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Five monoclonal antibodies (MAbs) were produced against the Streptococcus pneumoniae pneumococcal sur-
face adhesin A (PsaA) 37-kDa common cell wall protein. These antibodies were used in a dot immunoblot and
Western blot study of clinical isolates of S. pneumoniae to detect the presence of the protein. By both assays,
the MAbs reacted with clinical isolates representing the 23 type-specific serotypes present in the licensed
pneumococcal polysaccharide vaccine. Western blot analysis confirmed the presence of a protein migrating in
the gel with a molecular mass of 37 kDa. An extension of the study by using dot immunoblot analysis that
included an analysis of the 90 serotypes of S. pneumoniae showed that all five MAbs reacted with 89 of the 90
serotypes tested. MAb 1B6, the exception, did not react with S. pneumoniae serotype 16F. Dot immunoblot
analysis of the MAbs with Enterococcus faecalis and viridans streptococci showed varied reactivity patterns,
depending on the species. The MAbs against the 37-kDa antigen did not react with Escherichia coli, respiratory
pathogens, or nonpathogens representing 22 genera and 29 species of bacteria. All five MAbs also reacted with
five multidrug-resistant strains of S. pneumoniae. In summary, these MAbs may be useful for detection of
pneumococcal antigen and may lead to the development of diagnostic assays for pneumococcal disease.

Streptococcus pneumoniae (pneumococcus) is a major bac-
terial pathogen that causes morbidity and mortality worldwide.
Disease caused by pneumococcus is prevalent among the very
young, the elderly, and immunocompromised persons. In the
United States, pneumococcus accounts for an estimated 3,000
cases of meningitis, 500,000 cases of pneumonia, and 7 to 10
million cases of otitis media yearly, and in developing coun-
tries, it accounts for about 1.2 million deaths annually in chil-
dren less than 5 years of age (6).

Currently, S. pneumoniae is composed of 90 serotypes, based
on differences in their carbohydrate capsules (17). A licensed
pneumococcal polysaccharide vaccine is composed of 23 dif-
ferent capsular serotypes representing from 85 to 90% of the
serotypes that cause invasive pneumococcal disease in the
United States (9). However, this vaccine is poorly immuno-
genic in children under 2 years of age (15), and efforts are
focused on developing new second-generation polysaccharide-
protein conjugate vaccines and third-generation common-pro-
tein vaccines.

Early detection and identification of S. pneumoniae bacte-
remia continues to be of primary importance to the clinician.
Blood culture is the only widely accepted definitive method of
pneumococcal diagnosis, but it is positive in only 20 to 25%
of pneumonia cases (33). Therefore, investigators continue
to search for rapid, sensitive, and specific diagnostic tests for
pneumococcal infections. Numerous assays have been devel-
oped for diagnosis of pneumococcal infections, particularly
meningitis, by techniques such as enzyme-linked immunosor-

bent assay (ELISA), counterimmunoelectrophoresis, and latex
agglutination (1, 3, 19). However, the consensus among re-
searchers is that these assays—especially those used to detect
pneumococcal antigens in serum, urine, and sputum—lack the
sensitivity and specificity to be useful in early, rapid diagnosis
(11, 29, 47). Antigen detection of S. pneumoniae infections in
cerebrospinal fluid aids in establishing the etiology of bacterial
meningitis (43, 48). An ELISA for the measurement of anti-
body response to pneumolysin has also proved successful, but
again the sensitivity and specificity of the assays need improve-
ment (21). Currently, molecular techniques, such as PCR, have
proved useful in the detection of S. pneumoniae isolated from
normally sterile body sites (20). S. pneumoniae species-specific
bacterial genes encoding autolysin or pneumolysin can be am-
plified in PCR and detect a small number of target bacteria
(37). Although, this method appears promising, there is still
the possibility of obtaining cross-reactions in the tests gener-
ated by contamination in the sample, and the sensitivity of the
test in the field remains to be determined.

The emergence of antibiotic-resistant strains of S. pneu-
moniae (7, 8) has made definitive diagnosis of pneumococcal
infections crucial. Drug-resistant pneumococcal strains were
observed in Australia and South Africa in the 1970s (25) and
spread rapidly during the 1980s throughout many regions of
the world. In the United States, drug-resistant strains were
relatively uncommon through the late 1980s (39). However,
during the 1990s numerous drug-resistant strains of S. pneu-
moniae have been reported (45). Pneumococcal isolates that
are penicillin resistant have emerged (14, 18) as well as isolates
resistant to other antimicrobial drugs, including erythromycin,
trimethoprim-sulfamethoxazole, and extended-spectrum ceph-
alosporins.

In an earlier report, Russell et al. identified a 37-kDa pneu-
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mococcal surface adhesion protein (PsaA) (34). A monoclonal
antibody (MAb) made against this protein reacted with the 23
type-specific serotypes comprising the licensed pneumococcal
capsular polysaccharide vaccine (34). Subsequently, the gene
encoding PsaA was cloned into Escherichia coli and its nucle-
otide sequence was determined (35). This sequence was later
shown by PCR-restriction fragment length polymorphism anal-
ysis to be highly conserved among pneumococci (36). In addi-
tion, PsaA has been found to be a protective immunogen in
mice (41). Efforts are ongoing to investigate this protein for its
potential as a third-generation common-protein vaccine can-
didate. Investigators have shown that humans immunized in-
tranasally with heat-killed, whole-cell inocula exhibited an in-
crease in levels of salivary antibody to PsaA (2). To facilitate
the investigation of the immunologic characteristics of the pro-
tein, define its epitopes, and determine the degree of its anti-
genic conservation, we evaluated five MAbs to PsaA. These
MAbs were evaluated to determine the degree of epitope con-
servation among 90 pneumococcal serotypes. The production
and characterization of these MAbs will aid in characterizing
PsaA, will lead to their use in detecting pneumococcal antigen,
and may lead to the development of diagnostic assays for
pneumococcal disease.

MATERIALS AND METHODS

Bacterial strains. Clinical isolates of 25 S. pneumoniae serotypes including the
23 capsular serotypes found in the licensed pneumococcal vaccine, heterologous
streptococci, and eight serotypes including the six newly identified S. pneumoniae
serotypes were obtained from the culture collection of the Streptococcal Refer-
ence Laboratory, Centers for Disease Control and Prevention (CDC), Atlanta,
Ga. The 25 serotypes were random clinical isolates from patients from the
United States with culture-confirmed S. pneumoniae infections. Twenty-three
serotypes were blood isolates, one isolate was from pleural fluid, and the other
was from cerebrospinal fluid. The serotypes are 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V,
10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, 33F, 6A, and 25F (the
last two serotypes are not present in the licensed pneumococcal vaccine). Clinical
isolates of heterologous streptococcal species included Enterococcus faecalis,
Streptococcus oralis, Streptococcus mitior, Streptococcus gordonii, Streptococcus
parasanguis, Streptococcus sanguis, Streptococcus mitis, and Streptococcus mutans.
Serotypes 13 and 24B were provided along with the six newly identified S.
pneumoniae serotypes, 10B, 10C, 11D, 12B, 25A, and 33D (17). The American
Type Culture Collection (Rockville, Md.) provided serotypes 7A, 10F, 11F, 15F,
16F, 18F, 21, 24F, 27, 28F, 29, 15A, 31, 23F, 9A, 35F, 36, 37, 41F, 33C, 33A, 34,
33B, 18A, 40, 23A, 35A, 7B, 9L, 7C, 7F, 47F, 11C, 18B, 19B, 19C, 35C, 22A, 23B,
24A, 35B, 32A, 39, 33F, 38, 45, and 46. Serotypes 16A, 41A, 43, 11B, 15C, 17A,
28A, 42, 44, 48, 12A, and 47A were provided by Statens Seruminstitut (Copen-
hagen, Denmark).

The nonstreptococcal bacterial strains Enterobacter agglomerans, Enterobacter
gergoviae, Enterobacter cloacae, and Serratia marcescens were provided by
C. O’Hara of the Hospital Infections Laboratory at CDC. R. Weyant of the
Special Pathogens Laboratory, CDC, provided the strains of Acinetobacter calco-
aceticus, Neisseria flava, Neisseria subflava, Neisseria sicca, and Neisseria lacta-
mica. T. Popovic of the Diphtheria Research Project Laboratory, CDC, provided
Corynebacterium diphtheriae subsp. gravis and Corynebacterium diphtheriae subsp.
mitis. Mycoplasma pneumoniae, Mycoplasma salivarium, and Mycoplasma orale
were provided by L. Thacker of the Mycoplasma Laboratory, CDC. S. Skelton of
the Respiratory Diseases Laboratory Section, CDC, provided Chlamydia pneu-
moniae. Mycobacterium tuberculosis was provided by R. Cooksey of the Diagnos-
tic and Molecular Epidemiology Section, CDC. All other strains were obtained
from the stock collection of the Immunochemistry and Molecular Biology Lab-
oratory, CDC. These included Bacteroides fragilis, Bordetella pertussis, Bordetella
bronchiseptica, Enterobacter aerogenes, E. coli, Fusobacterium nucleatum, Hae-
mophilus influenzae, Klebsiella pneumoniae, Legionella micdadei, Legionella pneu-
mophila, Moraxella catarrhalis, Pseudomonas aeruginosa, Staphylococcus aureus,
Streptococcus agalactiae, Streptococcus equisimilis, Streptococcus pyogenes, and
group G streptococci.

Five drug-resistant isolates of S. pneumoniae (see Table 3) designated 97-
018867, MD-9095, TS-80, TS-148, and TX-282, with various susceptibilities, were
provided by F. Tenover of the Nosocomial Pathogens Laboratory Branch, Hos-
pital Infections Program, CDC. Measurements of MICs for isolates were done in
the Nosocomial Pathogens Laboratory according to National Committee for
Clinical Laboratory Standards (NCCLS) guidelines for the MIC test (see Table
3). Since evidence of penicillin resistance among pneumococci has increased
(45), we used strains with varied patterns of penicillin resistance. Bacterial strain
TS-80 was highly resistant (penicillin MIC, 4 mg/ml); strain TX-282 had resis-

tance at the breakpoint (MIC, 2 mg/ml); strains TS-148 and 97-018867 had
intermediate resistance (MICs, 1 mg/ml); and strain MD-9095 was not resistant
to penicillin (MIC, 0.12 mg/ml).

NCCLS MIC breakpoints are as follows. Penicillin: susceptible, #0.06 mg/ml;
intermediate, 0.1 to 1.0 mg/ml; resistant, $2 mg/ml. Cefotaxime: susceptible, #0.5
mg/ml; intermediate, 1 mg/ml; resistant, $2 mg/ml. Trimethoprim-sulfamethox-
azole: susceptible, #0.5/9.5 mg/ml; intermediate, 1/19 to 2/38 mg/ml; resistant,
$4/76 mg/ml. Tetracycline: susceptible, #2 mg/ml; intermediate, 4 mg/ml; resis-
tant, $8 mg/ml. Erythromycin: susceptible, #0.25 mg/ml; intermediate, 0.5 mg/ml;
resistant, $1 mg/ml. Clindamycin: susceptible, #0.25 mg/ml; intermediate,
0.5 mg/ml; resistant, $1 mg/ml. Chloramphenicol: susceptible, #4 mg/ml; resis-
tant, $8 mg/ml.

Immunization of mice and production of hybridomas. The MAbs were pro-
duced by the method of Kohler and Milstein (26) as modified by Zola and
Brooks (50). The purified 37-kDa protein used for the immunization of mice was
from S. pneumoniae serotype 22F. The protein was purified by procedures pre-
viously described (42). All MAbs were produced by immunizing with purified
protein from Type 22F except MAb 1E7A3D7C2 (1E7). This MAb was produced
by immunizing with a nonencapsulated strain of S. pneumoniae, R36A, and has
been previously described (34). BALB/c mice were initially immunized intraperi-
toneally with 100 mg of purified protein at a final concentration of 180 mg/ml in
a 1:1.5 emulsion of Freund’s incomplete adjuvant (Sigma, St. Louis, Mo.) and
phosphate-buffered saline (PBS; pH 7.2). One month later, the mice were
boosted with 110 mg of purified 37-kDa protein/ml without adjuvant. The fusion
was performed by standard procedures (10). Spleen cells from two mice were
fused with Sp 2/0-Ag14 myeloma cells (38). Sera from the immunized mice and
tissue culture supernatant from hybridized cells were screened for reactivity by
ELISA and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) as described below.

Determination of MAb isotypes. Isotype determinations were made with the
capture Mono-Ab ID EIA kit (Zymed Laboratories, Inc., San Francisco, Calif.)
according to the manufacturer’s recommended procedure. Tissue culture super-
natant fluids containing MAbs of known isotype were used as controls.

ELISA. The screening of hybridoma culture supernatants was done by ELISA.
Round-bottom microtitration plates (Costar, Cambridge, Mass.) were coated
with 50 ml of the purified 37-kDa protein (1.25 mg/ml) diluted in 0.1 M carbonate
buffer (pH 9.6) and were stored at 4°C overnight. Unbound antigen was re-
moved, and the plates were blocked with 100 ml of 0.5% nonfat dry milk in PBS
for 1 h at 37°C. The plates were washed five times with 0.15 M NaCl containing
0.05% Tween 20. Culture supernatants (50 ml) from the fusion plates were added
to the microtitration plates, diluted in 0.5% gelatin–0.5% Tween 20–0.02%
thimerosal in PBS (ELISA diluent), and incubated at 37°C for 1 h. The plates
were washed as before, and 50 ml of goat anti-mouse immunoglobulin (Ig)–
horseradish peroxidase conjugate (Bio-Rad Laboratories, Richmond, Calif.) di-
luted 1:1,000 in ELISA diluent was added to each well and incubated for 1 h at
37°C. The plates were washed as before, and 50 ml of 3,39,5,59-tetramethylben-
zidine (0.1 mg/ml in 0.1 M sodium acetate–0.1 M citric acid [pH 5.7] with 0.005%
hydrogen peroxide) was added to each well and incubated for 0.5 h at 37°C. The
reaction was stopped by adding 50 ml of 4 M H2SO4, and the optical density was
read on an ELISA reader (Dynatech Laboratories, Inc., Alexandria, Va.) at
450 nm. An optical density of .0.200 was considered positive. Hybridomas were
expanded, and MAbs 1B6E12H9 (1B6), 4E9G9D3 (4E9), 6F6F9C8 (6F6), and
8G12G11B10 (8G12) were used for further analysis.

Production of polyclonal antibodies. Polyclonal antibody was produced by the
immunization of female rabbits with purified PsaA from S. pneumoniae serotype
22F. The protein was purified by procedures previously described (42). New
Zealand White rabbits (Myrtles Rabbitry, Thompson Station, Tenn.) were ini-
tially immunized subcutaneously at 20 sites with approximately 0.1 ml of a
suspension of equal volumes of Freund’s complete adjuvant (Sigma) and purified
protein at a final concentration of 105 mg of protein/ml per animal. One month
later the rabbits were injected intramuscularly in each hind leg with an equal
volume of the previous antigen and Freund’s incomplete adjuvant (Sigma). A
booster injection of the same mixture was given intramuscularly 2 weeks later.
The animals were bled, and the sera were tested in a Western blot analysis (as
described below) against purified PsaA and the whole-cell lysate.

Immunodot blot. Immunodot blot analyses were done by a procedure of Pau
et al. (32). Whole-cell preparations of S. pneumoniae or other appropriate or-
ganisms were used as antigens. Bacterial cultures were grown to an optical
density of 0.9 at 540 nm. Four microliters of antigen was absorbed as a dot on
nitrocellulose membrane (Schleicher and Schuell, Keene, N.H.). The blots were
blocked at 0.5 h with casein-thimerosal buffer (CTB) (23). The blots were probed
with rabbit polyclonal antibody (as described above) (1:1,000) and monoclonal
ascites (1:500) or tissue culture supernatant (1:20) diluted in PBS, pH 7.2,
containing 0.3% Tween 20 (PBS-Tween). The blots were incubated for 1 h at
25°C. After three washes for 5 min each with PBS-Tween, the blots were exposed
to goat anti-mouse Ig–peroxidase conjugate (Bio-Rad Laboratories) for 1 h at
25°C. The blots were washed as before and exposed to a 4-chloro-1-naphthol–
peroxidase substrate system (Kirkegaard and Perry Laboratories, Gaithersburg,
Md.) for 5 min. All reactions with visible dots (compared to positive control dots)
were scored as positive. The enzyme reaction was stopped by rinsing with deion-
ized water.

206 CROOK ET AL. CLIN. DIAGN. LAB. IMMUNOL.



SDS-PAGE and Western blotting. The procedure for SDS-PAGE was as
described by Laemmli (28). Equal volumes of sample buffer (5% SDS–10%
2-mercaptoethanol–20% glycerol in 0.01 M Tris hydrochloride [pH 8.0]) and cell
suspension containing 2.4 mg of protein per ml were mixed and heated at 100°C
for 5 min. Low-molecular-mass protein standards (Bio-Rad Laboratories) were
used according to the manufacturer’s instructions.

Immunoblots were done with the buffer system of Towbin et al. (44) as de-
scribed previously. The transfer of protein to nitrocellulose membranes (Schlei-
cher and Schuell) was performed at 100 V for 1 h with a miniblotter apparatus
(Bio-Rad Laboratories). The sheets were washed three times for 5 min each with
PBS-Tween and blocked at 30 min with CTB. All incubations, buffers, antibodies,
conjugate dilutions, and substrates were the same as for the immunodot blot
described above. All reactions with visible bands comigrating with the purified
PsaA protein control band were scored as positive.

Absorption with MAb 1E7. Ascites fluid of MAb 1E7 was diluted in CTB
(1:500) and was absorbed with the purified 37-kDa protein for 3 h with gentle
shaking. The absorbed serum was later added as a primary antibody in the de-
velopment of a Western blot (described above) with S. aureus as an antigen and
native 37-kDa protein as a control antigen.

RESULTS

Isotypes of MAbs. Five MAbs were produced against native
PsaA and were designated 1B6, 1E7, 4E9, 6F6, and 8G12. The
isotype of three MAbs, 6F6, 8G12, and 4E9, was IgG1; that of
1B6 and 1E7 was IgG2b.

Immunodot blot and Western blot analysis of the 23 capsu-
lar serotypes in the licensed pneumococcal polysaccharide
vaccine. Initial immunodot blot analyses were done to evaluate
the reactivity of anti-37-kDa rabbit polyclonal antiserum and
the five anti-37-kDa MAbs against the 23 capsular serotypes
found in the 23-valent pneumococcal polysaccharide vaccine
and two additional serotypes (6A and 25). Results of the im-
munodot blots indicated that all the MAbs as well as the anti-
37-kDa rabbit polyclonal antibody reacted with all 23 capsular
serotypes of S. pneumoniae and the two additional serotypes
(data not shown).

To confirm that the reactivity of the five MAbs was directed
to a protein with a molecular mass of 37 kDa, and thus to
PsaA, SDS-PAGE and Western blotting were done to examine
the migration of PsaA from the 23 capsular serotypes in the
licensed pneumococcal polysaccharide vaccine. Western blot
analysis of the anti-37-kDa rabbit polyclonal antiserum with
whole-cell antigen preparations of the 23 capsular serotypes in
the licensed pneumococcal polysaccharide vaccine and the two
additional serotypes (6A and 25) showed a band at 37 kDa
(data not shown). Since the 37-kDa protein was shown with the
anti-37-kDa rabbit polyclonal antiserum, the five anti-37-kDa
MAbs were evaluated for reactivity to the 23 capsular sero-
types in the licensed pneumococcal polysaccharide vaccine and
the two additional serotypes. Western blot analysis with all five
anti-37-kDa MAbs showed a single immunoblot band at a

molecular mass of 37 kDa. Figure 1 shows Western blots of the
reactivity of MAb 4E9 to 11 of the 23 capsular serotypes in the
licensed pneumococcal polysaccharide vaccine and one addi-
tional capsular serotype (serotype 25). These patterns are rep-
resentative of all five MAbs.

Immunodot blot analysis of the remaining serotypes. To as-
certain the commonality of PsaA within the species, the re-
maining 65 S. pneumoniae serotypes were examined by immu-
nodot blot analysis. Four of the five MAbs (1E7, 4E9, 6F6, and
8G12) reacted with all of the S. pneumoniae serotypes tested.
The exception was MAb 1B6, which did not react with serotype
16F.

Western blot analysis of E. faecalis and viridans strepto-
cocci. Since it has been shown that proteins with homology to
PsaA are found among some viridans streptococci (27), the five
MAbs and the polyclonal antiserum were tested for reactivity
against E. faecalis and viridans streptococcal species. These
strains were viridans streptococci and enterococci commonly
isolated from human clinical specimens (22, 24). The strains
included were E. faecalis, S. oralis, S. mitior, S. gordonii, S. mi-
tis, S. sanguis, S. parasanguis, and S. mutans. E. faecalis and
viridans streptococci reacted with the anti-37-kDa rabbit poly-
clonal antiserum, and all except S. mutans showed a band at 37
kDa (data not shown). Because of the reactivity of the rabbit
polyclonal antiserum to E. faecalis and viridans streptococci,
we evaluated the reactivities of the five anti-37-kDa MAbs to
the organisms. Western blot analysis (Table 1) showed that
none of the MAbs reacted with S. mutans. MAb 1E7 reacted
with E. faecalis and all viridans streptococcal species tested
except S. mutans. MAb 4E9 reacted with S. oralis, S. mitior, and
S. parasanguis. MAb 6F6 reacted with S. oralis, S. mitior, and
S. sanguis. MAb 1B6 reacted with S. mitior and S. sanguis. MAb
8G12 was the least cross-reactive, recognizing only S. mitior.

Analysis of E. coli, respiratory pathogens, and nonpatho-
gens. Immunodot blot analysis was used to evaluate the reac-
tivity of the MAbs with E. coli, respiratory pathogens, and
nonpathogens representing 22 genera and 29 species. There
was no reaction with 20 genera and 27 species of pathogens.
However, by immunodot blot analysis all five anti-37-kDa
MAbs reacted with S. equisimilis, group G streptococci, and
S. aureus (Table 2). Western blot analysis with S. equisimilis
and group G streptococci showed no reactivity with the MAbs
(data not shown). Further analysis by Western blot with S. au-
reus showed reactivity with the MAbs by the presence of two
single bands: one strong band at 50 kDa shown with all MAbs
and an additional band at 30 kDa shown only with MAb 1E7.
To further investigate the 50-kDa band, Western blot analysis
was done with the five MAbs. The 50-kDa band was still ob-

FIG. 1. Immunoblot of anti-37-kDa MAb 4E9 to whole-cell antigen prepa-
rations of 11 of the 23 capsular serotypes in the licensed pneumococcal polysac-
charide vaccine and one additional capsular serotype (serotype 25). The sero-
types are indicated above each lane. MAb 4E9 revealed an antigen at 37 kDa in
all serotypes tested.

TABLE 1. Immunoreactivities of anti-37-kDa MAbs and
anti-37-kDa rabbit polyclonal antiserum to E. faecalis

and viridans streptococci by Western blot analysisa

Organism
MAb 37-kDa rabbit

polyclonal
antiserum1B6 1E7 4E9 6F6 8G12

E. faecalis 2 1 2 2 2 1
S. gordonii 2 1 2 2 2 1
S. mitior 1 1 1 1 1 1
S. mitis 2 1 1 2 2 1
S. oralis 2 1 1 1 2 1
S. mutans 2 2 2 2 2 2
S. parasanguis 2 1 1 2 2 1
S. sanguis 1 1 2 1 2 1

a Minus, negative reaction; plus, positive reaction.
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served with the five MAbs and a control antibody experiment
using only goat anti-rabbit conjugate (data not shown). The
30-kDa band found only with MAb 1E7 was investigated by
additional Western blot analyses with PsaA-absorbed sera to
examine whether it was associated with PsaA. The antigens
used were S. aureus and native PsaA as a control antigen. The
primary antibody used in the development of the Western blot
was MAb 1E7, which had been absorbed with native 37-kDa
protein. The results were that the 30-kDa band was detected
on the blot with S. aureus as the antigen and was not detected
on the blot with PsaA as the control antigen (data not shown).

Analysis of drug-resistant isolates of S. pneumoniae. Since
the function of PsaA and its role in antibiotic resistance are
unknown, we investigated drug-resistant isolates of S. pneu-
moniae. We tested the five MAbs and the polyclonal antiserum
against five clinical drug-resistant pneumococcal isolates with
varied susceptibility patterns by immunodot blotting. The anti-
37-kDa rabbit polyclonal antiserum and all five anti-37-kDa
MAbs reacted with the isolates (Table 3).

DISCUSSION

In this study, we produced MAbs against the native 37-kDa
protein of S. pneumoniae and evaluated them serologically for
immunoreactivity against 90 pneumococcal serotypes, E. fae-
calis, viridans streptococci, E. coli, respiratory pathogens and

nonpathogens, and drug-resistant streptococci. The specifici-
ties of the previously reported MAb 1E7 (34) and the four
newly produced MAbs were determined by analyzing strains
representing 90 of the pneumococcal capsular serotypes. The
MAbs reacted in immunodot blot analysis and Western blot
analysis with the 23 vaccine serotypes, which are known to
cause approximately 85 to 90% of serious disease in the United
States (9). Additionally, of the remaining 67 serotypes, 64
reacted with all five MAbs in an immunodot blot analysis. The
reactivity of these MAbs with 89 of the 90 pneumococcal se-
rotypes is an indication of the commonality of PsaA and dem-
onstrates its presence throughout the species. Serotype 16F did
not react with MAb 1B6 after testing with two different iso-
lates. This negative reaction may be due to a conformational
epitope of serotype 16F, a deletion or point mutation in the
gene, or a posttranslational modification of the protein. Fur-
ther studies are ongoing to explain the lack of reactivity of
MAb 1B6 with S. pneumoniae serotype 16F.

Investigators have reported the presence of proteins sharing
sequence similarity with PsaA in viridans streptococci and
E. faecalis (27, 30). Many of these homologs, such as ScaA
from S. gordonii, SsaB from S. sanguis, FimA from S. parasan-
guis, and EfaA from E. faecalis, have been cloned and se-
quenced. Comparison of their nucleotide sequences with that
of PsaA showed similarities within the group that ranged from
57 to 82% (36). We examined these organisms by Western
blotting and found that they contain proteins reactive with
the MAbs described here. The fact that the MAbs had varied
reactivity patterns among viridans streptococci and E. faecalis
confirms that the nucleotide homologs have cross-reacting epi-
topes within the peptide sequences. In a recent study, anti-
PsaA MAbs were used to map the immunogenic epitopes of
PsaA. Amino acid sequences showed that the epitopes appear
to be in the same region of PsaA, but there are differences in
the binding sites of the MAbs (49). Additionally, the varied
reactivity patterns of the MAbs with E. faecalis and viridans
streptococci indicate that the anti-37-kDa MAbs are recogniz-
ing different epitopes (Table 1). MAb 8G12 is the least cross-
reactive of the five MAbs. It reacted only with S. mitior, and
therefore may be the most useful in the development of diag-
nostic assays.

Our MAbs were tested against E. coli, respiratory patho-
gens, and nonpathogens. These bacteria were tested because
they may cross-react in a diagnostic assay and may hinder the
detection of PsaA and thus increase the possibility of false-
positive reactions. In an immunodot blot analysis, all five
MAbs unexpectedly cross-reacted with S. equisimilis, strepto-

TABLE 2. Immunoreactivities of five anti-37-kDa MAbs to E. coli,
respiratory pathogens, and nonpathogens in

immunodot blot analysisa

Organism
MAb

1B6 1E7 4E9 6F6 8G12

Acinetobacter calcoaceticus 2 2 2 2 2
Bacteroides fragilis 2 2 2 2 2
Bordetella bronchiseptica 2 2 2 2 2
Bordetella pertussis 2 2 2 2 2
Chylamydia pneumoniae 2 2 2 2 2
Corynebacterium diphtheriae 2 2 2 2 2
Enterobacter aerogenes 2 2 2 2 2
Enterobacter agglomerans 2 2 2 2 2
Enterobacter cloacae 2 2 2 2 2
Enterobacter gergoviae 2 2 2 2 2
Escherichia coli 2 2 2 2 2
Fusobacterium nucleatum 2 2 2 2 2
Haemophilus influenzae 2 2 2 2 2
Klebsiella pneumoniae 2 2 2 2 2
Legionella micdadei 2 2 2 2 2
Legionella pneumophila 2 2 2 2 2
Moraxella catarrhalis 2 2 2 2 2
Mycobacterium tuberculosis 2 2 2 2 2
Mycoplasma pneumoniae 2 2 2 2 2
Mycoplasma orale 2 2 2 2 2
Mycoplasma salivarium 2 2 2 2 2
Neisseria flava 2 2 2 2 2
Neisseria lactamica 2 2 2 2 2
Neisseria sicca 2 2 2 2 2
Neisseria subflava 2 2 2 2 2
Pseudomonas aeruginosa 2 2 2 2 2
Serratia marcescens 2 2 2 2 2
Staphylococcus aureusb 1 1 1 1 1
Streptococcus agalactiae 2 2 2 2 2
Streptococcus equisimilisb 1 1 1 1 1
Streptococcus pyogenes 2 2 2 2 2
Group G streptococcib 1 1 1 1 1

a Minus, negative reaction; plus, positive reaction.
b After Western blot analysis with MAbs there was no reaction at 37 kDa.

TABLE 3. Immunoreactivities of five anti-37-kDa MAbs to
drug-resistant isolates of pneumococci and

MICs for clinical isolatesa

Isolate Sero-
type

MIC (mg/ml) of b: Reactivity
of all 5
MAbsPEN CTX SXT TET ERY CLIN CHL

MD-9095 19A 0.12 0.06 0.12 #0.5 8–32 0.5 2 1
TS-80 9V 4 4 4 #0.5 .32 0.5 2 1
TS-148 6A 1.0 0.5 4 .16 .32 .32 4 1
TX-282 6A 2 1.0 8 .16 .32 .32 4 1
97-018867 23F 1.0 1.0 1.0 32 .8 .8 8 1

a MICs were measured according to guidelines of the NCCLS, and breakpoint
criteria used to define strains were based on the NCCLS MIC interpretive
standards (31).

b PEN, penicillin; ERY, erythromycin; CTX, cefotaxime; SXT, sulfamethox-
azole-trimethoprim; CLIN, clindamycin; TET, tetracycline; CHL, chloramphen-
icol.
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coccus group G, and S. aureus. After Western blot analysis of
the two organisms, there was no reaction at 37 kDa. The cross-
reactivity found in the immunoblot with the S. equisimilis and
group G streptococci may be nonspecific binding due to pro-
tein G, an Fc binding protein isolated from a group C strep-
tococcus (5). The cross-reactivity found in the immunodot blot
analysis of S. aureus can be postulated to be nonspecific bind-
ing of protein A. Protein A is a cell wall protein made by most
strains of S. aureus which binds selectively to the Fc region of
Ig molecules and has been found to have molecular masses
between 29 and 63 kDa (40). However, the true molecular
mass of native protein A is postulated to be 42 kDa (16). After
Western blot analysis of S. aureus with the five MAbs, a single
strong band was seen at approximately 50 kDa. Additionally,
the 50-kDa band continued to be observed in a control exper-
iment with only goat anti-rabbit conjugate, and was thus as-
sumed to be nonspecific binding of protein A. The second (30-
kDa) band found only with MAb 1E7 was further investigated
by Western blot analysis with PsaA-absorbed MAb. Because
the 30-kDa band remained on S. aureus immunoblots after
addition of the PsaA-absorbed MAb 1E7, the protein at 30
kDa was determined not to be related to PsaA.

Investigators have shown evidence that penicillin resistance
in S. pneumoniae results from alterations in the penicillin-
binding proteins to which the antibiotic binds. These altered
proteins arise through genetic transfer and recombination with
other bacterial species (4, 13). Cundell et al. have suggested
that transformation in S. pneumoniae may be aided by peptide
permeases, a group of proteins that are involved in transport of
materials into the cell (12). The role of PsaA has yet to be
determined, but it has been hypothesized to be a permease.
Therefore, it was of interest to examine PsaA of S. pneumoniae
and to investigate whether the protein was altered in drug-
resistant strains. The positive reactivities of the MAbs to the
five drug-resistant isolates are noteworthy because all were
positive regardless of the varied antibiotic susceptibilities of
the strains. This implied that the PsaA which was expressed on
the strains tested was similar if not identical to native PsaA.
Thus, the MAbs appear promising for detection of PsaA anti-
gens of drug-resistant as well as non-drug-resistant pneumo-
cocci. Further studies in our laboratory are ongoing to examine
the role of PsaA.

The MAbs, particularly MAb 8G12, are likely candidates in
the development of diagnostic assays for pneumococcal anti-
gen detection. The MAbs may be a practical diagnostic re-
agent, because PsaA is expressed on 89 of 90 pneumococcal
serotypes, most importantly the 23 vaccine serotypes which
cause the majority of invasive pneumococcal disease (9, 15).
The MAbs may be used alone or as a cocktail to detect antigen
in an antigen-capture diagnostic assay. In the development of
pneumococcal immunoassays, antigen diversity continues to be
a problem (48). An immunoassay detecting PsaA will aid in
solving this problem and at the same time increase the sen-
sitivity of the assay, because our MAbs detected 89 immuno-
logically distinct serotypes of S. pneumoniae. Because of the
specificity of the MAbs, techniques such as counterimmuno-
electrophoresis and latex agglutination may be improved. The
MAbs may be used as standardized reagents in latex aggluti-
nation assays and provide sensitivities equivalent to, and per-
haps better than, the commercially available kits that detect
pneumococcal antigen, such as Wellcogen (19) and Directigen
(46). Peptides specific for PsaA may be synthesized and eval-
uated by using the MAbs in diagnostic immunoassays. Further-
more, the monoclonals could also be used for epitope mapping
on the PsaA antigen. PsaA, which is expressed on all serotypes

of S. pneumoniae, may be a potential vaccine candidate for
pneumococcal disease.

Our MAbs reacted with 89 of 90 serotypes of S. pneumoniae,
which included the serotypes present in the licensed pneumo-
coccal polysaccharide vaccine as well as drug-resistant pneu-
mococcal isolates. The results of this study are favorable, and
the MAbs appear to be good candidates for use in the devel-
opment of pneumococcal diagnostic tests for detection of bac-
terial antigens.
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