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Elderly individuals are susceptible to pneumococcal infections. Although factors contributing to the increased suscep-
tibility of the elderly to bacterial infections may be several, compromised immune function, a consequence of normal
human ageing, is widely accepted to play a role. We evaluated the effect of ageing on the concentrations of naturally
acquired antibodies to pneumococcal capsular polysaccharides (PPS) and protein antigens. The concentrations of
immunoglobulin G (IgG) and IgM antibodies to the PPS of serotypes 3, 4, 6B, 9V, 14, and 23F and IgG antibodies to the
pneumococcal virulence-associated proteins CbpA, LytC, PhtD and its C-terminal fragment (PhtD C), NanA, PspA faml,
and PspA fam2 were measured by enzyme immunoassay in the sera of younger (30 to 64 years of age) and elderly (65 to
97 years of age) adults. The concentrations of anti-PPS IgG against serotypes 3 and 6B, of anti-PPS IgM against serotypes
3, 4, 6B, 9V, and 23F, and of anti-protein IgG against all tested antigens were significantly lower in the elderly than in
younger adults. A stronger decline in anti-PPS antibody concentrations was seen with age in women compared to men,
while anti-protein antibody concentrations were mainly similar between the genders. Age, gender, and the nature of the
antigen have substantial and varying effects on the antibody concentrations in the sera of adults.

Streptococcus pneumoniae causes a wide variety of infections,
ranging from common upper respiratory tract infections to
rare, severe, and potentially life-threatening conditions, includ-
ing pneumonia, bacteremia, and meningitis. A major individ-
ual risk factor for pneumococcal infections is ageing (40),
which can be seen by the increasing incidence of community-
acquired pneumonia (CAP) and invasive pneumococcal
disease (IPD) in the elderly. S. pneumoniae is an important
pathogen in CAP (10), a common disorder among the aged.

Ageing of the immune system contributes to the increased sus-
ceptibility to infections in the elderly, although many coexisting
chronic illnesses accumulated in elderly people likely act as impor-
tant underlying cofactors (6). The mechanisms involved in the im-
paired immune defense are still poorly understood. Ageing is known
to have widespread effects on the immune system, including de-
creases in B- and T-lymphocyte production, as well as perturbations
in the function of mature B and T cells (24, 44). These age-associated
changes lead up to an impairment of both humoral and cell-medi-
ated immunity, causing a generalized decrease in immune respon-
siveness. As a consequence, the duration of humoral response is
shorter and the quality of produced immunoglobulins is impaired in
the aged compared to younger adults (21).

Exposure to S. pneumoniae induces natural antibodies against
pneumococcus in the sera of children (29, 42) and adults (11).
Existing data on the concentrations of antibodies against pneu-
mococcal antigens acquired during periods of pneumococcal car-
riage and disease in an unvaccinated elderly population are lim-
ited. Concentrations of immunoglobulin G (IgG) antibodies to
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pneumococcal capsular polysaccharides (PPS) have been found
to remain unchanged or decrease by age, depending on the sero-
type and the study (1, 33, 35). Age-specific development of anti-
body concentrations to pneumococcal proteins PsaA, PspA, and
pneumolysin from young to old has been assessed in a Kenyan
study with no decline in ageing adults (20). No previous data are
available on the concentrations of IgM antibodies to PPS in the
elderly, but a dramatic decline in the numbers of IgM memory B
cells has been found with ageing (38).

We determined the concentrations of naturally acquired IgG
and IgM antibodies in a large number of sera from younger (30 to
64 years of age) and elderly (=65 years of age) adults to PPS of
six serotypes commonly causing IPD in the elderly. In addition,
the concentrations of IgG antibodies to seven essential pneumo-
coccal virulence-associated proteins were analyzed. The antibody
results of the elderly were compared to those of the younger
adults to evaluate whether any age-associated changes could be
demonstrated in the antibody concentrations. We found that age,
gender, and the nature of the antigen have substantial and varying
effects on the antibody concentrations in the sera of adults.

MATERIALS AND METHODS

Study population and clinical samples. Serum samples for the purposes of the
present study came from the Health 2000 Study, a nationally representative health
survey of 9,922 adults aged 18 years or older, carried out in Finland in 2000 to 2001
(http://www.ktl.fi/health2000). A serum sample of each participant aged 30 years or
older has been reserved for infectious disease serology. The study protocol was
accepted by the project group of the Health 2000 study and evaluated by the ethics
committee of the National Public Health Institute. Altogether, 600 randomly picked
serum samples were received: 300 samples from younger adults (aged 30 to 64 years;
150 men and 150 women), with a mean age of 48 years, and 300 samples from elderly
adults (aged 65 to 97 years; 150 men and 150 women), with a mean age of 77 years.
The 300 younger adults were further stratified into three age groups with mean ages
of 37 (30 to 44 years; n = 100), 48 (45 to 54 years; n = 100), and 59 (55 to 64 years;
n = 100) years. The 300 elderly adults were further stratified into three age
groups with mean ages of 69 (65 to 74 years; n = 120), 79 (75 to 84 years; n
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FIG. 1. Effect of ageing and gender on naturally acquired serum IgG antibodies against PPS in adults. (A) Anti-PPS IgG antibodies in the sera
of younger (n = 300) and elderly (» = 300) adults. *, P < 0.05 (Student ¢ test). (B) Anti-PPS IgG antibodies in the sera of younger men (n = 150)
and women (n = 150) and in the sera of elderly men (n = 150) and women (n = 150). *, P < 0.05 (Student ¢ test).

= 120), and 88 (=85 years; n = 60) years. None of the participants had
received pneumococcal vaccination. Concentrations of IgG antibodies to PPS
and protein antigens were measured in all sera available. The concentrations
of IgM antibodies to PPS were measured in a subgroup of 240 randomly
picked sera from younger (aged 30 to 63 years; 60 men and 60 women) and
elderly (aged 65 to 97; 60 men and 60 women) adults.

Measurement of antibodies to PPS and proteins. (i) Antigens for enzyme
immunoassay (EIA). (a) Polysaccharide antigens. The PPS of types 3, 4, 6B, 9V,
14, and 23F were obtained from the American Type Culture Collection (Man-
assas, VA). These serotypes are important pathogens in the elderly population in
Finland (17, 34) and have different immunogenic profiles (39).

(b) Protein antigens. The recombinant CbpA, LytC, PhtD, and the C-terminal
fragment of PhtD (PhtD C) were received from GlaxoSmithKline Biologicals (Rixen-
sart, Belgium). The recombinant PhtD C comprised the C-terminal end of the PhtD
protein, the putatively exposed and protection-eliciting part of PhtD. The recombinant
PspA family 1 and 2 antigens (PspA1 and PspA2) and NanA were kindly provided by D.
Briles and S. Hollingshead from the University of Alabama (Birmingham).

(ii) EIA for serum IgG and IgM anti-PPS antibodies. A modification of the 22F
inhibition EIA method applied by the WHO reference laboratory at the Institute of
Child Health (London, United Kingdom) was used to measure the concentrations of
anti-PPS IgG and IgM in human sera (http://www.vaccine.uab.edu/). Briefly, purified
PPS were mixed with phosphate-buffered saline (PBS), except for capsular PPS of
serotype 3 that was mixed with methylated human serum albumin (5 wg/ml), and
were adsorbed onto the wells of Maxisorp microtiter plates (Nunc, Roskilde, Den-
mark) overnight at 22°C or for 5 h at 37°C. The plates were washed between each
step four times with PBS containing 0.05% Tween 20 (PBS-T), except before the
substrate, when they were washed thrice with PBS-T and twice with purified water.
The wells were blocked with 10% fetal bovine serum in PBS (PBS-F) for 1 h at 37°C.
Serum samples were diluted in PBS-F containing 10 pg of cell wall polysaccharide
(Statens Serum Institut, Copenhagen, Denmark)/ml and 30 pg of PPS of serotype
22F (ATCC)/ml and were incubated overnight at 4°C. 89-SF4 reference serum
received from the U.S. Food and Drug Administration was diluted in PBS-F con-
taining 10 pg of cell wall polysaccharide only/ml and incubated overnight at 4°C. The
sera were further diluted in the wells of microtiter plates with PBS-F and incubated
for 2 h at 37°C. The bound antibodies were detected by using alkaline phosphatase-
conjugated anti-human IgG and anti-human IgM (Sigma Immuno Chemicals, St.
Louis, MO) diluted in PBS-F and incubated for 2 h at 37°C. The color was developed
by using a substrate solution containing 1 mg of p-nitrophenyl phosphate disodium
(Sigma Immuno Chemicals, St. Louis, MO) in 1 ml of carbonate buffer (pH 9.8),
followed by incubation of the plates for 1 h at 37°C. The optical densities were
measured at 405 nm. The results are expressed as micrograms per milliliter calculated
on the basis of the assigned IgG and IgM concentrations in reference serum 89-SF4 (28).

If the antibody concentration was less than the limit of quantitation, the concentration
was assigned a value of half of the quantitation limit. The reproducibility of the EIA was
confirmed by using two control sera on each plate. Depending on the PPS antigen used,
the interassay coefficient of variation of the control sera for anti-PPS IgG and for
anti-PPS IgM ranged from 10 to 20% and from 13 to 22%, respectively.

(iii) EIA for serum IgG anti-protein antibodies. Briefly, the pneumococcal
recombinant protein antigens CbpA, LytC, NanA, PhtD, and PhtD C were mixed
with PBS and adsorbed onto the wells of Greiner (Greiner Bio-One, Frickenhausen,
Germany) microtiter plates overnight at 4°C. Maxisorp microtiter plates were used
for recombinant PspA1 and PspA2 antigens. The plates were washed, and the wells
were blocked as described above. Serum samples were diluted in PBS-F and pipetted
in duplicates onto the wells of microtiter plates. The plates were incubated, and
bound antibodies were detected as described above. The color was developed, and
the optical densities were measured as described above. The results for the anti-
CbpA, anti-LytC, anti-PhtD, and anti-PhtD C concentrations were calculated in
micrograms per milliliter by using the reference serum Lucron H006W11 (Lucron
Bioproducts, De Pinte, Belgium) assigned by the method of Zollinger and Boslego
(45) to contain 23.49, 3.89, 12.31, and 2.99 pg of anti-CbpA, anti-LytC, anti-PhtD,
and anti-PhtD C/ml, respectively. Anti-NanA, anti-PspAl, and anti-PspA2 antibody
concentrations were calculated in micrograms per milliliter by using the reference
serum Sandoglobulin (Sandoz, Nurnberg, Germany) assigned to contain 14.43,
15.96, and 12.39 pg of anti-NanA, anti-PspA1, and anti-PspA2/ml, respectively. The
reference serum was calibrated against a human serum pool provided by David
Briles and Susan Hollingshead with assigned antibody concentrations to PspAl (25),
PspA2, and NanA. If the antibody concentration was less than the limit of quanti-
tation, the concentration was assigned a value of half of the quantitation limit. The
reproducibility of the EIA was confirmed by using two control sera on each plate.
Depending on the protein antigen used, the interassay coefficient of variation of the
control sera ranged from 14 to 21%.

Statistical methods. The results are reported as geometric mean concentra-
tions (GMCs) with 95% confidence intervals (CI). Log-transformed data were
used for the statistical comparisons. Antibody concentrations between age and
gender were compared by using the Student ¢ test.

RESULTS

Effect of ageing and gender on naturally acquired anti-PPS
IgG. Concentrations of IgG antibodies to PPS, especially to
serotype 4, were low in both younger and elderly adults (Fig.
1A). The GMCs of antibodies to serotypes 3 and 6B were
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FIG. 2. Effect of ageing on naturally acquired serum IgG antibodies against serotype 3 and 6B PPS in further stratified age groups with mean
ages of 37, 48, 59, 69, 79, and 88 years (n = 100, 100, 100, 120, 120, and 60, respectively).

significantly lower in elderly than in younger adults (P < 0.001
and P = 0.017, respectively). Stratification of data to six age
groups showed a clear decrease in antibody concentration to
serotype 3 with ageing and a slight decrease in antibody con-
centration to serotype 6B with ageing (Fig. 2). For other sero-
types tested, the GMCs of antibodies did not differ significantly
between younger and elderly individuals. Further stratification
of data did not provide additional information; there was vari-
ation in antibody concentrations with age (data not shown).

At younger ages, women tended to have higher antibody
concentrations than men to all tested serotypes, except sero-
types 4 and 9V (Fig. 1B). Younger women had significantly
higher concentrations of anti-6B (P = 0.030) and anti-23F (P =
0.007) antibodies than younger men, while men had higher
concentrations of anti-4 antibody than women (P = 0.037)
(Fig. 1B). In elderly men and women the concentrations of
anti-PPS antibodies to all serotypes were similar (Fig. 1B).
Elderly women had significantly lower anti-PPS antibody con-
centrations than younger women to serotypes 3 (P < 0.001), 6B
(P = 0.009), and 23F (P = 0.006), while elderly men had lower
antibody concentrations than younger men to serotype 3 only
(P < 0.001).

Effect of ageing and gender on naturally acquired anti-PPS
IgM. The GMCs of IgM antibodies to PPS were significantly
lower in elderly than in younger adults for all tested serotypes,
except for type 14 (Fig. 3A). Stratification of data showed an
age-dependent decrease in IgM antibody concentrations to all
serotypes; types 3, 9V, and 14 represent various effects of
ageing on IgM concentration (Fig. 4).

Younger women had significantly higher anti-PPS IgM con-
centrations than younger men for all serotypes, while in elderly
men and women the anti-PPS IgM concentrations were simi-
lar, except for serotype 14 (Fig. 3B). In women, the GMCs of
anti-PPS IgM antibodies decreased significantly with age for
serotypes 3, 4, 6B, 9V, and 23F. In men, the decreases were
significant for serotypes 4 and 9V only.

Effect of ageing and gender on naturally acquired anti-
protein IgG. The GMCs of antibodies to pneumococcal viru-
lence-associated proteins were significantly lower in elderly

than in younger adults for all antigens tested (Fig. SA). Strat-
ification of data to six age groups showed a clear decrease in
anti-protein antibody concentrations with ageing (Fig. 6).

In contrast to anti-PPS antibodies, the anti-protein IgG con-
centrations in younger men and women were similar (Fig. 5B).
Elderly women had significantly lower concentrations of anti-
bodies to CbpA (P < 0.001) and PspAl (P = 0.001) than
elderly men (Fig. 5B). Nevertheless, the GMCs in the oldest
age group (=85 years of age) were similar in men and women
(data not shown). Elderly women had significantly lower IgG
antibody concentrations than younger women to all protein
antigens but PspA2. In men, the decreases were significant for
CbpA, PhtD, PhtD C, LytC, and PspAl.

DISCUSSION

The objective of the present study was to determine the
effect of ageing on serum concentrations of naturally acquired
antipneumococcal antibodies. The IgG concentrations espe-
cially to pneumococcal virulence-associated proteins, as well as
to some PPS, and the IgM concentrations to PPS decrease with
increasing age. By subdividing the groups, age-dependent and
relatively steady decreases in antibody concentrations were
seen. A stronger decline in anti-PPS antibody concentrations
was seen with age in women compared to men, while the effects
of ageing on anti-protein IgG concentrations were similar be-
tween the genders.

Information on the concentration of antibodies to pneumo-
coccus acquired during the periods of pneumococcal carriage
and disease in an unvaccinated elderly population is sparse.
The concentrations of naturally acquired anti-PPS IgG anti-
bodies have been shown to either decrease or remain un-
changed with ageing. In a recent seroepidemiological study (1),
the serotype-specific IgG concentrations were shown to remain
high in older adults. However, the vaccination status of the
subjects was not reported, and the authors suggest that the
sustained antibody concentrations in adults aged =65 years
may partly result from 29% uptake of PPS vaccine in this
group. In an analysis of naturally acquired anti-PPS antibodies
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FIG. 3. Effect of ageing and gender on naturally acquired serum IgM antibodies against PPS in adults. (A) Anti-PPS IgM antibodies in the sera
of younger (n = 120) and elderly (n = 120) adults. *, P < 0.05 (Student ¢ test). (B) Anti-PPS IgM antibodies in the sera of younger men (n =
60) and women (n = 60) and in the sera of elderly men (n = 60) and women (n = 60). *, P < 0.05 (Student ¢ test).

in Finnish adults reported in 1996 (35), the elderly subjects had
significantly lower GMCs of antibodies than the younger per-
sons to five (serotypes 4, 6B, 9V, 19F, and 23F) of six studied
serotypes, while in the present study the GMCs of antibodies
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FIG. 4. Effect of ageing on naturally acquired serum IgM antibod-
ies against serotype 3, 9V, and 14 PPS in further stratified age groups
with mean ages of 37, 48, 59, 69, 79, and 88 years (n = 100, 100, 100,
120, 120, and 60, respectively).

to two of six serotypes were significantly lower in elderly com-
pared to younger adults. The difference between these two
studies may be partly associated with the lower specificity of
the EIA method used in 1996 compared to the currently used
EIA optimized for PPS specificity by an additional adsorption
step with the PPS of serotype 22F (14). In both studies, the
lowest GMCs for anti-PPS were detected with serotype 4,
which may be explained by poor immunogenicity of this PPS
and/or by the low carriage rate of serotype 4 in the adult
population (11, 30). The varying effect of ageing on IgG anti-
body concentrations to different PPS is in agreement with
previous studies (33, 35). It may reflect the differences in the
antigenic properties of pneumococcal capsular antigens com-
bined with different immune properties of young and elderly
adults and/or differences in the prevalence of pneumococcal
carriage by various serotypes.

The effect of ageing on serum IgG antibody concentrations
was found to be related to the nature of the pneumococcal
antigen: anti-protein IgG concentrations against all analyzed
pneumococcal proteins decreased significantly with age, while
the decrease in anti-PPS IgG was less pronounced and sero-
type dependent. This finding was interesting, but not surpris-
ing. In general, B-cell responses to foreign protein antigens are
T cell dependent, performed by B2 cells and modulated by
cytokines, while carbohydrate antigens are T cell independent
and stimulate B1 cells. Ageing has been suggested to compro-
mise antibody response of B2 but not Bl lymphocytes (15).
Accordingly, antibody responses to T-cell-dependent antigens
have been shown to be significantly more affected by ageing
than those to T-cell-independent antigens (23, 41). Changes in
B-cell function during ageing have been largely attributed to
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extent that ageing affects these responses. In earlier studies,
the IgG antibody concentrations against PPS antigens have
been lower in elderly women than in elderly men (32, 35). In
the present study, the mean antibody concentrations in elderly

underlying deficiencies in T-cell function (24), as well as to

changes in the B-cell repertoire (44).
There may be differences between men and women in the

immune response to different types of antigens and in the
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of 37, 48, 59, 69, 79, and 88 years (n = 100, 100, 100, 120, 120, and 60, respectively).
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women did not differ from those in elderly men, but a more
pronounced decrease in the anti-PPS IgG and IgM concentra-
tions was seen in women with ageing. At a younger age, the
concentrations of anti-PPS antibodies, especially IgM, were
found to be higher in women than in men. This difference may
partly reflect the higher exposure by younger women to the
pathogen when the household includes young children. However,
the difference was not seen in anti-protein antibody concentra-
tions, which tended to be slightly lower in women than in men.

Men generally have a greater risk for pneumococcal diseases
at all ages: both IPD (2, 3, 34) and CAP (17) are more common
among men than women. The factors contributing to the
greater susceptibility of men to IPD or CAP are not fully
understood. A recent study in the United States has, however,
found a slight but significant increase in the risk of IPD with
the pediatric serotypes among elderly women compared to
elderly men (9). Whether this reflects differences in exposure
to children between elderly men and women remains unclear.
Our antibody data are difficult to link with the disease suscep-
tibility: elderly men and women had similar antipneumococcal
antibody concentrations, but the decreases in antibody concen-
trations with ageing were more pronounced in women. An
explanation for the differences may partially lie in the func-
tionality of antibodies or in other immunological factors. Also,
physiological and lifestyle risk factors for pneumococcal infec-
tions, such as coronary artery disease, alcoholism, history of
smoking, and smoking-related lung diseases (3, 18, 22, 43),
which are more common in men than women, may play an
important role. Smoking at all ages is associated with more
numerous pneumococcal infections (26) and a higher carrier
rate for pneumococci (13), which may in turn result in in-
creased concentrations of antipneumococcal antibodies among
smokers, as suggested by our preliminary data (data not
shown).

Age-related changes in serum antipneumococcal antibody con-
centrations were mainly subtle, and their possible effect on the
age and/or gender distribution of pneumococcal diseases remains
uncertain. Interestingly, while IgG and IgM antibody concentra-
tions specific to pneumococcal antigens tended to decrease with
ageing, the serum levels of total IgG and IgM antibodies have
been shown to increase and remain unchanged, respectively, with
age (12). These data, combined with the previous data showing a
more marked reduction with age in functional activity than in
concentration of anti-PPS IgG antibodies after immunization
with PPS vaccine (PPSV) (8, 33), suggest a significant total effect
of ageing on functional antibody response to pneumococcus. Low
concentrations of IgM antibodies to bacterial capsular polysac-
charides and a low frequency of IgM memory B cells have been
shown to correlate with the susceptibility to infections with en-
capsulated bacteria (4, 19). IgM memory B cells are suggested to
have a function similar to that of mouse B1 lymphocytes in pro-
ducing natural IgM antibodies to offer immediate protection
against most microorganisms and principal protection against en-
capsulated bacteria (5). A dramatic decline in the number of IgM
memory B cells in the aged has been suggested to result in poor
humoral immunity against pneumococcal infections (38). The
significantly lower concentration of anti-PPS IgM antibodies in
the elderly compared to younger adults may thus contribute to the
increased incidence of pneumococcal diseases in the elderly.
Likewise, the significantly lower concentrations of anti-PPS IgM

CLIN. VACCINE IMMUNOL.

in younger men compared to younger women could partly explain
the greater susceptibility of men to pneumococcal diseases.

Studies of natural immunity against S. pneumoniae offer
important background information for pneumococcal vaccine
development. The vaccine currently recommended for the pre-
vention of pneumococcal infections in adults is PPSV. The
efficacy of PPSV against IPD in adults is well documented, but
the duration of protective immunity has proven to be shorter in
elderly adults than in younger adults (36). In pneumococcal
conjugate vaccines (PCV), the PPS antigens have been co-
valently coupled to a carrier protein to improve the immuno-
genicity of PPS antigens in children. Early studies using exper-
imental PCV to immunize elderly adults found antibody
responses induced by PCV and PPSV comparable (27, 37), but
recent studies have demonstrated the superiority of the com-
mercial 7-valent PCV (7, 16). The current infant vaccine covers
only 56% of the serotypes causing IPD in the elderly in the
United States (31). Pneumococcal proteins are currently being
evaluated as a potential alternative approach for antipneumo-
coccal immunization with broader coverage. Several candidate
proteins have proved to be strongly protective against pneu-
mococcal carriage and disease in animal models, but the pro-
tective value of the antibodies induced by these proteins in
humans is unclear. Whether the decline in naturally acquired
anti-protein antibody concentrations with ageing found in the
present study holds true also for vaccine-induced anti-protein
antibodies and whether these antibodies are protective against
pneumococcal infections in humans remain to be determined.

In conclusion, we have analyzed the age- and gender-specific
concentrations of natural antipneumococcal antibodies with
ageing in Finnish adults. We found that particularly the IgG
antibody concentrations to pneumococcal protein antigens and
the IgM antibody concentrations to PPS antigens decrease
significantly with increasing age. A stronger decline in anti-PPS
antibody concentrations was seen with age in women than in
men. These findings suggest an impairment of the immune
defenses consistent with the increasing incidence of pneumo-
coccal infections in the elderly. The antibody concentrations
do not, however, tell the whole truth, and it is therefore im-
portant to also study the possible age-associated changes in
functionality of these antibodies.
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