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The immune response to pneumococcal surface structures during colonization was examined in a model of
experimental human pneumococcal carriage. Healthy uncolonized adults were given a type 23F or 6B pneu-
mococcus, and a portion of these subjects became colonized (6 of 14 with type 23F and 6 of 8 with type 6B). Sera
from colonized and uncolonized subjects were used to determine the titer of antibody specific to pneumococcal
surface components under consideration in development of noncapsular polysaccharide-based vaccines. These
vaccine candidates included pneumococcal surface protein A (PspA), choline binding protein A (CbpA),
lipoteichoic acid, immunoglobulin Al (IgAl) protease, pneumolysin, proteinase maturation protein A, and
pneumococcal surface adhesin A. Only the two related choline binding proteins, PspA and CbpA, were
immunogenic in colonized subjects as determined by a statistically significant rise in the serum IgG titer. The
serum IgG response to PspA was shown previously to correlate inversely with susceptibility to carriage and was
localized to a region within the N-terminal portion of PspA. This region is highly variable in amino acid
sequence between pneumococcal strains. Despite the sequence diversity in the immunodominant regions of
both PspA and CbpA, a significant strain-to-strain cross-reactivity in the serum IgG response following
experimental human carriage was observed. These findings support the need for further investigation of the
human antibody response to PspA and CbpA and the potential use of one or both of these proteins as novel

vaccine antigens for the prevention of pneumococcal colonization.

The only known reservoir for Streptococcus pneumoniae (the
pneumococcus) is the mucosal surface of the human nasophar-
ynx. Pneumococcal infection occurs when the organism
spreads beyond this niche into normally sterile parts of the
respiratory tract or, in the most serious cases, into the blood-
stream. Colonization, therefore, is the crucial first step in the
pathogenesis of all pneumococcal disease (1).

The rising problem of antimicrobial resistance has empha-
sized the need for preventive strategies against this common
pathogen. The immunodominant antigen of the pneumococcus
is the capsular polysaccharide (PnPS), of which there are 90
known types. Antibody to the PnPS of a given type provides
protection that is generally limited to pneumococcal isolates of
the homologous type (10). Immunization with a mixture of
PnPS of the most prevalent types protects adults from infec-
tion, but because young children fail to generate a T-cell-
dependent response to polysaccharide antigens, this prophy-
lactic strategy is unsuccessful in the population at highest risk
of disease. This finding has led to the recent introduction of a
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vaccine based on conjugate technology that couples PnPS to an
immunogenic carrier protein, resulting in a shift to a T-cell-
dependent immune response (3). To produce an epidemiolog-
ically effective PnPS-protein conjugate vaccine, however, mul-
tiple types of the PnPSs must be conjugated to a protein
carrier. This requirement results in a complex and expensive
multicomponent vaccine with restricted potential efficacy be-
cause of the limited number of PnPS types that can be included
in any single formulation, the possibility of serotype replace-
ment, and the high titer type-specific protective antibody re-
sponse to some, but not all, types (3, 9, 17). A pneumococcal
protein vaccine that would specifically interfere with carriage
would avoid many of the problems associated with vaccines
based on PnPS and could potentially have the greatest impact
on the prevention of disease.

A number of pneumococcal cell-surface or secreted compo-
nents that have been shown to induce opsonophagocytic anti-
bodies or to offer some degree of protection in murine models
are currently under investigation as novel vaccine candidates.
These structures include the phosphorylcholine epitope found
on lipoteichoic acid (LTA), choline binding protein A (CbpA)
(also referred to as pneumococcal surface protein C, or PspC),
pneumolysin (Ply), proteinase maturation protein A (PpmA),
pneumococcal surface adhesin A (PsaA), pneumococcal sur-
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face protein A (PspA), and a group of surface proteins recently
identified using a whole-genomic approach to vaccine candi-
date discovery (2, 4, 13, 19, 20, 21, 23, 24). These studies,
however, have depended on the use of mice, which are not
naturally colonized by S. pneumoniae and which, when sub-
jected to infection via artificial routes, are variably susceptible
to a limited number of pneumococcal types (15).

In order to avoid the limitations of animal models, an ex-
perimental model of human colonization in healthy adults was
described and the antibody response during carriage was ex-
amined (11). In this previously reported study, asymptomatic
colonization was detected in 6 of 14 subjects and continued for
27 to 122 days following intranasal inoculation of 10° to 10*
CFU of a low-passage, broth subculture of a clinical isolate of
type 23F. There was minimal serum antibody response to
pneumococcal polysaccharides (PnPS) during experimental
carriage and no correlation between the amount of PnPS-
specific antibodies in serum collected prior to inoculation and
the likelihood of an individual to become colonized. All of the
colonized subjects, in contrast, developed a serum immuno-
globulin G (IgG) and secretory IgA response to the PspA of
the inoculum strain, whereas seven of eight subjects who did
not become colonized had preexisting antibody to this protein.
This observation raised the possibility that the immune re-
sponse to PspA might be protective against colonization in
humans. Analysis of the immune response to PspA, however,
was limited, since the strain used as the inoculum contained a
frameshift mutation leading to a truncation of PspA at amino
acid 189. The presence of this mutation in PspA was not
appreciated prior to the challenge study. In one of six colo-
nized subjects, the truncated PspA reverted to a full-length
protein due to a second frameshift mutation. This mutation,
which occurred during carriage, as well as the truncation of
PspA in the clinical isolate used as the inoculum provided
evidence of selective pressure on this protein. In a separate
challenge study using a low-passage, broth subculture of an
unrelated type 6B isolate, six of eight volunteers became col-
onized (11).

The goal of this report was to assess the immunodominant
region of PspA and to determine the antibody response of a
select group of potential vaccine candidates in humans prior to
and during experimental carriage. We show that there was an
increase in serum IgG to CbpA during human carriage and
that the immune response to both CbpA and the N-terminal
portion of PspA induces measurable strain-to-strain cross-re-
activity.

MATERIALS AND METHODS

Serum samples. Serum samples were obtained from human subjects enrolled
in an Institutional Review Board-approved study of experimental pneumococcal
carriage at the Respiratory Pathogens Research Unit, Baylor College of Medi-
cine, as described previously (11). Briefly, 14 healthy adults found to be free of
pneumococci in three sets of preinoculation nasal wash and throat swab speci-
mens (NW/TS) collected over a 2-week period were given a 0.2-ml intranasal
inoculum (0.1 ml into each naris) containing 5,000 to 17,000 CFU of a low-
passage, broth subculture of a type 23F clinical isolate, P833. In a separate study,
eight healthy adults were given a 0.2-ml intranasal inoculum (0.1 ml into each
naris) containing 44,000 to 78, 000 CFU of a low-passage, broth subculture of a
type 6B clinical isolate, P826. A range of doses was used to establish an optimal
colonizing dose. NW/TS were cultured for pneumococci twice weekly in the first
2 weeks after inoculation and then weekly up to a month following inoculation
or continuing until three consecutive sets of specimens were negative for pneu-
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mococci. Pneumococcal isolates were serotyped to determine whether they
matched the inoculum strain. Serum samples were obtained before and 1 month
following inoculation and then every 2 weeks until pneumococcal carriage was no
longer detected.

Recombinant protein expression. For expression of recombinant proteins
from P833, PCR products containing the nucleotide sequences of interest (PspA
and CbpA) were amplified from genomic DNA. The primers used contained
EcoRI and Ndel sites allowing for the addition of unique restriction enzyme sites
for cloning (Table 1). After digestion with restriction enzymes, the PCR products
were ligated into pET28b vectors and subsequently transformed into Escherichia
coli strain BL21. His-tagged proteins were expressed in the presence of isopro-
pyl-B-p-thiogalactopyranoside (IPTG) and purified on an activated His-Bind
Resin column (Novagen) by standard procedures. Purity of the preparations was
confirmed by Coomassie stain of sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot.

The gene fragment encoding the C-terminal 292 residues of PpmA was am-
plified from S. pneumoniae D39 with primers which incorporate flanking Nhel
and BamHI restriction sites (Table 1). A 3,948-bp gene fragment which encodes
amino acids 671 to 1987 of the IgA1 protease (Iga) was amplified from S. pneu-
moniae TIGR4 with primers which incorporate flanking Ndel and Bgl/II restric-
tion sites and with a C-terminal Hiss tag (Table 1). The amplified DNA was
cloned into a pET11a expression vector (Stratagene, LaJolla, Calif.) and elec-
trotransformed into E. coli BL21(DE3). The recombinant protein was expressed
and purified by Ni* affinity chromatography with the HisTrap kit (Amersham
Pharmacia, Uppsala, Sweden) according to the manufacturer’s recommenda-
tions. Purity of the preparations was confirmed by Coomassie stain of SDS-
PAGE and Western blot.

Other antigens. Recombinant CbpA (amino acids 39 to 443) was expressed
from The Institute for Genomic Research (TIGR) type 4 genome sequence. Ply
was expressed and purified as described previously (14). Purified LTA was
provided by Werner Fischer (Erlagen University, The Netherlands). rPsaA and
rPspA (extending from the N terminus into the proline-rich region), which
represent PspAs from clades 2, 3, and 4, were provided by Aventis-Pasteur.

ELISA. Purified protein was used to coat 96-well Immulon 2 High binding
plates (DYNEX Technologies) at 0.5 pg/ml in coating buffer (0.015 M Na,CO3,
0.035 M NaHCOj; [pH 9.6]). Purified LTA was used at a dilution of 0.3 nM/ml
in coating buffer. After overnight incubation at 4°C, the plates were washed with
phosphate-buffered saline-Tween 20, blocked with 1% bovine serum albumin
(BSA) for 1 h at 37°C, and washed again. Threefold serial dilutions of human
serum in 1% BSA were added and then incubated overnight at 4°C. Antigen-
specific antibodies were detected by goat anti-human IgG-alkaline phosphatase
(Sigma-Aldrich) and developed with pNPP, and the absorbance at 415 nm was
recorded. Titers were determined by calculating the sample dilution at which the
absorbance was equal to 0.3. Antibody to the type 23F and 6B capsular polysac-
charides was detected by an ELISA protocol established by the Centers for
Disease Control (6).

The standard protein ELISA, described above, was modified as follows to
determine the percent inhibition of antibody binding. Dilutions of human sera
were incubated for 1 h at room temperature with 5 pg of PspAs; g,
PSpA g>_g23, or BSA (no-inhibitor group)/ml prior to their addition to the ELISA
plate. The amount of inhibitor added was calculated by determining the amount
of inhibitor necessary to yield a 70% reduction in serum IgG binding to the same
protein as solid phase on the plate. Titers were determined as described above.
Percent inhibition for each subject was determined by dividing the titer in the
presence of inhibitor by the titer in the absence of inhibitor (BSA) and multi-
plying by 100.

Western blot analysis. Whole-cell bacterial sonicates made from strain P833
were used in Western blot analysis by separating 10 ng of total protein/lane on
SDS-PAGE gels (12.5%). After electrophoretic transfer onto an Immobilon-P
membrane (Millipore), transfer was visualized by staining membranes with Pon-
ceau S (Sigma-Aldrich). Individual lanes were incubated 16 h at 25°C with pre-
or postinoculum sera (diluted 1:10,000) from individual subjects. Where indi-
cated, soluble inhibitor (CbpA [P833], PspAs;_;g9, Or BSA [negative control])
was added at a concentration of 1 to 10 pg/ml as specified. Protein-specific
antibodies were detected with goat anti-human IgG antisera conjugated to al-
kaline phosphatase (Sigma-Aldrich).

Statistical analysis. Antibody titers prior to and after colonization were com-
pared using a two-tailed paired ¢ test. Preinoculation antibody titers were com-
pared between two different subject groups using a two-tailed ¢ test. Statistical
significance was defined as a P value of = 0.05.
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3’ primer sequence

5’ primer sequence

Construct

ACTTAGATCTTAATGATGGT GGTGATGATGCGCTTTAAAGATTCGCTCTC

GGAATTCCCACATACCGTTTCTTGITTC

GGAATTCTAAGGAACTACTTTTGCTTGITCC
GGAATTCGCGCGT CGACGGCTTAAACCCATTCACCATTGG
TCATGGATCCGGACTATTCGTTTGATGTAC

GGAATTCTAAGGAACTACTTTTGCTTGTITCC
ACTCAACTCTTCAAGTTTTGATAG

CCGGAATTCTCTCAGCTTCTTCTG

CCATGGCTAGCCACCATCACCATCACCATTCGAAAGGGT CAGAAGGTGC

CAACATCACATATGGGACAAACAGAACCAGAG

AGTGTAGTAGTTGCTAGTCTTGI T

GGGTTTCCATATGACT GAAGAGAAAGCAAAGCTT
GGGTTTCCATATGGAACCAGAACTTGCTAAAAAGTAG

GGAATTCCATATGGAAGAAGCTCCC
GGAATTCCATATGGAAGAAGCTCCC
AAAGCTGT TGAAGCCAAACAA

PspAs;_g;

PspAsi_i62
PspAgs_i62
PspAsgs 274

PspA g3 627
PpmA,; 33

IgAl proteaseq;;_jog7
CbpA (P833)

“ Primers are listed 5'—3'.
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RESULTS

Serum IgG antibody response to pneumococcal surface an-
tigens. In order to study pneumococcal carriage in the human
nasopharynx, healthy adult volunteers were given an intranasal
inoculum containing either serotype 23F or 6B pneumococci. A
portion of the subjects became colonized (6 of 14 for serotype 23F
and 6 of 8 for serotype 6B), and the carrier state persisted as
detected by culture of serial NW/TS specimens for as long as 122
days. Sera from the colonized and uncolonized groups were used
to measure the titer of antibody specific to pneumococcal vaccine
candidates, including CbpA, LTA, Ply, PpmA, PsaA, and Iga.

Among the subjects colonized with serotype 23F, significant
increases in IgG titer to these surface antigens during carriage
were observed for PspA, as previously reported (11), and for
CbpA (P < 0.02) (Fig. 1B). However, in contrast to the pre-
viously reported higher PspA titers in subjects that resisted
colonization with 23F than in those that became colonized
(11), no correlation exists between preinoculation titer to
CbpA and susceptibility to colonization with the serotype 23F
strain (Fig. 1A and B, open bars). The fold increase in titer to
CbpA during experimental carriage was similar to that previously
described for PspA and contrasted with a lack of a significant
increase in antibody against the homotypic capsular polysaccha-
ride during carriage (11). Western analysis using whole-cell ly-
sates of the inoculum strain confirmed the specificity of the hu-
man immune response to CbpA and PspA during experimental
carriage (Fig. 2). Antibody reactivity to CbpA during carriage was
inhibited by the addition of soluble recombinant CbpA expressed
on the basis of the sequence spanning the variable alpha-helical
domain and a portion of the conserved proline-rich domain of the
inoculum strain (P833); likewise, the immune response to PspA
was inhibited with soluble PspA;,_,go.

In order to determine if the observed serum IgG response to
CbpA was strain specific, the corresponding recombinant
CbpA fragment was generated based on the sequence of the
TIGR4 genome sequence strain. CbpA, like PspA, has a sub-
stantial degree of strain-to-strain sequence variability in the N
terminus (8). Among the subjects colonized, the magnitude of
the immune response to the unrelated TIGR4 CbpA was sim-
ilar to that observed to the CbpA from the inoculum strain,
P833. This cross-reactivity was unexpected considering the de-
gree of sequence variation between these two strains in the N
terminus (Fig. 3B). Only a limited number of contiguous
stretches of amino acid sequence with similarity or identity
greater than eight residues in length exist in the immunogenic
region examined (these included amino acids 210 to 219, 227 to
233, 426 to 446, 448 to 474, 476 to 488, 492 to 502, and 505 to
532). For subjects challenged with the serotype 6B isolate, no
significant increase in IgG titer to any of the antigens tested,
including CbpA, was observed during carriage (Fig. 1D). Nei-
ther of the recombinant CbpAs tested, however, were gener-
ated from the 6B challenge strain, suggesting that cross-reac-
tivity in the antibody response observed between CbpAs of
P833 and TIGR4 was limited. Preinoculation titers to CbpA
from subjects challenged with the serotype 6B isolate did not
correlate with susceptibility to carriage, although the uncolo-
nized group was small (n = 2) (Fig. 1C and D, open bars).

Analysis of the serum IgG antibody response to regions of
PspA. To build upon the previously observed relationship of
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FIG. 1. Serum IgG response to candidate pneumococcal vaccine antigens. Subjects either remained uncolonized (A and C) (eight and six
subjects, respectively) or became colonized (B and D) (six subjects each) following intranasal challenge with a serotype 23F (A and B) or 6B (C
and D) isolate. The antigens indicated on the x axis were used as the solid phase in ELISA to determine the specific IgG titers in the subjects prior
to inoculation (open bars) and at 1 month or the first time point that colonization was no longer detected (solid bars). Values shown are the mean
antibody titers (1/Y) = standard errors of the mean for all subjects in a particular group for three independent experiments. Types 23F or 6B
capsular polysaccharide (PnPS)-specific IgG concentrations are expressed in nanograms per milliliter * standard errors of the mean. *, statistical
significance exists (P = 0.05) between pre- and postinoculation antibody levels.

higher PspA-specific antibody titers and resistance to colonization
with 23F (11), antibody responses to smaller portions of PspA
during experimental human carriage were further investigated.
The N-terminal amino acid sequences of 20 PspA molecules from

1 2 3
PspA
R —_—
ChpA 4 5 6
_’> -
i —— —
- -

FIG. 2. Western blot analysis of whole-cell lysates of strain P833.
Serum from individual subjects (FS1 and FS11) colonized with the
serotype 23F isolate (P833) were used to visualize the IgG response
during carriage to PspA or CbpA (as indicated by arrows). Lanes: 1,
FS1 preinoculation serum; 2, FS1 serum from 2 weeks after the last
detected colonization; 3, FS1 serum from 2 weeks after the last de-
tected colonization preincubated with 1 pg of recombinant P833-de-
rived PspAs;_;go/ml; 4, FS11 preinoculation serum; 5, FS11 serum from
2 weeks after the last detected colonization; 6, FS11 serum from 2
weeks after the last detected colonization preincubated with 10 pg of
P833-derived recombinant CbpA/ml.

sequence databases, each from a different pneumococcal isolate,
were compared with the prematurely truncated form of PspA
expressed by the inoculum strain, P833 (data not shown). rPspA
fragments were then generated based on regions of relative vari-
ability based on the sequence of P833 (Fig. 3A). As previously
described, individuals colonized with the 23F pneumococcus
(P833) showed significant increases in the serum IgG response to
PspA;;_;g as measured by ELISA (11). In addition, significant
increases in the serum IgG response to a fragment spanning the
first 131 amino acids of the mature protein and a fragment of 75
amino acids within this region (PspA;,_;s, [P = 0.001] and
PspAg,_16> [P = 0.05]), which include the most hypervariable
portion, were also seen (Fig. 4B). In contrast, there was no in-
crease in antibody titer to the PspAs,_g;, a region of lesser vari-
ability. Together, these results suggest that the fragment between
amino acids 88 and 162 of the mature protein is the most immu-
nogenic region. No increase in antibody titer was anticipated for
PspA,g>_574 OF PSpA g5 457, since the inoculated strain contained
a truncation at amino acid 189. In fact, a significant increase in
titer to PspA, g5 o7 Was observed, but this was attributable to
antibody levels in the single individual whose colonizing strain
reverted to a full-length form of PspA. No significant correlation
between levels of preexisting antibody to any of the subfragments
of PspA;,_,go and susceptibility to colonization was observed (Fig.
4A and B, open bars). Unexpectedly, a significant increase in IgG
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FIG. 3. Linear structure of mature PspA (A) and CbpA (B) showing conserved (unshaded) and variable (shaded) domains (7, 8). The region
of PspA of highest strain-to-strain amino acid sequence heterogeneity (hatched) within the variable alpha-helical domain is indicated. Recombi-
nant fragments used in ELISAs to determine region-specific IgG titers are shown below the linear structure and are labeled by amino acid position
relative to the signal sequence. Amino acid sequences of P833 for regions relevant to this study are shown beneath each linear structure. Only
sequence differences between P833 and other strains used in the study are indicated relative to the position in P833, with similar amino acids shown
in outline. For PspA, this includes representative strains of clade family members from clades 1 to 4. The sequence used for clade 1 was derived
from the 23F inoculum strain (P833, GenBank accession no. AY(072940) and spans from the signal sequence through the site of truncation for this
strain. The accession numbers for clades 2 to 4 PspA were M74122, AF01816, and U89711, respectively. For CbpA, this includes strains P833
(accession no. AF068647) and TIGR4 (accession no. AAK76241) and spans from the signal sequence to the end of the alpha-helical domain.
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FIG. 4. Serum IgG response to regions within PspA of the 23F inoculum strain and PspAs of different strains. Subjects either remained uncolonized
(A and C) (eight and two subjects, respectively) or became colonized (B and D) (six subjects each) following intranasal challenge with a serotype 23F
(A and B) or 6B (C and D) isolate. All recombinant fragments of PspA were derived from the 23F inoculum strain P833 (clade 1 family member). Whole
PspA proteins representative of clades 2 to 4 family members or the PspA fragment indicated on the x axis were used as the solid phase in ELISA to
determine the specific IgG titers in the subjects prior to inoculation (open bars) and at 1 month or within 2 weeks of the time that colonization was no
longer detected (solid bars). Values shown are the mean antibody titers (1/Y) = standard errors of the mean for all subjects in a particular group for three
independent experiments. *, statistical significance exists (P = 0.05) between pre- and postinoculation antibody levels; !, exclusion of the one individual
colonized with P833 that reverted during carriage to full-length PspA would eliminate the statistically significant increase in antibody titer in this group;
NP, the indicated PspAs extend from the N terminus into the proline-rich domain and do not contain the choline binding domain.

titer to PspA;,_, 5o in uncolonized subjects was observed and may
be attributed to exposure to PspAs,_ s during the inoculation
procedure even though carriage was not detected in NW/TS col-
lected beginning 3 days after inoculation. Subjects colonized with
the type 6B strain demonstrated no increase in serum IgG to P833
PspA fragments over time, suggesting that PspA-specific antibody
responses may be strain specific (Fig. 4C and D).
Cross-reactivity in the serum IgG antibody response to
PspA. The presence of antibodies recognizing the N terminus
of PspA correlated with protection from colonization with
pneumococci expressing the identical PspA (11). Since the N
terminus of PspA is highly variable between strains, the ability
of these antibodies to recognize heterotypic PspAs was as-
sessed. PspA sequences from different strains may be grouped
into several distinct families based upon similarity in a 72-
amino acid fragment referred to as the clade-defining region
(12). The antibody responses to PspAs;_;5o from P833, a clade
1 isolate, and three rPspAs (minus the complete proline-rich
and choline binding domains) (Fig. 3A), each of which repre-

sented a different clade, were compared. For subjects chal-
lenged with 23F or 6B, titers of cross-reactive PspA-specific
antibody were similar in the colonized and uncolonized groups
prior to inoculation (Fig. 4). Type 23F-colonized subjects
gained significant levels of serum IgG during the period of
colonization that cross-reacted with a clade 2 (P = 0.001) and
aclade 3 (P = 0.02) PspA but did not recognize a clade 4 PspA.
Therefore, a significant level of cross-reactivity of antibody
recognizing epitopes within the fragment N-terminal to amino
acid 190 for these clade 1, 2, and 3 strains must exist. Because
the inoculum strain was truncated at amino acid 189, it was not
possible to determine the levels of cross-reactivity to the clade-
defining or other more conserved regions. Type 6B-colonized
subjects, in contrast, did not demonstrate a significant increase
in antibody titers specific to any of the PspAs of other clades.

PspA-specific antibody cross-reactivity was also assessed us-
ing an inhibition ELISA. rPspA;,_,go and rPspA g5 4,7 derived
from P833 were used in solution to inhibit antibody binding to
solid-phase clade 2, 3, or 4 PspAs (Fig. 5). Type 23F-colonized
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FIG. 5. Inhibition ELISA showing IgG binding to PspAs representa-
tive family members of clades 2 to 4 in the presence of recombinant
PspAs_150 (A) and PspA g, 7 (B) derived from the clade 1 family
member (serotype 23F, inoculum strain P833). Sera tested were obtained
before inoculation (Pre) from subjects that either did not (—) or did (+)
subsequently become colonized and from previously colonized subjects
within 2 weeks after colonization ceased (Last). Serum was incubated with
the selected inhibitor (5 pg/ml) prior to addition to the ELISA plates. The
percentage drop in antibody titer was determined by comparison with
corresponding sera incubated with no inhibitor. Values shown are the
mean percent inhibition of binding to the solid phase = standard errors of
the mean for all subjects in a particular group. *, statistical significance
exists (P = 0.05) between indicated groups.

subjects showed a trend towards an increase in PspAs;_;go-
inhibitable antibody against PspA from each of the other
clades during carriage (Fig. 5A). In addition, binding of clade
3 cross-reactive antibodies was significantly inhibited by
PspA;,_;g4o in the subjects that did not become colonized with
the type 23F strain (P < 0.04 when compared to other clades).
Levels of cross-reactive antibody were greater than predicted
considering the degree of sequence variation among these
PspAs (Fig. 3A). Among the clades of PspA considered in this
study, PspA from P833 and clade 3 pneumococci were the most
similar in amino acid sequence as revealed by dendrogram
analysis performed by ClustalW alignment (MacVector, Accel-
rys, Burlington, Mass.). The only identical regions to the PspA
of P833 of sufficient length to form a potential B-cell epitope
were with the clade 3 PspA (amino acids 74 to 83 and 171 to
179) and clade 4 PspA (amino acids 171 to 179). Limited
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stretches of similar sequences between PspA from P833 and
that of the other PspAs included amino acids 43 to 50 and 68
to 89 for the clade 2 strain; amino acids 57 to 62 and 74 to 90
for the clade 3 strain; and amino acids 31 to 37, 43 to 50, 52 to
62, and 74 to 84 for the clade 4 strain. However, both the
sequence analysis and inhibition ELISAs indicated that there
was unlikely to be a single, broadly cross-protective epitope
within the N terminus of PspA. In addition, none of these short
stretches of identity or similarity were within the most immu-
nogenic portions of PspAj,_;go 0r PspAg,_ 4. All subject
groups, regardless of inoculated strain or colonization status,
contained some degree of cross-reactive antibody inhibitable
by the more conserved portions of PspA (amino acids 182 to
623) (Fig. 5B). However, a correlation between preexisting
antibody to these regions and susceptibility to carriage has not
yet been established in humans.

DISCUSSION

At least two surface components of the pneumococcus, the
choline-anchored proteins PspA and CbpA, were shown to be
immunogenic during experimental human colonization. This
model of pneumococcal carriage allowed for direct comparison of
preinoculation and postcolonization antibody specificities and ti-
ters in the natural host. Our study focused on the serum IgG
response rather than mucosal antibody. The possibility remains,
therefore, that a significant mucosal antibody response to the
antigens tested may not correlate with the serum IgG response
examined in this study. Despite the relatively small number of
colonized individuals in the experiment using a type 23F clinical
isolate (n = 6), a significant rise in serum IgG during carriage to
these two proteins was observed. The presence of an immune
response during carriage confirmed the expression of PspA and
CbpA by the pneumococcus in the commensal state in humans. In
addition, our results support prior work demonstrating that PspA
and CbpA elicit an IgG response during murine colonization and
in vitro infection of human adenoidal B cells (5, 25). The rise in
serum antibody to PspA and CbpA during experimental human
colonization contrasted with the lack of a significant increase in
serum IgG to the homotypic PnPS (for both the type 23F and 6B
inocula), thought to be the immunodominant antigen of the
pneumococcus. However, only adults were challenged in our
study, and they may have been colonized with types 6B and 23F
pneumococci previously. Thus, these results may not reflect those
found in uncolonized children.

Other surface components that have been proposed as vac-
cine candidates did not appear to be immunogenic during
experimental human carriage. A positive association during
childhood between the exposure to S. pneumoniae that occurs
with increasing age and serum IgG titers to PsaA and Ply has
been described (18, 22). No rise in serum IgG titer to either
PsaA or Ply was observed in our study using experimental adult
carriage. The lack of significant immunogenicity of PsaA in our
carriage study also contrasts with previous reports showing an
increase in antibody when acute and convalescent titers during
acute otitis media were compared (22). Although only PspA
and CbpA were immunogenic during carriage in our study,
there was detectable preinoculation antibody to all the other
surface components tested. Since colonization does not appear
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to elicit an IgG response, the presence of antibody to LTA,
PLY, PsaA, Iga, and PpmA could be from past infection or
prior exposure to cross-reactive antigens.

One advantage in the use of experimental human carriage is
having a uniform and characterized inoculum strain. This en-
abled the analysis of strain-specific immune responses in a
population. For instance, there is considerable strain-to-strain
variability in the sequences of PspA and CbpA in the N-ter-
minal regions shown to be immunogenic in this study. The
antigenic region of the N-terminal portion of PspA was deter-
mined to be the most highly variable portion of the protein
between amino acids 88 and 162. In the six individuals colo-
nized with the type 6B strain, there was no significant rise in
IgG titer to either PspA or CbpA. However, the recombinant
PspA and CbpA used to assess this response were based on
proteins expressed from a heterologous isolate, suggesting that
strain-to-strain diversity may account for the absence of rise in
IgG titer. The immune response to highly conserved regions
was not analyzed for either protein. The conserved choline-
binding domain of CbpA was excluded because of the difficulty
in expression of recombinant, full-length protein. The immu-
nogenicity of regions C-terminal to amino acid 189 of PspA,
which encompass the clade-defining, proline-rich, and con-
served choline-binding regions, was not analyzed because the
strain used for inoculation (P833) was truncated at this site.
Strain-to-strain diversity is less likely to explain the lack of
immunogenicity of the other vaccine candidates tested, includ-
ing LTA, Ply, PsaA, and PpmA, which are highly conserved in
amino acid sequence. Iga, however, has a region of significant
diversity which, if immunodominant, could account for our inabil-
ity to detect a rise in antibody titers during carriage, since the
recombinant Iga used was derived from another strain. Also,
difficulties in the expression of the full-length (>2,000 amino
acid) Iga resulted in our use of a product that lacked a large
portion of the N-terminal region. Hence, antibody that might be
specific for that region was not detected in our analysis.

Another aspect of this study was to assess the cross-reactivity
of the immune response of immunogenic surface components
during carriage. For both PspA and CbpA, there was a serum
IgG response during colonization with 23F that was cross-
reactive with the corresponding protein expressed from an-
other strain(s). This cross-reactivity antibody was generated
during colonization with a single strain and is unlikely to rep-
resent undetected colonization by other by other serotype(s) in
this closely monitored group. The amount of cross-reactivity
was unexpected considering the degree of sequence diversity
for the regions tested. This observation, therefore, could be
due to the presence of common short linear peptides that act
as B-cell epitopes or conformational epitopes of different pri-
mary sequence. For the group challenged with the type 6B
inoculum, there was no detectable increase in IgG response to
either PspA or CbpA expressed from other strains. This sug-
gests that the cross-reactivity in the IgG response to these
variable regions, although detectable with some PspA and
CbpA proteins, is limited. In this regard, we demonstrated in
the group colonized with the 23F inoculum that the amount of
cross-reactivity to N-terminal regions of PspA from four unre-
lated strains was proportional to the similarity in their amino
acid sequence.

We also assessed whether there was any positive correlation
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between preinoculation IgG titers to any surface component
and susceptibility to becoming colonized. Among the surface
molecules tested, a correlation was noted only with IgG titers
to PspA, as previously described (11). Although CbpA was
found to be immunogenic, there was no similar correlation
between IgG titers and susceptibility to becoming colonized in
the relatively small cohort examined. The lack of this correla-
tion for PsaA in our study differs from the findings of Obaro et
al., who showed lower titers to PsaA in colonized compared to
uncolonized infants (18).

Our study was not designed to determine whether the pres-
ence of IgG to any of the components examined is protective
from pneumococcal colonization. Our finding that PspA is
immunogenic during human colonization and that there is
some degree of cross-reactivity in this immune response is
supportive of the approach to immunization based on the use
of combinations of multiple PspAs proposed by McDaniel et
al. and Nabors et al. (12, 16). Current information about the
use of multiple PspAs in protection has been generated in
animal studies and is based on the immune response to the
clade-defining region (12). Immune responses to the clade-
defining region during carriage could not be compared in our
study because of the strain used. There were, however, signif-
icant amounts of preexisting antibody to more conserved re-
gions of PspA, including the clade-defining region in many of
the subjects participating in this study. For human immuniza-
tion, it remains unclear how many unique PspA molecules
would be needed to elicit a broadly protective immune re-
sponse. In addition, a preventive strategy relying on PspA
should consider the stability of its expression in the natural
host, which recent evidence suggests might be an issue (11). A
protein-based vaccine, therefore, may need to include addi-
tional protein components. In this regard, our results suggest
that the protective potential of CbpA also merits further eval-
uation. Finally, our study indicates that experimental human
pneumococcal carriage, which allowed us to assess immunoge-
nicity of vaccine candidates in the natural host for this patho-
gen, could be useful in facilitating human protection studies for
developing improved pneumococcal vaccines.
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