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The upper airway rapidly becomes colonized with bacteria
after birth. Although the majority of members of the normal
flora are nonpathogenic, potential pathogens such as Streptococcus pneumoniae and Moraxella catarrhalis initiate colonization early in life in a manner similar to nonpathogens and continue to colonize the host throughout childhood. By 6 months
of age, more than one-third of children will have been colonized with S. pneumoniae and more than one-half will have
been colonized with M. catarrhalis (10). Between 6 and 12
months of life, approximately one-fourth of children will
be colonized monthly with one or both of these pathogens
(10). Typically, the pathogens remain in the airway for several
months before disappearing or are replaced by a different
strain of the same pathogen (1, 13, 18, 22). The host factors
responsible for elimination of the pathogen are not well understood. However, experience with another airway pathogen,
nontypeable Haemophilus influenzae, suggests that the local
immune response may play a role in controlling the trafficking
of the organisms (9, 14).
Pneumococcal surface protein A (PspA) and the high-molecular-weight protein of the outer membrane of M. catarrhalis
(UspA) were selected as target antigens for immunologic study
because they are both potential vaccine candidates. The plan
of this study was to determine whether these antigens were
recognized as immunogens in young children and whether the
magnitude or presence of the response correlated with known
information about the colonization status of the children.

through the age of 2 years. They were examined monthly from 1 to 6 months of
age and then at 8, 10, 12, 15, 18, 21, and 24 months. At each of these visits, a
nasopharyngeal culture was obtained. Middle ear pathogens such as S. pneumoniae, M. catarrhalis and nontypeable H. influenzae were identified in the
culture (10). Because the original study was designed to focus on the local
immune response to nontypeable H. influenzae, nasopharyngeal secretions (NPS)
were collected 1 month after the initial colonization with nontypeable H. influenzae for antibody determinations (14). Thus, the NPS may have been collected
before, during, or after colonization with S. pneumoniae and M. catarrhalis.
Thirty children represent the study group in this report. Seventeen of the children were colonized with either S. pneumoniae or M. catarrhalis prior to the
collection of NPS; 13 children were not colonized.
Three adults with chronic lung disease were also selected for study. They were
part of a large prospective study being conducted by T. Murphy and associates at
the Veterans Administration Hospital in Buffalo, N.Y. The adults were examined
monthly after entry into the study. At each visit, sputum samples were collected.
Potential pathogens such as S. pneumoniae, M. catarrhalis, and nontypeable
H. influenzae were identified in culture.
A total of 80 children and 10 adults provided blood samples for serum antibody determinations. The children had been monitored prospectively from the
age of 2 months through 5 years as part of a poliovirus vaccine trial (8). A pool
of sera from 10 children was prepared at 2, 4, and 5 months and 1, 2, 3, 4, and
5 years. A pool of sera from 10 normal adults was also prepared.
Preparation of NPS, sputa, and sera for antibody determinations. NPS were
aspirated via a soft plastic catheter into a trap. A 1-ml volume of saline was
aspirated through the catheter to remove residual secretions. The secretions
were delivered to the laboratory on ice. The secretions were centrifuged at 2,000
rpm for 10 min to remove large particles. The supernatants were filtered through
a 0.45-m-pore-size filter. The filtrates were frozen at ⫺70°C until assayed for
antibody. Sputa were processed in a similar manner except for the use of saline.
Sera were separated from whole blood by centrifuging for 10 minutes at 2,000
rpm. The sera was frozen at ⫺70°C until assayed for antibody. Ten sera were
pooled for antibody determinations for each age group.
Antigens for the enzyme-linked immunosorbent assay (ELISA). The PspA
from S. pneumoniae strain Rx1 was used for this study. Recombinant Rx1 PspA
was purified by nickel affinity chromotography from a cloned gene product which
includes amino acids 1 to 303 of the mature PspA protein and is 37 kDa long
(29). Rx1 PspA is a representative member of one of two major families of PspA
molecules. UspA of M. catarrhalis came from strain 25240 (17). The UspA
preparation produced a band with a molecular mass of approximately 400 kDa
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis with Coomassie
blue staining.
Procedure for ELISA. The wells in a 96-well microtiter plate (Immulon 1B;
Dynex Technologies, Chantilly, Va.) were coated overnight at room temperature
with 100 l of M. catarrhalis UspA containing 0.25 g of protein per ml in

MATERIALS AND METHODS
Study populations. In 1990, we initiated a prospective study of nasopharyngeal
colonization and otitis media. Children were enrolled at birth and monitored
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Streptococcus pneumoniae and Moraxella catarrhalis are two common respiratory pathogens, colonizing as
many as 54 and 72% of children, respectively, by 1 year of age. The immune responses to surface protein A of
S. pneumoniae (PspA) and the high-molecular-weight outer membrane protein of M. catarrhalis (UspA) in the
sera of various age groups in the general population and in the nasopharynges of 30 children monitored from
birth through 1 year of age were evaluated. Immunoglobulin G (IgG) was the dominant serum antibody to PspA
and UspA. Whereas the serum antibody response to PspA peaked in childhood, the antibody response to UspA
peaked in adulthood. In the first 2 years of life, comparable amounts of IgM and IgG antibodies to both
proteins were observed. In older persons, IgG antibodies to both antigens predominated over IgM antibodies.
The levels of IgA antibody to these antigens in serum remained low during the first 2 years of life. The levels
of IgM antibody to the two antigens in serum exceeded the levels of IgA antibody to the same two antigens
throughout life. Although IgA was the dominant antibody to PspA and UspA in airway secretions, it was
detected in a minority of the children (3 of 15 for PspA and 0 of 15 for UspA). Even the majority of the children
previously colonized with these pathogens lacked antibody to them in their secretions.
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carbonate-bicarbonate coating buffer (pH 9.6) or 100 l of S. pneumoniae PspA
containing 1 g of protein per ml. The wells were washed three times with phosphate-buffered saline (PBS) (pH 7.2)–0.05% Tween 20. NPS, sputa, and sera
were similarly diluted in PBS–0.05% Tween 20–1% bovine serum albumin and
added to the wells in 100-l volumes. The plates were incubated at room temperature for 2 h. Preliminary studies demonstrated that 2 h of incubation was
optimal. At the same time, a microtiter plate for immunoglobulin standards was
prepared. The wells were coated with rabbit anti-human immunoglobulin G
(IgG) (1:10,000), rabbit anti-human IgM (1:5,000), or rabbit anti-human IgA
(1:20,000) (Dako Corp., Santa Barbara, Calif.) in carbonate-bicarbonate coating
buffer and incubated overnight at room temperature. The wells were washed
three times with PBS–0.05% Tween 20. Portions (100 l) of decreasing concentrations of pure human IgG, IgM, or IgA, starting with 0.85, 0.29, and 0.25 g/ml,
respectively, were added, and the wells were incubated at room temperature for
2 h. The wells were washed three times in PBS–0.05% Tween 20. Horseradish
peroxidase-conjugated rabbit anti-human IgG (1:10,000), IgM (1:5,000), or IgA
(1:20,000) were added to the wells (100 l per well), and the wells were incubated
for 1 h at 37°C. The wells were washed three times in PBS–0.05% Tween 20
before 100 l of o-phenylenediamine dihydrochloride (OPD; Sigma Chemical
Co., St. Louis, Mo.), prepared in citrate buffer (pH 5.0), was added at 1 g/ml.
The OPD was incubated for 30 min in the dark. The reaction was stopped by
adding 75 l of 1 N H2SO4 to each well. Antibody concentrations were calculated
from the standard isotypic immunoglobulin curve and expressed as micrograms
or nanograms of antibody per milliliter.
The optimal concentrations of UspA and PspA needed to coat the wells were
determined in premilinary studies by conducting dose-response experiments.
The optimal concentrations of anti-human IgG, IgM, and IgA reagents were
determined by checkerboard analysis. Preliminary studies with hypogammaglobulinemic sera demonstrated the specificity of the ELISA reactions. Two
normal adults provided NPS, prepared in the same manner as for the samples
from the children, as positive controls for the NPS assays with young children. A
pool of NPS from 50 children younger than 1 year in the original study group was
also used as a positive control for subsequent NPS assays to ensure the stability
of IgA stored in our freezer for ⬎8 years. These controls demonstrated detectable levels of total and specific IgA but low or no detectable levels of total and
specific IgG or IgM. The sensitivity of the IgG, IgM, and IgA assays were 1, 5,
and 5 ng/ml, respectively.
Statistics. All comparasions between two groups were assessed by the MannWhitney U test for independent samples. Less than 5 ng of IgM and IgA per ml
and less than 1 ng of IgG per ml were assigned the value 0. The results are presented as P values. All statistical tests were based on a significant value of P ⬍ 0.05.

RESULTS
Serum antibody. The age groups selected for study were
children of 2, 4, and 5 months and 1, 2, 3, 4, and 5 years and
adults between 20 and 60 years. Total levels of IgG, IgM, and
IgA in serum as well as specific antibody concentrations of
PspA of S. pneumoniae and UspA of M. catarrhalis in serum
were determined. As seen in Fig. 1a and b, IgG was the dominant antibody class of specific antibody detected, followed by
IgM. Interestingly, there was little if any IgG antibody response
until 2 years of age, even though the total IgG concentrations
rose rapidly in the first 2 years (Fig. 2). The pattern of specific
IgG antibody differed between the two pathogens. The response to PspA was more robust and peaked during childhood.
Levels of PspA IgG antibody in adults declined to levels seen
at 36 months. In contrast, the UspA IgG antibody level rose

FIG. 2. Total IgG (}), IgM (Œ), and IgA (■) antibody levels in serum according to age.
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FIG. 1. Antibody to PspA of S. pneumoniae and UspA of M. catarrhalis in serum according to age. (a) PspA-specific antibody; (b) UspA-specific antibody; (c)
PspA-specific antibody/total antibody; (d) UspA specific antibody/total antibody. }, IgG; Œ, IgM; ■, IgA.
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TABLE 1. IgA antibody to PspA of S. pneumoniae
in NPS of children
Age (mo) at time of a:
Subject

Colonization

Noncolonized
1
2.5
2
4.0
3
4.1
4
4.2
5
4.4
6
4.5
7
6.0
8
9.0
Mean ⫾ SD 4.8 ⫾ 1.9a
Colonized
1
3.9
2
5.0
3
5.2
4
6.0
5
7.5
6
7.5
7
7.6
Mean ⫾ SD 6.1 ⫾ 1.5b
a

Total
(g/ml)

Specific
(ng/ml)

3, 4, 5, 10
12
5, 8
0
0
0
8, 10
0

⬍0.005
0.2
7.1
9.5
1.9
7.6
91.2
0.8
16.9 ⫾ 33.0c

⬍5
⬍5
⬍5
⬍5
⬍5
5.0
⬍5
⬍5

3,
4,
4,
4,
3,
5,
5,

76.0
38.0
4.7
22.8
7.1
19.0
7.6
25.0 ⫾ 25.3d

⬍5
17.8
⬍5
8.9
⬍5
⬍5
⬍5

4, 6, 10
6
10
5, 8, 12
6, 8, 10, 12
6
8, 10, 12

Specific/
total
(ng/g)

0.658

0.469
0.390

a versus b, P ⫽ 0.148; c versus d, P ⫽ 0.105.

more gradually and peaked in adulthood. These patterns were
corroborated when the specific antibody was represented as a
proportion of total IgG (Fig. 1c and d). The IgM response to
both pathogens in serum represented a higher proportion of
the total corresponding immunoglobulin than either IgG or
IgA specific antibody, and the proportion peaked between 36
and 48 months. IgA antibody levels to both antigens in serum
remained relatively low throughout life, varying between undetectable at 2 months for M. catarrhalis to a high of 2,735
ng/ml for PspA at 5 years.
Mucosal antibody. IgG, IgM, and IgA antibody responses to
PspA and UspA were first measured in the NPS of two normal
adults. Only IgA-specific antibody was detected. Based on this
observation, as well as on our previous experience with mucosal immunity to nontypeable H. influenzae (14), we measured
the IgA response exclusively in NPS from 30 infants. These
children had been monitored prospectively from birth through
the first year of life. Each child was examined at nine monthly
scheduled visits. At each visit a nasopharyngeal culture was
obtained. Colonization with either S. pneumoniae or M. catarrhalis was documented and recorded according to the age of
the child. As seen in Table 1, seven children were colonized
with S. pneumoniae before NPS were collected for antibody
determinations. The mean age at the time of antibody determination was 6.1 months. NPS were collected 1 month after S.
pneumoniae colonization in three children, 2 months after colonization in three children, and 4 months after colonization in
one child. Even though total IgA was detected in the NPS of all
children, only two NPS samples had any measurable antigen
specific antibody (9 and 18 ng/ml). Each of the seven children
were colonized on more than one occasion. Six of the seven
children were colonized after the NPS collection, and these
included the two children with antigen-specific mucosal IgA
antibody. Eight children who had not been colonized prior to
NPS collection were also studied. They were similar in age to
the colonized group. Four of the noncolonized children became colonized after the NPS collection. One of these children
had 5 g of antigen-specific mucosal antibody per ml detected
at 4.5 months of age even though NPS cultures at 1 to 4 months

of age were negative for S. pneumoniae, suggesting prior undetected colonization.
Ten children were colonized with M. catarrhalis before collection of NPS for antibody determinations (Table 2). The
mean age at the time of antibody determination was 6.1 months.
NPS were collected 1 month after colonization in one child, 2
months after colonization in three children, 4 months after
colonization in three children, and 5 months after colonization
in one child. Three children were colonized at the time of NPS
collection, but all of them had been colonized previously. Even
though total mucosal IgA was detected in the secretions of all
children, none of the samples had measurable antigen-specific
antibody. Of the 10 children, 8 were colonized after the NPS
collection. Five children who had not been colonized prior
to NPS collection were studied also. Their mean age was 4.4
months, significantly younger than the control group. The concentration of total mucosal IgA in the NPS of noncolonized
children was significantly lower than that in the colonized
group (P ⫽ 0.008). This may reflect the age difference in the
two groups. None of these children had detectable antigenspecific antibody.
Because of the failure to detect significant numbers of colonized children with antigen-specific mucosal antibody, we
next examined sputa from three adults with chronic lung disease. One of them had been colonized with S. pneumoniae 1, 7,
and 8 months before sputum collection (Table 3). Each of
them had been colonized with M. catarrhalis; one had been
colonized 2 months before sputum collection, one had been
colonized 10 months before sputum collection, and one had
been colonized 3 months before sputum collection. IgA-specific mucosal antibody to PspA was detected in all three specimens. The highest concentration was detected in subject 3,
who had been colonized prior to sputum collection. IgA-specific mucosal antibody to the UspA of M. catarrhalis was detected in all three specimens.

TABLE 2. IgA antibody to UspA of M. catarrhalis
in NPS of children
Age (mo.) at time of a:
Subject

NPS
collection

Colonization

Noncolonized
1
2
3
4
5
Mean ⫾ SD

3.1
3.9
4.1
5.2
5.8
4.4 ⫾ 1.1a

5, 8
5, 6, 12
10, 12
0
10, 12

Colonized
1
2
3
4
5
6
7
8
9
10
Mean ⫾ SD

4.1
5.0
5.2
5.9
6.1
6.3
6.4
6.6
7.0
8.3
6.1 ⫾ 1.2b

3,
4,
3
3,
2
1,
3,
2,
3,
1,

a

12
5, 6, 8
4, 12
8,
4,
3,
4,
3,

10
5, 8
4, 6, 8
8, 10
5, 6, 8, 10

IgA titer a,b
Total
(g/ml)

Specific
(ng/ml)

0.5
0.7
0.9
4.7
1.2
1.6 ⫾ 1.8c

⬍5
⬍5
⬍5
⬍5
⬍5

136.8
136.8
4.7
6.6
2.4
9.5
4.3
3.3
19.0
53.2
37.7 ⫾ 54.4d

⬍5
⬍5
⬍5
⬍5
⬍5
⬍5
⬍5
⬍5
⬍5
⬍5

a versus b, P ⫽ 0.02; c versus d, P ⫽ 0.008.
The ratio of specific to total IgA titer is zero for all cases because the specific
titer is below the detection level.
b
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TABLE 3. IgA antibody to PspA of S. pneumoniae and UspA of
M. catarrhalis in sputa of adults with chronic
obstructive lung disease
Time (mo) of study
Subject

IgA titer

Colonization

Total
(g/ml)

Specific
(ng/ml)

Specific/total
(ng/g)

S. pneumoniae
1
2
3

5
20
12

0
0
4, 5, 11, 14

202
53
405

284.9
83.1
22,794.2

1.407
1.573
56.264

M. catarrhalis
1
2
3

5
20
12

3, 8
10
9

202
53
405

163.2
6.7
1,899.5

0.806
0.127
468.860

DISCUSSION
Although both S. pneumoniae and M. catarrhalis are currently considered airway pathogens, S. pneumoniae has been
recognized as a major respiratory pathogen for 100 years
whereas M. catarrhalis has been recognized as a major respiratory pathogen only during the past 30 years (7). The amount
of information about the pneumococcus, associated disease,
and immunity has increased substantially. A number of recent
publications described the importance of S. pneumoniae PspA
in both disease production and immunity. For example, PspA
is attached to the surface of the pneumococcus by the Cterminal end of the molecule, and much of the immune response elicited by immunization in animals is directed against
the N-terminal ␣-helical portion of the molecule (20). The
pspA gene is expressed in all strains of pneumococci, regardless
of their capsular serotype (5). Antibody responses to PspA in
animals protect against sepsis and nasopharyngeal colonization
(25, 26). Although PspA is a heterogenous protein, there is a
high degree of serologic cross-reactivity among different PspA
molecules from the two major families of PspA (2, 23). A
single recombinant PspA protein is capable of inducing protection against pneumococcal strains of diverse capsular serotypes and different PspA serotypes in animal models (2, 19).
Thus, it is hypothesized that a single PspA protein may be
able to provide protection against multiple diverse strains of
S. pneumoniae (2, 25).
In 1988, Bartos and Murphy (1) first demonstrated the homogeneity of the outer membrane proteins of a diverse group
of M. catarrhalis strains. A high-molecular-weight protein,
UspA, in the outer membrane was subsequently identified,
purified, and found to be a target for protective antibodies (15,
17). The protein varies between 300 and 720 kDa (15, 17) and
is found in all strains of M. catarrhalis. UspA contains highly
conserved as well as variable surface-exposed epitopes (3). The
conserved epitopes are immunogenic and elicit functional antibodies. Convalescent-phase sera from adults with M. catarrhalis pneumonia contain antibody to the protein (15). Antibody to the protein enhances pulmonary clearance of the
organism in an animal model. We chose to study the immune
response to the UspA in young children and secondarily in the
general population.
The serological survey of sera in the general population in
the present study clearly demonstrated a predominance of IgG
antibodies to S. pneumoniae and M. catarrhalis. Although the
concentration of PspA IgG antibody was slightly higher than
that of UspA IgG antibody early in life, the concentrations
of both types of antibody remained low till after the age of
2 years. A decline in PspA IgG antibody concentration was
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noted in sera from adults, and this was reflected in a similar
decline in the proportion of total IgG represented by PspAspecific IgG. This pattern was observed previously with nontypeable H. influenzae but to a lesser degree (28). In contrast,
the level of M. catarrhalis UspA IgG antibody peaked during
adulthood. This pattern has been observed recently in another
study of M. catarrhalis (4). The reason for the age-related
difference between the organisms is unclear, since colonization
with any of the pathogens is relatively uncommon among
adults (6, 16, 24).
The slow induction of an IgG antibody response to the
antigens, especially UspA, in serum early in life may relate to
the type of IgG subclass specific antibodies stimulated. For
example, Goldblatt et al. (12) demonstrated that IgG3 antibodies recognized all of the outer membrane proteins displayed by M. catarrhalis while IgG1, IgG2, and IgG4 recognized only the 82- and 60-kDa proteins. Children younger than
4 years exhibited no detectable IgG3 specific antibody to M. catarrhalis in their study, and thus their immune systems would
not have detected antibody to UspA. Chen et al. (4) confirmed
the relatively poor IgG3 specific antibody response to M. catarrhalis UspA in children younger than 4 years. In contrast to
the importance of an IgG3 response to M. catarrhalis, IgG1
proved to be the major antibody subclass response to nontypeable H. influenzae in children younger than 4 years, thus explaining the frequent detection of anti-H. influenzae antibody
in young children (27). Little or no information is available
about the IgG subclass responses to PspA because immunologic studies of the pneumococcus have focused on the responses to capsular polysaccharide antigens (21).
Only 2 of 7 children colonized with S. pneumoniae and 0 of
10 children colonized with M. catarrhalis in the present study
had detectable specific IgA antibodies in NPS, even though NPS
were collected at the time of colonization as well as from 1 to
5 months after colonization. These results differ from those
observed with nontypeable H. influenzae, since every young child
colonized with nontypeable H. influenzae developed antigenspecific IgA antibody in NPS (14). Children who generated a
good local antibody response to H. influenzae tended to decrease or eliminate subsequent colonization with nontypeable
H. influenzae (9, 14). NPS had been processed similarly in each
of these studies; thus, dilution with saline at the time of collection does not explain the differences observed in detectable
specific antibody. In addition, the levels of total IgA antibody
detected in the NPS were consistent with the levels expected in
young children, affirming the stability of the immunoglobulin
during storage at ⫺70°C. The less robust response to the two
immunogens in the present study could be interpreted in several ways. First, for PspA, some of the response might have
been missed due to the diversity of the PspA molecule and the
nature of our ELISA screening procedure. Only a recombinant
PspA was used to coat the ELISA plates; this was a family 1
PspA protein. Some colonizations may have occurred with
strains containing a heterogeneous PspA protein from family
2. Although cross-reactivity occurs between all PspA molecules
in high-titer sera, the low titers of the response in children
coupled with the diversity of coating antigen and eliciting antigen may have lowered the detection limits of our assay. The
detection of specific mucosal IgA antibodies in one of the
“control” samples in which no colonization had been detected
suggests that undetected colonization may have occurred in
that child. Thus, in at least some children, local responses to
PspA might follow initial colonization and the colonization
itself may be of short duration. It is also possible that capsular
antibody plays a role in limiting colonization of S. pneumoniae.
For example, in mice, immunization with capsular polysaccha-
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ride-tetanus toxoid conjugate reduces but does not eliminate
colonization (25). In humans, immunization with a polysaccharide-protein conjugate vaccine reduces but does not eliminate
colonization even with homologous types (29). In a similar
manner, antibody to PspA probably aids in preventing or reducing colonization but is not the only factor.
Epidemiologic studies with both S. pneumoniae and M. catarrhalis indicate that acquisition of the strain and length of
colonization decrease with increasing age, suggesting that maturation of the immune system in some way plays a role in
controlling colonization patterns (11, 13). The results of this
study suggest that both PspA and UspA are recognized as
immunogens in an age-dependent manner. The data also suggest that a single episode of colonization does not induce a
strong mucosal response to these two antigens.
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