) are the averages of duplicates for one dilution (1:20).

RESULTS

FELISA. The levels of MCPS-specific IgM and IgG isotypes
in sera were determined by FELISA and are shown in Fig. 1.
Ab titers induced by immunization with bacteria were low
compared with those induced by the conjugate vaccines. Figure
1 also indicates that immunization with fixed bacteria actually
depleted the sera of specific Abs compared with the control
sera. These phenomena have been observed previously (K.
Stein, unpublished observations). Sera from mice immunized
with OAc� bacteria contained more IgM than IgG Abs and
bound the OAc� and OAc� Ags with approximately equal
avidities. Sera from mice immunized with OAc� bacteria
showed slightly higher relative avidity for the OAc� Ag (Table
3). Sera from mice immunized with the conjugate vaccines had
more MCPS-specific IgG than IgM. The two vaccines contain-
ing OAc� PS (Vac1 and Vac2) elicited Ab responses of ap-
proximately equal reactivities to both the OAc� and the OAc�

Ags, whereas the OAc� vaccine (Vac3) induced higher-titer
IgG Abs for OAc� than OAc� Ag and a higher relative avidity
for the OAc� Ag (Table 3). Sera from control mice immunized
with phosphate-buffered saline (PBS) were approximately
equally reactive with either OAc� or OAc� MCPS and con-

FIG. 1. Total IgM and IgG end point titers, determined by
FELISA, of anti-meningococcal serogroup C Abs in the pooled sera
from groups of 10 mice immunized with different conjugate vaccines or
fixed bacteria. PBS was used as a control. The titers are expressed as
the log reciprocal dilution. The data represent the averages of three
experiments.
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tained more IgG than IgM Abs. Table 3 shows that Vac2 and
Vac3 stimulated somewhat higher-avidity Abs than Vac1 and
that the bacterium-immune IgM has higher avidity than the
IgG, something to be expected from nonmutated low-affinity
Abs where the decavalent IgM shows higher relative avidity
than the low-affinity bivalent IgG.

SPR analyses. Studies with individual MAbs of known con-
centration established the ability of the BIAcore to discrimi-
nate between Abs with low and high affinity and specificity for
either OAc�-BSA or OAc�-BSA Ag, as shown in Fig. 2. The
sensorgrams represent real-time binding of the indicated
MAbs at 100 �g/ml. The low-avidity MAb 2055.5 is reactive
only with the OAc� surface. MAb 2016.3 binds less well than
the higher-avidity MAbs C2/655.7 and C2/1076.10 and has a
preference for the OAc� surface. This binding pattern is sim-
ilar to that seen by FELISA (Table 2). We also evaluated MAb
binding at different concentrations. Figure 3 shows the near-
equilibrium values of binding as a function of concentration.
The low-avidity MAb 2055.5 has weak concentration-depen-
dent binding to the OAc� surface. The other MAbs bind the
OAc� surface; however, a greater preference for the OAc�

surface is seen with MAbs 2016.3 and C2/655.7. Again, MAb
C2/1076.10 has the best binding to both surfaces. This supports
the FELISA data on these MAbs.

Sera from immunized mice were also studied by BIAcore for
binding to OAc� and OAc� surfaces. Dilutions of the sera
were assessed for near-equilibrium binding (Fig. 4), and sera
from conjugate vaccine-immunized mice had far greater bind-
ing than sera from fixed N. meningitidis- or PBS-immunized
mice. All three MCCs induced Abs with similar specificities for
the OAc� Ag, while the OAc� conjugate vaccine (Vac3) in-
duced Abs with a greater preference for the OAc� Ag. In
contrast, fixed bacteria tended to induce Abs with a preferred
specificity for OAc� Ag rather than for OAc� Ag irrespective
of the O-acetylation status of their PS capsules. These results
are also similar to FELISA data (Fig. 1 and Table 3).

One advantage of SPR analysis is the potential for calculat-
ing equilibrium and kinetic binding constants. However, the
bivalent nature of Abs can complicate the modeling of binding
data for equilibrium and kinetic binding constants. In addition,
since some of the samples we have evaluated are polyclonal,
the sensorgrams are the sum of a number of different Ab
interactions, and the exact concentrations of the Abs are un-

known. This makes modeling difficult, since the determinations
of equilibrium and kinetic association constants are concentra-
tion dependent. However, in ideal Langmuir 1:1 binding, the
dissociation can be modeled as a concentration-independent
exponential decay. Thus, we attempted to model the dissocia-
tion of MAb and polyclonal-Ab binding to MCPS as an expo-
nential decay. The apparent binding half-lives of anti-MCPS
MAbs were calculated using this modeling (Fig. 5A). Overall,
these values correlate with the equilibrium data from SPR and
FELISA. The higher-avidity MAb C2/1076.10 has a longer
binding half-life than the lower-avidity MAbs 2016.3 and
2055.5. This difference was statistically significant (P 
 0.05;
Tukey-Kramer HSD). The binding of C2/1076.10 had a long
half-life for both OAc� and OAc� surfaces, although the
OAc� half-life was significantly longer. This correlates with the
slightly higher SPR equilibrium binding seen with MAb C2/
1076.10 on an OAc� surface. The results also suggest a longer
half-life for binding to an OAc� surface with the OAc�-spe-
cific MAb 2055.5 and a longer half-life for binding to an OAc�

surface with the OAc�-preferring MAb C2/655.7. Although
these results are similar to equilibrium results, some differ-
ences were noted. The C2/655.7 MAb had a high avidity for
OAc� PS and a low avidity for OAc� PS by FELISA. How-
ever, the calculated C2/655.7 half-lives for both OAc� and
OAc� surfaces are short. In addition, the 2016.3 MAb prefer-
ence for OAc� PS is not observed in the half-lives of binding
to OAc� and OAc� surfaces. Possible explanations for the
differences between the equilibrium and kinetic dissociation

FIG. 2. SPR sensorgrams of MCPS binding with four murine anti-
MCPS MAbs, C2/1076.10, C2/655.7, 2016.3, and 2055.5, with different
FELISA specificities. (A) Binding to OAc�-BSA conjugate (243.7 RU
immobilized). (B) Binding to OAc�-BSA conjugate (242.8 RU immo-
bilized).

TABLE 3. Relative avidities of total IgM and IgG from murine
sera by FELISA

Immunization

Relative avidity for MCPS Ag on platea

OAc� OAc�

IgM IgG IgM IgG

PBS 0.05 �1 0.03 �1
OAc� bacteria 0.005 0.4 0.004 0.35
OAc� bacteria 0.01 0.75 0.004 0.65
Vac1 0.05 0.0002 0.04 0.001
Vac2 0.03 0.0002 0.09 0.001
Vac3 0.02 0.0006 0.03 0.0002

a Values are reciprocal dilutions for 50% binding defined as an optical density
of 2 on a scale of 0 to 4 for each serum from mice immunized with different
bacterial strains or conjugate vaccines as indicated. The data are from similar
results in two experiments. PBS was used as a control.
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measurements may reflect bivalent versus monovalent Ab
binding, differences in kinetic association constants, or techni-
cal aspects of the binding in different assays.

The apparent half-life results with polyclonal anti-MCPS
sera are shown in Fig. 5B. The apparent half-lives of all the
conjugate vaccine sera are longer than those seen with either
the PBS or the fixed N. meningitidis immune sera (P 
 0.05;
Tukey-Kramer HSD). Vac1 and Vac2 conjugate vaccine sera
have longer half-lives (indicating higher avidity) for OAc� Ag
than for OAc� Ag (P 
 0.05; Tukey-Kramer HSD), while the
Vac3 conjugate vaccine serum has a longer apparent half-life
for OAc� Ag than for OAc� Ag (P 
 0.05; Tukey-Kramer
HSD). These results are comparable to SPR equilibrium data
(Fig. 4) and to FELISA data (Table 4). One advantage of the
apparent-half-life evaluation is that a comparison between the
conjugate vaccines and MAbs can be made. Because the ap-
parent dissociation half-life can be concentration independent,
some comparison of polyclonal sera with MAbs can be made.
Examples of SPR sensorgrams used for deriving apparent half-
lives from polyclonal sera are shown in Fig. 5C. The conjugate
vaccine polyclonal sera have similar or longer half-lives than
the lower-avidity MAbs and shorter half-lives than the high-
avidity MAb C2/1076.10. The polyclonal-serum half-lives do
not vary greatly from dilutions of 1/10 to 1/40, and they are
shorter than the C2/1076.10 half-life even when it is evaluated
at high concentrations (data not shown).

Inhibition experiments. To determine the principal epitopes
recognized by each of the immune-serum samples, inhibition
experiments were performed using three MAbs with different

specificities (Table 2) to saturate the OAc�- or OAc�-BSA-
conjugated surfaces. Different concentrations of conjugate im-
mune sera were passed over the surfaces before and after they
were blocked with the MAb, and the amounts of binding were
compared. Significant inhibition of binding of Vac1 immune
serum to the OAc� surface was observed with the OAc�-
specific MAb 2055.5 (P 
 0.05; Tukey-Kramer HSD) (Fig.
6A). The percent inhibition and statistical significance are
shown in Table 4 for all of the blocking experiments. The data
suggest possible MAb 2055.5 blockade of Vac2 and Vac3 im-
mune sera binding to the OAc� surface (P 
 0.05; Student t
test). As expected, no significant inhibition by the OAc�-spe-
cific MAb 2055.5 was observed for sera binding to the OAc�

surface. MAb 2016.3 (specificity, OAc� �� OAc�) signifi-
cantly blocked Vac3 immune serum binding to the OAc� sur-
face (P 
 0.05; Tukey-Kramer HSD) (Fig. 6B and Table 4).
This is expected, since both the Vac3 immune serum and MAb
2016.3 favor OAc� Ag. The data suggest possible MAb 2016.3
blockade of Vac1 and Vac2 immune sera binding to the OAc�

surface (P 
 0.05; Student t test). In addition, there was pos-
sible MAb 2016.3 blockade of Vac1 immune serum binding to
the OAc� surface (P 
 0.05; Student t test). Although these
low-avidity MAbs can significantly block some immune sera,
the percent blockade is 
40% (Table 4). With the high-avidity
MAb C2/1076.10 (specificity, OAc� � OAc� ��� K92), the

FIG. 3. Concentration-dependent MCPS binding of four murine
anti-MCPS MAbs with different specificities. The markers represent
the averages of near-equilibrium binding, and the error bars (within
the symbols) represent the range of two determinations. (A) C2/
1076.10 and 2016.3 binding to OAc� and OAc� surfaces. (B) C2/655.7
and 2055.5 binding to OAc� and OAc� surfaces. The OAc� and OAc�

MCPSs conjugated to BSA were used as the coating Ags.

FIG. 4. Concentration-dependent MCPS binding of murine serum
Abs induced by immunization. The markers represent the averages of
near-equilibrium binding, and the error bars represent the ranges of
two determinations. (A) Sera from hosts immunized with MCC con-
jugate vaccines by Vac1, Vac2, and Vac3 binding to OAc� and OAc�

surfaces. (B) Sera from hosts immunized with PBS, OAc� fixed bac-
teria, and OAc� fixed bacteria binding to OAc� and OAc� surfaces.
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percent blockade is much higher with all immune sera on both
OAc� and OAc� surfaces (Table 4) and the blockade was
significant in all cases (P 
 0.05; Tukey-Kramer HSD). This
high level of blockade suggests an epitope that overlaps with or
is shared among the C2/1076.10 MAb and all the conjugate
vaccine immune sera. The blockade seen with MAb C2/1076.10
may be due to high avidity for a broadly recognized epitope or
an epitope unique to MAb C2/1076.10 (specificity, OAc� �
OAc� ��� K92). To answer this question, we blocked the
conjugate vaccine immune sera with MAb C2/256.8, which also
has high avidity but differs in specificity from MAb C2/1076.10
(Table 2). Although MAb C2/256.8 also recognizes OAc� and
OAc� Ags, it lacks low-avidity interaction with K92. MAb
C2/256.8 showed significant blockade of Vac2 and Vac3 im-
mune sera (P 
 0.05; Tukey-Kramer HSD) and suggested
blockade of Vac1 immune serum (P 
 0.05; Student t test) on

FIG. 5. Apparent dissociation half-lives of anti-MCPS Abs. The
apparent dissociation half-lives were calculated by exponential decay
modeling as described in Materials and Methods. (A) Averages of four
determinations after injection of Abs C2/1076.10, 2016.3, and C2/655.7
at a concentration of 3.125 or 6.25 �g/ml are shown for OAc� and
OAc� surfaces. The error bars represent the standard deviations, and
the numbers in parentheses are the numerical averages. For Ab 2055.5,
the bars and averages reflect two determinations and the error bars
reflect the range. (B) Averages of four determinations using polyclonal
sera after injection of 1/20 or 1/40 dilutions; determinations are shown
for OAc� and OAc� surfaces. The error bars represent the standard
deviations, and the numbers in parentheses are the numerical aver-
ages. (C) Examples of SPR sensorgrams of Vac2 immune sera binding
to OAc�-BSA conjugate (242.8 RU immobilized) at concentrations of
1/10, 1/20, and 1/40.

FIG. 6. Inhibition of binding by MAbs with different specificities.
The average of duplicates for a 1/20 dilution of PBS immune serum,
Vac1 immune serum, Vac2 immune serum, and Vac3 immune serum
are shown. The blocking MAbs were added at 100 �g/ml, or buffer was
added as a control. (A) OAc�-specific MAb 2055.5. (B) OAc� ��
OAc�-specific MAb 2016.3. (C) OAc� � OAc� ��� K92-specific
MAb C2/1076.10.
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an OAc� surface. A high percentage of the serum reactivity
with the OAc� surface was blocked (Table 4). However, the
blockade of serum reactivity with the OAc� surface differed
from that of MAb C2/1076.10. The percent blockade was
lower, and only one immune serum was significantly inhibited.
Thus, although the high avidity of MAb C2/1076.10 contrib-
uted to the high-percentage blockade observed, the epitope
seen by the MAb was important for its broad blockade of
conjugate vaccine immune sera.

DISCUSSION

The primary immune response to MCPS induced mostly Abs
with IgM and IgG3 isotypes, and the secondary immunization
with MCPS was similar to the primary immunization, typical of
a TI type 2 response (54, 59). Previous data have demonstrated
that the influence of the TD Ag during the primary immuni-
zation is to induce class switching and generate a memory
B-cell population that can be boosted by either a TI-2 or a TD
Ag (54). The TD response to MCPS-TT shifted the response to
IgG1 Abs with bactericidal activity at least 10-fold higher than
the response to MCPS. Furthermore, in studies with MAbs, it
was demonstrated that IgG3 Abs were of lower avidity than
were IgG1 Abs (23). Ab affinity is an important determinant of
host defense and should be considered as important as the Ab
concentration in evaluating Ab response to vaccination (63).
Ahlstedt et al. (2) demonstrated that high-avidity Abs against
E. coli O Ag were more protective against intraperitoneal
infection in mice than Abs of low avidity. In the case of me-
ningococcal disease, bactericidal Abs play an important role in
protection against infection with group C bacteria (29). Evi-
dence suggests that there is a close correspondence between
the amount of high-avidity anti-group C Ab in serum and
complement-mediated bactericidal activity (32).

In addition to avidity, epitope specificity is another attribute
of anti-MCPS that may have an impact on protection. The
O-acetylation status of the PS moiety of conjugate vaccines
determines the relative specificity of anti-PS Abs. Although the
native MCPS has very few non-OAc� sialic acid residues, with
an average of 1.16 equivalents of O-acetyl per sialic acid (10),

it still induced Abs that bind to both the OAc� and OAc� Ags.
The possibility that OAc� may be highly immunogenic is con-
sistent with the observations of Glode et al. (25), who found a
twofold-higher geometric mean anti-PS titer in sera from adult
human volunteers immunized with OAc� PS than from those
immunized with native MCPS (OAc�). In addition, immuni-
zation with native MCPS elicits Abs that are bactericidal for
both C11 (native OAc�) and MC19 (OAc�) strains of N.
meningitidis, and MC19 PS could adsorb a large part of the
bactericidal activity for strain C11.

There are a number of conjugate vaccines for protection
against N. meningitidis. The Vac1 and Vac2 conjugate vaccines
utilize OAc� oligosaccharides conjugated to CRM197, while
Vac3 uses OAc� PS conjugated to TT. Because of the impor-
tance of avidity and specificity in the response to MCPS, we
measured these parameters for the N. meningitidis conjugate
vaccines using two methods, ELISA (FELISA) and SPR (BIA-
core). ELISAs give important information about Ab binding;
however, end point titers may not reflect true binding con-
stants. SPR technology can assess real-time binding and allows
kinetic as well as equilibrium measurements.

Preliminary experiments suggest that BIAcore data corre-
late with FELISA data, and SPR is a technology that can be
used to measure both relative specificity and binding with se-
rum samples. We first evaluated MAbs reactive with MCPS by
using SPR. Concentration-dependent binding and OAc speci-
ficity for the MAbs correlated with FELISA data. Evaluation
of conjugate vaccine immune sera for concentration-depen-
dent binding to OAc� and OAc� also correlated with FELISA
data. For example, OAc� vaccine immune sera showed higher
reactivity to OAc� Ags than the OAc� vaccine immune sera
with both FELISA and SPR assays. The SPR assays also ver-
ified the greater avidity of conjugate vaccine immune sera than
fixed-bacteria immune sera. Although the two binding meth-
odologies correlated in specificity and hierarchy, the FELISA
detected some MAbs at nanogram-per-milliliter concentra-
tions and may have greater sensitivity in this case. However,
SPR offers the possibility of a more sophisticated analysis of
binding.

We evaluated the global kinetics of MAb binding using a
number of models, including those that compensate for biva-
lency or heterogeneous ligands (data not shown). The different
models converged on equilibrium dissociation constants of
�10�9 to 10�8 M for high-avidity Abs and �10�7 to 10�6 M
for lower-avidity Abs. Due to uncertainty in the binding va-
lency and lack of convincing fits, we decided to independently
evaluate the apparent kinetic dissociation of the MAbs. Be-
cause ideal dissociation modeled as exponential decay is con-
centration independent, this strategy allowed us to also evalu-
ate conjugate vaccine polyclonal immune sera. We verified that
concentration was not a major factor in the apparent dissoci-
ation half-lives of the low-avidity MAbs; however, with high-
avidity MAbs, such as C2/1076.10, we did observe a decrease in
half-life as the concentration increased from 3.125 to 100
�g/ml (data not shown). A high-affinity Ab may bind in a
monovalent manner at saturating concentrations and in a biva-
lent manner at lower concentrations and thus have a concen-
tration-dependent change in half-life. Lower-affinity Abs may
be detectable only with bivalent binding and thus have less
half-life concentration dependence. We evaluated the MAb

TABLE 4. Percent inhibition of conjugate vaccine immune-serum
binding by anti-MCPS MAbs to OAc� and OAc� MCPSsa

MCPS Ag
surface Vaccine

% Inhibition with MAb

2055.5 2016.3 C2/1076.10 C2/256.8

OAc� Vac1 25b 28c 84b 31
Vac2 16c 20 88b 68b

Vac3 17c 21 84b 25

OAc� Vac1 8 31c 62b 102c

Vac2 7 32c 68b 118b

Vac3 7 37b 75b 69b

a Inhibition of conjugate vaccine immune sera binding to OAc� and OAc�

surfaces by anti-MCPS MAbs was calculated by the following equation: percent
inhibition � (RU with MAb � RU with MAb control surface)/(RU � RU
control surface). Duplicate experiments with 1/20 serum dilution were evaluated.
Significance was assessed for RU with MAb versus RU without MAb using the
Tukey-Kramer HSD and Student t tests.

b Inhibition significant at a P value of 
 0.05 by Tukey-Kramer HSD test for
multiple comparisons in each Ab group.

c Inhibition significant at a P value of 
0.05 by paired Student t test.
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half-lives at concentrations of �6.25 �g/ml to facilitate half-life
comparisons. These comparisons matched expectations from
equilibrium binding with some exceptions. Possible explana-
tions for differences between equilibrium and kinetic dissoci-
ation measurements may reflect restriction of a particular Ab
to monovalent binding, differences in kinetic association con-
stants, or other technical aspects of the binding or assay. The
conjugate vaccine and fixed bacterial polyclonal immune sera
were also evaluated for apparent dissociation half-lives. The
conjugate vaccine immune sera have longer half-lives than
fixed bacterial immune sera, half-lives similar to or longer than
those of the lower-avidity MAbs, and shorter half-lives than
the high-avidity MAb C2/1076.10. The polyclonal immune se-
rum half-lives do not vary greatly from dilutions of 1/10 to 1/40,
and they are shorter than the C2/1076.10 half-life even when it
is evaluated at high concentrations (data not shown). Although
there are difficulties with this type of evaluation, it strongly
suggests that conjugate vaccine antiserum Abs have greater
avidity than fixed bacterial antisera and some MAbs. Certain
MAbs, such as C2/1076.10, may have higher avidity than the
conjugate vaccine immune serum Abs. Such comparisons are
impossible with equilibrium binding methods, since the serum
Ab concentrations are unknown. Development of more sophis-
ticated modeling for polyclonal-Ab binding will be of great
value in evaluating immune sera. Advances in the use of SPR
evaluations for polyclonal Abs will facilitate the evaluation of
serum responses (64)

To assess whether the conjugate vaccine antisera shared
epitopes with the anti-MCPS MAbs, we evaluated the binding
of antisera pre- and post-Ab blockade of the SPR OAc� and
OAc� surfaces. The high-avidity MAb C2/1076.10 blocked all
of the vaccine conjugate antisera on both surfaces. This sug-
gests an epitope that is shared with or that overlaps all the
conjugate vaccine immune sera and MAb C2/1076.10. This
epitope does not include the O-acetyl moiety of the PS, so
these observations are consistent with the suggestion that the
principal role of the O-acetyl group may be to mask an immu-
nodominant epitope (45). To distinguish between the
C2/1076.10 specificity and avidity in the observed blockade, we
evaluated the blockade of a second high-avidity MAb with a
similar but not identical specificity, C2/256.8. This Ab strongly
blocked all the conjugate vaccine immune sera on the OAc�

surface but not on the OAc� surface. This suggests that the
specificity, as well as the avidity, contributes the pattern of
blockade. Another MAb with a FELISA specificity similar to
that of C2/1076.10 has not shown the same blockade pattern
(data not shown). This suggests that there may be fine Ab
specificity not revealed by FELISA studies.

Overall, our data suggest that FELISA and SPR near-equi-
librium binding show similar results for the specificity and
hierarchy of Ab responses to MCPS. Both methodologies dem-
onstrate the high avidity of C2/1076.10, the higher avidity of
conjugate vaccine antisera than fixed bacterial immune sera,
and Ab preferences for OAc� and OAc� PS Ags. Kinetic
analysis using SPR allowed an initial comparison between
polyclonal-antiserum and MAb avidities. SPR was a useful
method to assess epitope specificity beyond O-acetylation us-
ing Ab epitope blockade. Monoclonal epitope blockade sug-
gested a critical site recognized by MAb C2/1076.10 for MCPS
reactivity. Although we conclude that all the conjugate vac-

cines used in this animal study generate relatively high-avidity
Abs that can react with both OAc� and OAc� PS Ags, there
may be differences in the Ab specificities. Greater character-
ization of Ab specificity and correlation of the specificity with
the clinical outcome may help to develop standard assays to
assess successful immunizations.
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3460 GARCÍA-OJEDA ET AL. INFECT. IMMUN.


