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Antibodies reactive with capsular polysaccharides are considered the principal mediators of immunity
against invasive diseases caused by Streptococcus pneumoniae. In this study, we tested the hypothesis that
anti-pneumococcal capsular polysaccharide (PPS) antibody avidity can influence protective efficacy. We mea-
sured the avidities of individual adult postvaccination immunoglobulin G2 (IgG2) antibodies to PPS serotypes
6B and 23F and examined the relationship between avidity and opsonophagocytic and mouse-protective
activities. The avidities of PPS 6B- and PPS 23F-specific IgG2 antibodies ranged from 6 to 31 nM~" and from
3 to 20 nM ™', respectively. We observed an inverse correlation between the magnitude of avidity and the
amount of antibody required to protect mice against lethal bacteremia caused by serotype 6B pneumococci.
Similarly, higher-avidity antibodies were more effective than lower-avidity antibodies in vitro in mediating
complement-dependent opsonophagocytosis of both 6B and 23F pneumococci. These data suggest that in
adults, PPS antibodies are sufficiently polymorphic to possess biologically significant variations in avidity. We
conclude that avidity functions as an important determinant of anticapsular antibody protective efficacy

against pneumococci.

Streptococcus pneumoniae causes meningitis, bacteremia,
pneumonia, and acute otitis media and is responsible for ap-
proximately 40,000 deaths per year in the United States (1, 5,
29). The capsular polysaccharide (PS) functions as a virulence
determinant, and although 90 or more different pneumococcal
capsular PS (PPS) serotypes have been identified worldwide,
only a subset of these are responsible for the majority of
disease (1, 5, 29). Complement-dependent phagocytosis medi-
ated by anti-PPS antibodies provides protection against pneu-
mococcal disease; accordingly, pneumococcal vaccine develop-
ment has focused upon the induction of these antibodies (9, 17,
24, 32). The presently licensed pneumococcal vaccine, which
consists of a mixture of 23 different PPS serotypes, appears to
be efficacious in healthy adults; however, this vaccine is poorly
immunogenic in children under 2 to 3 years of age, a popula-
tion at increased risk for developing invasive pneumococcal
disease. New pneumococcal vaccines are being developed with
protein-conjugated forms of PPS (18, 20, 32), a strategy that
has proven to be successful in generating immunogenic and
efficacious pediatric vaccines for Haemophilus influenzae type b
(Hib) (11).

The evaluation of pneumococcal vaccines involves a sero-
logical assessment of anti-PPS antibody responses, with the
aim of developing reliable surrogates of vaccine protective
efficacy. While the serum anti-PPS antibody concentration is
typically considered the primary index of response and protec-
tion (32, 33), properties such as avidity (14) and opsonophago-
cytic activity (9, 30) may be important surrogates as well. Re-
cently, Anttila and colleagues observed avidity differences
among PPS-specific antibodies elicited in infants following vac-
cination with different PPS-protein conjugate vaccines and
showed that avidity may be influenced by the type of PPS
conjugate used for vaccination (4).

The relationship between anti-PPS antibody avidity and pro-
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tective efficacy has not been investigated to date. Although
studies of the human antibody response to Hib PS have directly
implicated avidity as a determinant of antibody bactericidal
and rat-protective activities (2, 14, 22, 31), it is not known
whether these conclusions are generally applicable to antibody
responses to the various capsular serotypes of pneumococci.
This issue is particularly important since, unlike the situation
with immunity to Hib, which is mediated principally by bacte-
ricidal antibody, opsonophagocytosis functions as the primary
effector mechanism in immunity to pneumococci.

In the present report, we determined the avidities of immu-
noglobulin G2 (IgG2) antibodies specific for PPS 6B and 23F
elicited in adults following PPS vaccination and examined the
relationship between avidity and protective activities. We stud-
ied antibodies to PPS capsular serotypes 6B and 23F because
these two serotypes of pneumococci are a frequent cause of
disease, are components of experimental conjugate vaccines
presently under evaluation in clinical trials (18, 20, 32), and are
structurally disparate. PPS 6B is a straight-chain negatively
charged polymer consisting of repeating units of galactose-
glucose-rhamnose-ribitol phosphate, whereas PPS 23F is a
branched-chain negatively charged polymer of glucose-galac-
tose-rhamnose with glycerol phosphate and rhamnose attached
to the galactose unit via esterification.

MATERIALS AND METHODS

Human subjects and vaccinations. The sera available for analysis were either
from a previous study (23) or from a group of 20 healthy adults who were
vaccinated with 23-valent PPS vaccine essentially as described before (23). In-
formed consent was obtained from all volunteers, and protocols were reviewed
by the Institutional Review Board of Children’s Hospital Oakland. Peripheral
blood samples were taken prior to vaccination and approximately 30 days after
vaccination. Serum was heat inactivated by heating at 56°C for 30 min and was
stored frozen until used. The antibodies used for avidity and functional analyses
were derived from a subset of the vaccinated subjects. The principal criteria for
selection of subjects were availability of sufficient serum and the exclusive pres-
ence of IgG2 anti-PPS 6B and 14 antibodies following protein G purification (see
below).

Preparation of IgG fractions. Gamma globulins were prepared by precipita-
tion of serum (30 day postvaccination) with 50% saturated ammonium sulfate.
1gG fractions were isolated from gamma globulins with protein G (PerSeptive
Biosystems, Framingham, Mass.) by high-pressure liquid chromatography. The
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IgG fractions were adsorbed with S. pneumoniae common cell wall PS (Statens
Seruminstitut, Copenhagen, Denmark) coupled to agarose, spun at 100,000 X g
for 1 h, sterilized by filtration, and stored at 4°C. Anti-PPS antibodies in the
protein G fractions were evaluated for the expression of IgM, IgA, and IgG
subclasses by a previously described enzyme-linked immunosorbent assay (18).
The IgG samples chosen for avidity and functional analyses contained anti-PPS
6B and 14 antibodies restricted to the IgG2 subclass. IgM and IgA antibodies
were undetectable, and comparison to the respective assigned values of reference
serum 89SF (28) indicated that IgA and IgM, if present, comprised less than
0.5% of the anti-PPS antibody activity.

Measurement of anti-PPS antibody concentrations and avidity. The prepara-
tion of radiolabeled PPS and the radioantigen binding assay for determination of
concentrations of antibodies to PPS 6B and 23F have been described elsewhere
(23). A modification of this assay, similar to that previously described for anti-
Hib PS antibodies (16), was used to measure anti-PPS antibody avidity. Briefly,
PPS binding was assessed at two radioantigen concentrations, ~0.1 and ~0.007
nM (assuming an average molecular weight of 100,000 for each PPS). Binding at
the higher radioantigen concentration was used to calculate anti-PPS antibody
concentrations as calibrated with reference serum 89SF (23, 28). Avidity was
determined by evaluating binding at the lower radioantigen concentration. Avid-
ity was calculated as F,/{(1 — F,) X [IgG]}, where F,, is the fraction of radio-
antigen bound and [IgG] is the molar concentration of PPS-specific IgG. F,
values were determined at several IgG concentrations, and the mean avidity was
calculated from values falling on the linear portion of the binding curve. Avidity
indices reported for individual IgG2 anti-PPS 6B and 23F antibodies represent
the arithmetic mean of at least three independent determinations.

Opsonophagocytosis assay. Opsonophagocytosis was performed essentially as
described elsewhere (30). Briefly, HL-60 myelomonocytic cells were cultured for
5 days in the presence of 100 mM dimethylformamide. Opsonophagocytosis
reaction mixtures consisted of 4 X 10° human HL-60 myelomonocytic cells per
40-pl volume, 10 wl of antibody, ~1,000 mid-log-phase pneumococci per 20-ul
volume, and 10 pl of newborn rabbit serum as a source of complement. After 60
min at 37°C, aliquots of the mixtures were diluted and plated on blood agar. The
number of pneumococcal colonies was counted after overnight incubation. Per-
cent killing (opsonophagocytic activity) was calculated as 100 X [(CFU;,, —
CFU 140)/CFU 1], where CFU 4y is the number of viable pneumococci added per
well at the start of the assay and CFU is the number of viable pneumococci
after 60 min of incubation. Antibodies were tested in duplicate at several con-
centrations. The 6B strain BG7322 was provided by David Briles, University of
Alabama, Birmingham, and the 23F strain 92A-3248 was obtained from the State
of California Department of Health Services, Berkeley.

Mouse protection assay. The mouse protection assay was based upon the
procedure of Briles and colleagues (7, 8). Briefly, CBA/N xid mice received a
subcutaneous injection of sterile phosphate-buffered saline or antibody. After
24 h, mice received an intraperitoneal injection of 10 to 15 6B pneumococci
(strain BG7322) freshly grown to the mid-log phase. The number of pneumo-
cocci in the inoculum was determined by plating on blood agar. Peripheral blood
samples were taken 24 h later, and the number of pneumococci in the blood was
determined by plating on blood agar. Each antibody preparation was tested at
multiple doses with at least five mice per dose. For purposes of summarizing the
results, a protective dose was defined as the amount of antibody required to
prevent lethal bacteremia, i.e., 10* organisms per ml of blood.

RESULTS AND DISCUSSION

We determined the avidities of IgG antibodies specific for
PPS 6B and 23F isolated from sera of adults who had been
vaccinated with a polyvalent pneumococcal vaccine. We chose
to evaluate antibodies of the IgG class, since it is the predom-
inant isotype of serum PPS-specific antibodies. The PPS 6B-
and 23F-specific antibodies in these fractions were restricted to
the IgG2 subclass, as determined by an enzyme-linked immu-
nosorbent assay. By controlling for heavy-chain isotype, we
avoided the possible confounding properties of complement
fixation and multivalence that can differ between the different
immunoglobulin classes and subclasses. The pneumococcal
vaccine used for immunization contains, in addition to PPS,
the common cell wall PS of S. pneumoniae. To restrict our
analysis to capsular serotype-specific antibodies, antibodies re-
active to the common cell wall PS were removed by adsorption.
As shown in Fig. 1, avidity heterogeneity was present among
these adult vaccine-induced pneumococcal antibodies; the
avidities of PPS 6B- and PPS 23F-specific IgG2 antibodies
ranged from 6 to 31 nM ' and from 3 to 20 nM ', respectively.

We evaluated PPS 6B-specific antibodies for their ability to
protect CBA/N xid mice from lethal 6B pneumococcal bacte-
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FIG. 1. Avidities of anti-PPS 6B and anti-PPS 23F IgG2 antibodies. Each
circle represents the mean avidity of an individual adult IgG fraction prepared
from serum obtained 30 days after PPS vaccination. Avidities were determined
with a radioantigen binding assay, and the values shown represent the means *+
standard errors of the means for at least three independent assays.

remia. These experiments were limited to serotype 6B pneu-
mococci since serotype 23F pneumococci were essentially avir-
ulent. In this model of infection, intraperitoneal injection of as
few as 10 6B pneumococci elicited bacteremia within 24 h.
Mice having =10* organisms per ml of blood 24 h after inoc-
ulation died within 48 to 72 h (data not shown). The adminis-
tration of graded doses of PPS 6B-specific antibody 24 h prior
to infection resulted in dose-dependent protection against le-
thal bacteremia, and the amount of antibody required for pre-
vention of lethal bacteremia depended upon avidity (Fig. 2A).
A summary of these experiments showed a strong inverse cor-
relation between the magnitude of avidity and the amount of
antibody required for the prevention of lethal bacteremia (Fig.
2B).

To determine whether the relationship between avidity and
protective function was demonstrable in vitro and applicable to
another pneumococcal serotype, we examined the IgG2 anti-
bodies for their ability to mediate opsonophagocytosis of 6B
and 23F organisms. The degree of opsonophagocytosis of 6B
and 23F pneumococci depended upon both antibody concen-
tration and avidity (Fig. 3A). As was observed in vivo with
serotype 6B pneumococcal infection, avidity and opsonophago-
cytic activity were inversely related (Fig. 3B). Higher-avidity
antibodies to PPS 6B and 23F were more effective on a weight
basis than lower-avidity antibodies in mediating opsonophago-
cytosis.

The findings presented here demonstrate that avidities vary
among individual antibodies to PPS 6B and 23F, and this
variation in avidities is sufficient to confer differences in anti-
body protective efficacy, as assessed in vivo and in vitro. Since
the heavy-chain isotype of the antibodies studied here was
uniformly of the IgG2 subclass, the variation in protective
efficacy cannot be attributed to differences in effector func-
tions, such as complement fixation, but rather is due to the
differential ability of anti-PPS variable (V) domains to bind
PPS. The IgG preparations studied here should be considered
polyclonal in the strict sense; therefore, the avidity of an indi-
vidual sample represents a net value that could result from PPS
binding by different V domains. However, several studies in-
dicate that within individuals, serum PPS-specific antibody
populations are markedly oligoclonal and in some cases may
approach monoclonality (21, 23, 26). Thus, V-region diversity
within individuals is likely to be limited; accordingly, avidity
would reflect PPS binding by the predominant clone(s). Avidity
variation among anti-PPS antibodies could arise from intrinsic



INFECT. IMMUN.

2368 USINGER AND LUCAS
A

7 -
= Avidity (nv)-1
= 61 —eo— 31
2 —o— 14
O g —— 6
[=]
9
s 4]
£
[
g 37
°
©
m 2_

3
1 T T r
0 0.25 0.5 0.75 1
1gG2 Anti-6B Antibody
(ng/mouse)

. B
30+
"o 20
=
£
2
3
2 101
0 T T T
0 0.25 0.5 0.75 1
lgG2 Anti-6B Antibody for Protection
(ug/mouse)

FIG. 2. Protection of mice from lethal pneumococcal serotype 6B bacteremia correlates with anti-PPS 6B antibody avidity. (A) Prevention of pneumococcal 6B
bacteremia in CBA/N xid mice by three IgG anti-PPS 6B antibodies with different avidities. (B) Correlation between avidity and amount of anti-PPS 6B antibody
required to prevent lethal bacteremia. Each circle represents the amount of PPS 6B-specific IgG2 antibody required to prevent lethal pneumococcal 6B bacteremia (10*
organisms per ml of blood). Values shown were derived by testing each IgG antibody in at least three independent experiments. Within an experiment, each antibody
was tested at several concentrations with five mice per antibody dose. Linear regression gave a correlation coefficient of 0.92.

differences in their ability to recognize a single immunodomi-
nant PPS epitope or from differences in their antigenic fine
specificity (25).

Our data showing that avidity is a determinant of pneumo-
coccal antibody protective efficacy parallel previous studies of
human antibodies to Hib PS (2, 14, 22, 31) and murine IgM
antibodies to group B streptococci (27). Avidity differences
among anti-Hib PS antibodies elicited in infants by immuniza-
tion with Hib PS conjugate vaccines are sufficient to confer
marked differences in bactericidal and rat-protective activities
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(2,22, 31) and, interestingly, the distribution of serum antibody
avidities correlates with the type of Hib PS conjugate used for
vaccination (2, 15, 22, 31). A similar phenomenon may occur in
the responses of infants to experimental PPS conjugate vac-
cines (4) which, like Hib PS conjugate vaccines, differ in the
sizes of the PS moieties, the carrier proteins, and their conju-
gation chemistry (18, 20, 32).

Disparities in anti-PPS antibody avidity would assume
greater importance in vivo when antibody concentrations are
limiting, for example, in the naive repertoires of infants fol-
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FIG. 3. Opsonophagocytosis of pneumococci correlates with anti-PPS antibody avidity. (A) Opsonophagocytosis (O/P Killing) of serotype 6B and 23F pneumococci
by two anti-PPS 6B and two anti-PPS 23F IgG2 antibodies. (B) Correlation between avidity and the amount of antibody required for opsonophagocytosis of
pneumococci. Each circle represents the amount of PPS 6B- or PPS 23F-specific IgG2 antibody required to achieve 50% opsonophagocytosis activity (O/P Activity).
Values shown were derived by testing each IgG antibody at several doses in at least three independent experiments. Linear regression gave a correlation coefficient
of 0.96 for both PPS 6B- and PPS 23F-specific antibodies. SEM, standard error of the mean.
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lowing their primary vaccination or at later times following
vaccination when antibody levels have declined. Furthermore,
avidity differences among PPS-specific precursor B-lymphocyte
populations could influence not only which clones initially are
activated but also which clones enter the memory pool or
assume prominence during the course of the response as they
compete for diminishing levels of available antigen. In keeping
with this suggestion is the finding that the avidity of antibodies
to Hib PS serves as a surrogate for the successful induction of
immunological memory in infants (13).

Avidity is germane to the concept that a single concentration
of circulating antibody can be assigned as a surrogate for pro-
tective efficacy; this concept has been invoked in a theoretical
context (10) and in the practical need to establish reliable
indicators of protective immunity for both immunotherapy and
vaccine evaluation (3, 14, 19, 33). Our data show that on a
weight basis, higher-avidity anti-PPS antibodies are more ef-
fective than lower-avidity antibodies in mediating protective
functions, a result suggesting that immunity against invasive
pneumococcal disease depends on both antibody concentra-
tion and avidity. Thus, assignment of a single concentration of
anti-PPS antibody may not suffice as an adequate surrogate for
protection. The relevance of this issue for vaccine evaluation is
underscored by the recent demonstration of avidity heteroge-
neity of anti-PPS antibodies elicited in infants vaccinated with
new experimental PPS-protein conjugates (4).

Finally, it is important to note that avidity may not serve as
a universal indicator of antibody protective efficacy. A recent
study of murine monoclonal antibodies to vesicular stomatitis
virus showed a lack of correlation between antivirus avidity and
protective efficacy in a mouse model of infection (6). The
majority of the antiviral antibodies apparently had exceeded a
minimum avidity threshold for protection such that further
increases in avidity did not lead to discernible improvements in
protective function (6, 12). Vaccine-induced human PPS-spe-
cific antibodies differ from murine monoclonal antibodies to
vesicular stomatitis virus in that they have not exceeded this
putative threshold; therefore, their avidity variation is still
meaningful with respect to protective function. Indeed, unlike
antibodies to viral surface proteins, antibodies reacting with
carbohydrate determinants of bacterial capsules may never
achieve avidities sufficiently high to cross a threshold such that
their protective function becomes independent of concentra-
tion. The results presented here lead us to conclude that avid-
ity plays a fundamental role in human immunity to pathogenic
encapsulated pneumococci.
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