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Pneumococcal surface protein A (PspA) can elicit protection against Streptococcus pneumoniae in mouse
infection models. PspA is classified by serology and amino acid sequence into two major families that are
divided by sequence into five clades. The most variable portion of the molecule is the �-helical domain, which
comprises the N-terminal half of PspA. Prior studies of a family 1 PspA protein observed that protective
antibodies are reactive with epitopes in the �-helical domain and that most cross-protective epitopes mapped
to the 108 most C-terminal amino acids of the �-helical region. In these studies, we have used six overlapping
recombinant fragments of family 2, clade 3 PspA/EF3296 to map the protection-eliciting regions of its �-helical
domain. The three fragments, which included the 104 most C-terminal amino acids of the �-helical domain
(314 to 418), could each elicit protection against EF3296. A fragment comprising amino acids 75 to 305 failed
to elicit significant protection. A fragment containing amino acids 1 to 115 elicited protection against EF3296
in BALB/c mice but not in CBA/N mice. All three fragments containing amino acids 314 to 418 were able to
elicit cross-protection against pneumococci expressing PspA proteins of clades 2, 3, 4, and 5. Cross-protection
elicited by these three fragments was easier to demonstrate in CBA/N mice than in BALB/c mice. The 1-to-115
fragment, however, elicited some cross-protection against clades 2 and 4 in BALB/c mice but not in CBA/N
mice. These studies provide support for the importance of the C-terminal 104 and N-terminal 115 amino acids
of the �-helical region of PspA in the elicitation of cross-protection.

Streptococcus pneumoniae is a common cause of respiratory
tract infections, otitis media, sepsis, and meningitis in young
children and in the elderly. It is a major cause of mortality in
developing parts of the world and the major cause of hospital
visits among children in the United States (4, 32, 39).

The 23-valent polysaccharide vaccine and the recently de-
veloped 7-valent polysaccharide-protein conjugate vaccine ex-
hibit incomplete protection against carriage of and otitis media
and bacteremic disease caused by nonvaccine types; this has
made it important to examine other vaccine candidates (21, 22,
37). PspA and pneumolysin have been the most extensively ex-
amined pneumococcal proteins used to elicit protective immu-
nity in animal models (11, 34). A number of other protection-
eliciting pneumococcal proteins have also been described (6, 7,
17, 24, 27, 28, 36, 40).

PspA is present on all pneumococci (19, 20) and is serolog-
ically variable, cross-reactive (25, 29, 33), and cross-protective
(14). PspA is made up of three major amino acid sequence
domains. The choline-binding domain at the C terminus at-
taches the protein to the cell surface (43). Upstream of this
domain is the proline-rich domain, which is thought to span the
cell wall and capsule layer (14, 42). N terminal to the proline-
rich domain is the �-helical domain, which is exposed on the
bacterial surface and is thought to form an antiparallel coiled-
coil structure (23, 26, 42) reminiscent of many other fibrillar
surface proteins on gram-positive bacteria.

Most of the epitopes detected by a panel of protective
monoclonal antibodies to PspA/Rx1 were mapped to the C-

terminal 119 amino acids of the �-helical region of PspA/Rx1.
Overlapping fragments that contained the 108 C-terminal
amino acids of the PspA/Rx1 �-helical region were found to
elicit protection against strains of different capsular types (16,
29, 38). It was also observed that the N-terminal 115 amino
acids of PspA/Rx1 could elicit protection, but the ability of the
fragment to elicit cross-protection was not examined (13). The
ability of fragments from the middle of the �-helical domain of
PspA/Rx1 to elicit protection was also not examined.

The role of the approximately 108 C-terminal amino acids of
the �-helical region in eliciting cross-protection makes this
region important for the characterization of PspA diversity
with regard to its use in vaccines. Two additional features of
this region further contribute to its importance for character-
izing PspA diversity. (i) The relationship between sequences of
different PspA proteins in this region was observed to be sim-
ilar to that of the relationship between the entire �-helical
sequences of the same PspA proteins (25). (ii) The dendro-
grams based on the relationships between differences in se-
quence for the �108 C-terminal amino acids of the �-helical
domain of PspA were found to yield dendrograms that were
more statistically significant than those based on other regions
of the �-helical domain (25). For these reasons, the �108
C-terminal amino acids in the �-helical domain have been
designated the CDR (clade-defining region) of PspA (25).

On the basis of the amino acid sequence diversity in the
CDR, PspA proteins fall into two major sequence families.
Family 1 is composed of clades 1 and 2; family 2 is composed
of clades 3, 4, and 5. The amino acid sequences of the PspA
proteins of families 1 and 2 can differ by as much as 60% in the
CDR (25).

The classification of PspA proteins into families and clades
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on the basis of CDR structure could assist in the formulation
of a PspA vaccine containing different PspA proteins if it were
known that the CDR of PspA proteins in family 2 was also
important in the elicitation of cross-protection. In this study,
we have mapped the protection-eliciting regions of a family 2
PspA protein by comparing the protection elicited by overlap-
ping fragments of PspA/EF3296. We chose strain EF3296 be-
cause prior studies demonstrated that it is particularly difficult
to protect against, thus making it particularly well suited as a
challenge strain for resolving differences between the protec-
tive capacities of different PspA fragments.

In PspA/EF3296, the �-helical domain extends from amino
acid 1 to amino acid 418. On the basis of homology to PspA/
Rx1, the CDR of PspA/EF3296 has been considered to extend
from amino acid 314 to amino acid 418 (25). Recombinant
fragments composed of overlapping segments of the �-helical
domain were expressed and used to immunize BALB/c and
CBA/N mice, which were then challenged with one of a panel
of strains expressing PspA proteins of the five major PspA
clades.

MATERIALS AND METHODS

Reagents. Nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate
were from Fisher Scientific (Atlanta, Ga.). Streptavidin-alkaline phosphatase
(AP) and AP-conjugated goat anti-mouse and AP-conjugated goat anti-rabbit
antibodies were from Southern Biotechnology Associates (Birmingham, Ala.).
Bacto Todd-Hewitt medium and yeast extract were from Difco Laboratories
(Detroit, Mich.). Protein markers and ready gels were from Bio-Rad (Hercules,
Calif.)

Anti-PspA monoclonal antibodies were produced as previously described (29).
Anti-PspA family 2 serum was produced as previously described (19, 23). PC3.1
reactive with EF3296 was a gift from Aventis Inc., Toronto, Ontario, Canada
(unpublished data).

Bacteria. The pneumococcal strains were stored at �80°C in 12% glycerol (1),
transferred to blood agar plates, and incubated at 37°C in a 5% CO2 atmosphere
overnight. Colonies grown on blood agar were used to inoculate liquid growth
medium (Todd-Hewitt medium containing 0.5% yeast extract). Upon reaching
late log phase, the bacteria were harvested by centrifugation at 1,500 � g for 15
min and suspended in sterile 60 mM phosphate-buffered saline (PBS; pH 7.2).
The bacterial concentration was adjusted by measuring absorbance at 600 nm
and confirmed by viable counts.

PspA and PspA fragments. Full-length PspA was purified from S. pneumoniae
EF3296 as previously described (13, 43). Fragment SW111 of PspA/EF3296,
constituting amino acids 1 to 478, was kindly provided by Aventis Inc. PspA
fragments were produced from cloned, PCR-amplified DNA as follows. DNAs
encoding protein fragments HR101 (primer pair ABW23-LSM12), HR102
(primer pair HR10-HR11), HR104 (primer pair HR12-HR14), HR107 (primer
pair HR10-HR14), and HR108 (primer pair HR19-HR20) were amplified from
S. pneumoniae EF3296. The primers used for PCR have been described earlier
(23), except for HR19 (5�-AGCTGCATGCTTAGCAAAAAAACAAACAGA-
3�) and HR20 (5�-AGCTCTGCAGAGTTTCTTCTTCATCTCCAT-3�). Ampli-
cons of pspA were cloned into either BglII-HindIII- or SphI-SalI-digested pQE40
or pQE30 (HR108 only) vector (Qiagen Inc., Valencia, Calif.) and transformed
into M15(pREP4), a K-12-derived Escherichia coli strain containing a plasmid
that encodes a lac repressor allowing control over expression. Clones containing
the different pspA inserts were verified by sequencing. Expression of positive
clones was induced with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) dur-
ing growth at room temperature. The overexpressed protein fragments were
purified by affinity chromatography with a nickel resin in accordance with the
manufacturer’s (Qiagen) instructions. The different constructs encoded PspA
fragments with predicted molecular masses of 38.6 kDa (HR101), 52 kDa
(HR102), 59.3 kDa (HR104), 71.8 kDa (HR107), and 11.4 kDa (HR108), which
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
quantified by using the Bio-Rad DC protein assay (Bio-Rad Laboratories, Her-
cules, Calif.). Fragments HR101, HR102, HR104, and HR107, which were
cloned into pQE40, were all fusion proteins whose N terminus was murine
dihydrofolate reductase (DHFR). HR108 consisted only of the cloned PspA
sequence.

Western blotting. PspA and fragments of PspA (0.5 �g) were run on polyacryl-
amide gels (ready gels; Bio-Rad Laboratories), and the gels were electroblotted
to a 0.45-�m-pore-size nitrocellulose membrane (Bio-Rad) in Tris-glycine buffer
(20% methanol, 25 mM Tris, 192 mM glycine, pH 8.1 to 8.4) at 100 V for 1 h at
4°C. The blotted membrane was incubated with 1% bovine serum albumin in
PBS-T (PBS containing 0.05% Tween 20) for 1 h at room temperature and
washed three times (for 5 min each time) with PBS-T. The membranes were
exposed to anti-PspA antibodies (polyclonal anti-PspA family 2 antisera or PC3.1
monoclonal antibodies) or antihistidine antibodies (Qiagen) for 30 min at 37°C,
washed and incubated with a mixture of biotinylated goat anti-mouse or anti-
rabbit antibodies (diluted 1:1,000 in PBS-T) and AP-conjugated streptavidin
(1:500 dilution in PBS-T) for 30 min at 37°C. After washing, the membranes were
developed with nitroblue tetrazolium at 0.1 mg/ml and 5-bromo-4-chloro-3-
indolylphosphate at 0.5 mg/ml in 0.15 M Tris-HCl, pH 8.8.

Mouse immunization and challenge. Five- to 8-week-old CBA/CAHN/XID
(CBA/N) or BALB/cByJ (BALB/c) mice (Jackson Laboratory, Bar Harbor,
Maine) were used for protection studies. These strains were selected because
they were strains on which we had significant baseline data for infections with
these and other strains of pneumococci and because they represented two ex-
tremes of resistance to pneumococcal infection. CBA/N mice have an X-linked
genetic defect, and BALB/c mice are immunologically normal (8, 9, 12). The
group size was generally between 7 and 21 mice, except for two challenge groups
of 3 to 5 mice (see Table 3). Whenever the existence of protection was equivocal,
the numbers of mice were increased until a clear result was obtained. The mice
were immunized subcutaneously with 1 to 5 �g of purified recombinant protein
SW111, HR101, HR102, HR104, HR107, or HR108, as indicated, in alum (100
�g of AlOH3/ml) for primary immunization. A booster dose of antigen in alum
was administered subcutaneously 2 weeks later. Fourteen days after the boosts,
the animals were challenged intravenously through the tail vein with S. pneu-
moniae strain BG7322, A66.1, EF3296, 3JYP2670, or ATCC 6303 at a dose that
was about 2 logs greater than the 50% lethal dose. The challenge doses of these
strains for CBA/N mice were 400, 200, 2,000, 700, and 800 CFU, respectively.
The challenge doses of these strains for BALB/c mice were 3.6 � 105, 4.8 � 106,
2.0 � 106, 1.0 � 105, and 2.8 � 106 CFU, respectively. The infected animals were
monitored daily, and the day of death was recorded. Mice were scored as dead
once their bodies reached room temperature, as determined by touch. Mice alive
at 21 days postinoculation were considered protected against death. Experience
indicates that if deaths do occur in this model, they are generally observed at
least 7 to 14 days before this time point (8, 10).

Determination of anti-PspA antibody levels in serum. Mice were bled retro-
orbitally 24 h before challenge. Titers were evaluated by enzyme-linked immu-
nosorbent assay (ELISA) by using the homologous recombinant fragment used
for immunization and the recombinant full-length �-helical fragment (SW111) to
coat plates. The coated plates were incubated overnight at 4°C and then blocked
by incubation for 2 h at room temperature with 1% bovine serum albumin in
PBS-T. After 3 h of incubation at 37°C with different dilutions of mouse sera, the
plates were washed with PBS-T and biotinylated goat anti-mouse antibodies
(1:1,000 dilution in PBS-T) were used to detect the mouse serum antibodies.
After further incubation with AP-conjugated streptavidin (1:1,000 dilution in
PBS-T), p-nitrophenyl phosphate (1 mg/ml; Sigma) was used for color develop-
ment. Absorbance was read at 405 nm. The concentration of antibody reactive
with PspA was calculated as micrograms per milliliter by using a serum standard
of pooled immune sera from groups of mice immunized with HR101 or HR107.

Binding of anti-PspA serum antibodies to the bacterial surface. Bacteria were
grown on blood agar plates or in Todd-Hewitt medium containing 0.5% yeast
extract and were suspended in PBS at a concentration of approximately 108/ml.
The bacterial suspension (80 �l) was mixed with 20 �l of mouse preimmune or
immune sera (final dilution, 1:40) or with anti-PspA PC3.1 monoclonal antibod-
ies (20 �g/ml) for 30 min at room temperature and washed by centrifugation at
1,500 � g for 5 min in PBS. Fluorescein isothiocyanate-conjugated goat anti-
mouse antibodies (1:100 dilution in PBS) were added for an additional 30 min at
room temperature, and after a final wash in PBS, the cells were inspected by
epifluorescence microscopy with a Leitz upright microscope (Leitz, Wetzlar,
Germany). Binding was quantitated by flow cytometry with a FACScalibur flow
cytometer (Becton-Dickinson Biosciences) as the fold increase compared to the
fluorescence obtained with nonimmune mouse sera from the same strain of mice.

Statistical analyses. Antibody levels and numbers of days to death were
compared with the two-tailed Mann-Whitney U test (nonparametric, two-sample
rank). Comparisons of live-versus-dead numbers in survival experiments were
done by using two-by-two contingency tables and Fisher’s exact test.
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RESULTS

Production of recombinant fragments of PspA/EF3296. The
�-helical domain of PspA is known to be exposed on the
bacterial cell surface (23, 29, 30). Studies of PspA/Rx1 (family
1) have shown that a major cross-protection-eliciting region is
located in the CDR of the �-helix located in the C-terminal
part of this domain (29). To investigate the protection-eliciting
regions of PspA/EF3296 (family 2/clade 3), overlapping frag-
ments of PspA/EF3296 spanning its �-helical domain were
produced (Fig. 1). PCR products were cloned in frame into
pQE40, an expression vector in which the cloned fragments are
located C terminal to DHFR, which has a polyhistidine tag at
the N-terminal end. The DHFR used (187 amino acids, 26
kDa) is from the mouse and is expected to be nonimmunogenic
in mice (5). For HR108, pQE30, an expression vector similar
to pQE40 but without DHFR, was used. Recombinant plas-
mids containing inserts were selected on the basis of antibiotic
resistance, the insert was verified by sequencing, and the re-
combinant protein fragments were expressed and purified.

All recombinant PspA (rPspA) protein fragments were of
the expected sizes in a Western blot developed with anti-His
antibodies (Fig. 2A). Western blots visualized with anti-family
2 PspA polyclonal antibodies (Fig. 2B) or the PC3.1 anti-PspA/
EF3296 monoclonal antibody (not shown) showed the same
recognition pattern as did the anti-His antibodies, except for
HR101 (amino acids 1 to 115), which was not recognized by
either the PC3.1 monoclonal antibody or the polyclonal anti-
bodies (Fig. 2B). This nonreactivity of polyclonal serum against
the N-terminal domain of PspA in Western analyses has been
observed in earlier studies using antibodies to both PspA/Rx1
and PspA/EF3296 (23).

The fact that PC3.1 bound both HR102 and HR108, which
are nonoverlapping fragments, suggests that this antibody may
recognize a part of the repeated sequence motif that is a
feature of family 2 proteins (20). Within the EF3296 (and
TIGR4) sequence, there is a very strong repeat of 30 amino
acids that extends from amino acid 255 to amino acid 285
(residing within HR102) and from amino acid 336 to amino

acid 366 (residing within HR108). Within these amino acid
regions, the sequences are identical except for the change of a
Q at position 257 to a K at position 338. The repeated region
extends with a little less fidelity about 20 amino acids in both
directions from these 30-amino-acid blocks.

Antibody responses to PspA/EF3296 fragments as measured
by ELISA and surface staining. To assess the relative protec-
tion-eliciting capacities of the recombinant fragments, groups
of BALB/c and CBA/N mice (5 to 10 mice per group) were
immunized and boosted 2 weeks apart with 1 �g of specific
fragments (SW111, HR101, HR102, HR104, HR107, or HR108)
or with purified DHFR adjuvanted with alum (Table 1). Two
weeks after the boost, the mice were bled and the serum was
collected for analysis by ELISA. The immune sera to the frag-
ments showed no reactivity to microtiter plates coated with
recombinant DHFR (data not shown), demonstrating that de-
tectable levels of antibody were not elicited by this sequence,
which was fused to most of the rPspA fragments. Thus, all
antibody reactive with the immunizing proteins by ELISA is
assumed to be reactive with rPspA.

When evaluated by ELISA for reactivity to SW111, the larg-
est of the �-helical fragments, the levels of antibody elicited by
the different fragments varied greatly. With BALB/c mice, the
highest ELISA reactivity was seen with sera obtained by im-
munization with SW111, with an average concentration of 507
�g of PspA antibodies per ml. Fragments HR102, HR107, and
HR108 consistently resulted in moderate levels of antibody (20
to 50 �g/ml) reactive with SW111, while HR101 and HR104
only elicited nanogram levels of antibody reactive with SW111
(Table 1). All of the PspA fragments, however, elicited higher
levels of antibody reactive with the immunizing fragment than
antibody reactive with SW111. Especially high discrepancies
were seen for fragments HR101 and HR104, which elicited
negligible levels of antibodies capable of binding SW111.
HR101 elicited 70-fold more antibody reactive with HR101
than antibody reactive with SW111. In the case of the antibody
elicited by HR104, 500-fold higher reactivity was observed
against the homologous fragment, HR104, than against
SW111. For PspA/EF3296 fragments SW111, HR101, HR102,
HR107, and HR108, the same general observations about

FIG. 1. PspA/EF3296 fragments used in this study. Protection-elic-
iting epitopes of Rx1 were mapped previously (29) to the �-helical
region. The CDR has been shown to contain major cross-protection-
eliciting epitopes (16, 29). This region has subsequently been used in
sequence analysis as the CDR for PspA proteins (25).

FIG. 2. Western blotting of fragments of PspA/EF3296. Fragments
of PspA/EF3296 were run on 12% gels and subjected to Western
blotting with anti-His antibodies (A) or polyclonal anti-PspA antibody
(B). Both blots display a choline eluate from strain EF3296 (lane CC),
as well as fragments SW111 (lane 2), HR101 (lane 3), HR102 (lane 4),
HR107 (lane 5), HR104 (lane 6), and HR108 (lane 6). MW, molecular
mass.
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cross-reactivity with SR111 were made for the antibodies elic-
ited in CBA/N mice as were made for the antibodies elicited in
BALB/c mice. HR104 was not used to immunize CBA/N mice.

The poorer reactivity of the antibodies elicited to each frag-
ment with SW111 (the largest fragment of PspA/EF3296 ex-
amined) demonstrate that the conformation of some of the
fragments is probably different in many places from that of the
same sequence in the complete �-helical domain. For both the
BALB/c and CBA/N mice, we observed that the antibody elic-
ited by HR107 showed higher relative reactivity with SW111
than did the antibody elicited by any of the other fragments of
the �-helical domain. This finding probably indicates that of all
of the fragments, HR107, which was also the largest, had the
most native conformation. The smallest fragment, HR108,
which is the only one to lack DHFR, elicited antibody 9 to 17
times as reactive with itself as with SW111. By these criteria, it
appears that the size and composition of the fragments, rather
than the attached DHFR, were the factors primarily responsi-
ble for their lack of a completely native conformation.

Surface staining by antibody to PspA fragments. In an at-
tempt to estimate the levels of antibody elicited by each frag-
ment that could react with intact pneumococci, we determined
the relative abilities of the antibodies elicited by the different
fragments to mediate fluorescent surface staining of intact
EF3296 pneumococci (Table 1). The antisera from BALB/c
and CBA/N mice immunized with fragments SW111, HR107,
and HR108 showed levels of binding to the bacterial cells 2 to
10 times higher than that of the preimmune serum control
(Table 1). Sera from BALB/c mice immunized with HR102
showed a different pattern, characterized by highly variable
binding capacities of individual sera. Eight out of 16 serum
samples tested had a binding ability less than 1.5 times that of

the control, 5 showed binding between 1.5 and 5 times that of
the control, and 3 showed considerably higher binding (11, 29,
and 31 times that of the control) to the bacterial surface. None
of the sera from BALB/c mice immunized with fragment
HR101 or HR104 showed significant surface binding in the
fluorescence assay. This result was entirely consistent with the
fact that these two immunogens elicited very little antibody
reactive by ELISA against the full �-helical domain.

There was, in general, a good correlation between surface
binding and antibody reactivity to SW111, which expresses the
complete �-helical domain. The only exception was immunity
to HR108. These antibodies exhibited the second highest bind-
ing to EF3296 but showed the seventh highest reactivity with
SW111 by ELISA. This is consistent with our view that this
region of PspA is probably the most surface-exposed portion of
the molecule (26, 29).

Protection of BALB/c and CBA/N mice against S. pneu-
moniae EF3296 by immunization with PspA/EF3296 frag-
ments. To evaluate the protection induced by immunization
with family 2 PspA, BALB/c mice were immunized with full-
length �-helical fragment SW111 and challenged with S. pneu-
moniae EF3296 at a dose 2 logs higher than the 50% lethal
dose (2 � 106 CFU). Immunization with SW111 resulted in an
increase in the median time to death of the mice from 5 days
in the control group to 14.5 days in the immunized group (P 	
0.05) (Table 2). Five of 10 immunized mice survived the chal-
lenge, compared with none in the nonimmunized group (P 	
0.05). The lack of complete protection is consistent with earlier
data suggesting that type 4 encapsulated S. pneumoniae strains
are more difficult to protect against by immunization with
PspA than are capsular type 3, 6A, and 6B strains (35, 38).

To investigate the location of protection-eliciting epitopes of

TABLE 1. Antibody responses detected by ELISA and flow cytometry

Mouse strain and
immunogen

No. of serum
samples tested

Avg antibody concn (�g/ml 
 SD)
detected by ELISAa Surface binding to EF3296

SW111 Immunizing
fragment

No. of serum
samples tested

Times control
(avg 
 SD)b

BALB/c
None 1c 0.00 
 0.00 NDd 5 1.00
DHFR 5 0.00 
 0.00 0.00 
 0.00 5 ND
SW111 10 507 
 565 507 
 565 16 9.25 
 1.71
HR101 8 0.003 
 0.001 0.22 
 0.13 16 1.51 
 0.09
HR102 8 37 
 19 88 
 90 16 6.36 
 2.44
HR104 8 0.09 
 0.05 50 
 25 16 0.94 
 0.03
HR107 10 48 
 17 74 
 76 16 6.64 
 0.80
HR108 8 23 
 13 225 
 139 16 2.24 
 0.28

CBA/N
None 1c 0.00 
 0.00 ND 5 1.00
DHFR 5 0.00 
 0.00 0.00 
 0.00 5 ND
SW111 8 43 
 14 43 
 14 8 5.47 
 1.79
HR101 8 0.01 
 0.003 3.73 
 5.00 8 1.06 
 0.06
HR102 12 ND 2.79 
 5.07 ND
HR107 8 172 
 118 187 
 119 8 6.61 
 1.15
HR108 8 11.3 
 3.9 189 
 38 8 6.81 
 2.29

a Immune serum samples from BALB/c or CBA/N mice were tested for their anti-PspA antibody concentrations either against full-length �-helical PspA/EF3296
(SW111) or against the fragment used for immunization. Antibody concentrations and standard deviations were determined as described in Materials and Methods.

b Binding to the EF3296 bacterial surface was determined for each serum sample as the fluorescent signal of the sample divided by the fluorescent signal of a
preimmune serum control.

c Pooled serum samples from five individual mice were used.
d ND, not done.
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PspA/EF3296, different groups of BALB/c mice were immu-
nized with each of the overlapping set of PspA/EF3296 frag-
ments (HR101, HR102, HR104, HR107, and HR108). Two
weeks after the second immunization, the mice were chal-
lenged intravenously with S. pneumoniae EF3296. Immuniza-
tion with HR101 showed the highest degree of protection
against EF3296, with 14 of 21 mice surviving the challenge
(P 	 0.001; Table 2). The strong protection elicited with this
fragment was somewhat surprising, in view of the low antibody
response to HR101 detected by both ELISA and surface stain-
ing. This finding indicates that the antibody that was elicited
was highly efficacious against EF3296 infection.

Immunization with HR104, HR107, and HR108 also re-
sulted in statistically significant protection of BALB/c mice
against EF3296, as measured by both time to death and frac-
tion alive (Table 2). There was no direct association between
the recognition of the antigen in ELISA or on the bacterial
surface and the ability to protect. For example, HR104 elicited
low concentrations of antibodies against SW111 when probed
by ELISA and the antibodies did not show detectable binding
to the EF3296 bacterial surface (Table 1) but were protective
against EF3296 infection (Table 2).

In contrast, HR102 did not significantly protect mice from
death, even though it elicited substantial antibody titers, as
detected by ELISA and surface binding (Table 1). To see if a
higher dose of HR102 might result in protection, an additional
group of five BALB/c mice (with five alum-only controls) were
immunized with 5 �g of HR102. The larger dose resulted in a
somewhat longer time to death than did immunization with 1
�g, but the effect was still not statistically significant (data not
shown).

Fragments SW111, HR101, HR102, HR107, and H108 were
further studied for protection against EF3296 infection in
CBA/N mice (Table 2). These mice lack a functional response
to polysaccharides. As a result they are devoid of natural an-
tibodies to the phosphocholine epitope of pneumococcal tei-
choic acids. This absence contributes to their higher suscepti-

bility to pneumococcal disease than is the case for mice of most
other strains (3, 15, 31). As a result of their greater suscepti-
bility than BALB/c mice, proportionately smaller challenge
doses were used.

Fragments HR107 and HR108 elicited significantly better
protection in CBA/N mice than in BALB/c mice (P 	 0.01 and
P 	 0.01 for HR107 and P 	 0.05 and P 	 0.05 for HR108
when median days to death and alive/dead ratios were com-
pared, respectively). SW111 also appeared to elicit better pro-
tection in CBA/N mice than in BALB/c mice, even though the
difference in protection was not statistically significant. HR102,
which had not elicited protection in BALB/c mice, also failed
to protect CBA/N mice against death, even though it did result
in a statistically significant (P 	 0.05) increase in the median
number of days to death from 5 to 9.5 days. One might be
tempted to explain these results by speculating that the chal-
lenge dose, relative to the resistance of the mice, was larger for
BALB/c mice than for CBA/N mice. However, the results
obtained by immunization with fragment HR101 make it clear
that the true explanation may be a little more complex. In
contrast to its ability to protect BALB/c mice, HR101 did not
protect CBA/N mice against a challenge with EF3296. The
difference in the efficacy of HR101 immunization in BALB/c
versus CBA/N mice was statistically significant (P 	 0.05 and
P 	 0.01 when comparing median numbers of days to death
and alive/dead ratios, respectively).

These studies with BALB/c and CBA/N mice make it clear
that PspA can elicit protection against this type 4 encapsulated
strain and demonstrate that EF3296 fragments that include the
C-terminal and �-helical ends of the �-helical region could
both elicit protection. The fact that the C-terminal fragments
elicited protection in both mouse strains makes this region of
somewhat greater interest with regard to vaccine epitopes.

Ability of immunity to PspA/EF3296 fragments to elicit pro-
tection against S. pneumoniae expressing different clades of
PspA. To further evaluate the protective responses of PspA/
EF3296, BALB/c and CBA/N mice were immunized and chal-

TABLE 2. Protection of mice challenged with S. pneumoniae EF3296 by prior immunization with recombinant PspA/EF3296 fragments

Mice strain immunized
and immunogena

(amino acids)

Median no. of days to deathb

P value
Alive/deadc ratio

P value
Nonimmuned Immune Nonimmuned Immune

BALB/c
SW111 (1–478) 5 14.5 0.036 0:10 5:5 0.032
HR101 (1–115) 3 21 <0.001 0:15 14:7 <0.001
HR102 (75–305) 5 5 0.570 0:23 3:20 0.230
HR104 (181–490) 5 21 0.011 3:13 11:5 0.011
HR107 (75–490) 5 9 0.008 1:22 9:13 0.004
HR108 (314–418) 2.5 21 0.008 3:7 9:1 0.020

CBA/N
SW111 (1–478) 2 21 0.001 0:7 5:2 0.020
HR101 (1–115) 3 4 1.000 0:7 0:7 1.000
HR102 (75–305) 5 9.5 0.044 1:11 5:7 0.155
HR107 (75–490) 4 21 <0.001 1:9 10:0 <0.001
HR108 (314–418) 2 21 0.015 0:8 5:3 0.026

a Mice were immunized and boosted 2 weeks apart with 1 �g of protein and challenged 2 weeks after the boost with 2 � 106 EF3296 bacteria.
b Median numbers of days to death were compared with the two-tailed Mann-Whitney U test (nonparametric, two-sample rank). Boldface P values indicate significant

differences from the control value.
c Fisher’s Exact test was used to compare alive/dead ratios in survival experiments. Boldface P values indicate significant differences obtained from the control value.
d There is no reason to expect that the results obtained with the nonimmune mice would not have been the same for each mouse strain. The slight differences in

frequency of survivors for the different control groups are not significant. Even so, these groups were not pooled prior to analysis.
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lenged with strains of capsular types 3 and 6 expressing differ-
ent clades of PspA (Tables 3 and 4).

When median numbers of days to death and alive/dead ra-
tios were compared, the most broadly cross-protective im-
munogen in BALB/c mice was SW111, which contained all of
the �-helical sequence. Immunization of BALB/c mice with
SW111 protected them against BG7322 (clade 2, family 1),
3JYP2670 (clade 4, family 2), and ATCC 6303 (clade 5, family
2). In the studies whose results are depicted in Table 2, we
observed that this fragment also elicited protection against
clade 3 strain EF3296. No protection, however, was elicited
against A66.1 (clades 1 and 2, family 1). A66.1 is a virulent
capsular type 3 strain that is known to express both clade 1 and
clade 2 PspA proteins (25).

When HR101 was used to immunize BALB/c mice, the mice
were protected against death induced by BG7322 and
3JYP2670 but not against death induced by ATCC 6303 or
A66.1 (Table 3). HR108 showed protection against BG7322
and ATCC 6303, with a trend toward protection against
3JYP2670. HR107 immunization did not result in statistically
significant protection against any of the strains, although in-
creased survival was seen in infections with ATCC 6303.

Immunization of CBA/N mice with SW111, HR107, and
HR108 gave results similar to those obtained with BALB/c
mice, except that this time HR108 was as cross-protective as
the much larger fragment SW111. Immunization with HR107
showed almost as much protection against 3JYP2670, ATCC
6303, and BG7322 as did SW111 and HR108. In contrast to the
results obtained with BALB/c mice, immunization of CBA/N

mice with HR101 failed to elicit meaningful protection against
any of the challenge strains (Table 4).

Evidence that the protective efficacies of antibodies elicited
by different regions of PspA/EF3296 differ. Comparisons of the
protective capacities of immunization with different fragments
with the titers of antibodies reactive with the full �-helical
region (SW111) has revealed very large differences in the pro-
tective efficacies of the antibodies elicited. On the basis of
reactivity to SW111, this fragment (Table 1) was 100,000 times
as immunogenic as HR101 in BALB/c mice but the antibodies
elicited by HR101 protected a slightly higher percentage of
immunized mice from EF3296 infection (Table 2). HR102 was
10,000 times as immunogenic as HR101, but the response to
HR102 was not protective against death. These comparisons
indicate that the antibody elicited by HR101 in BALB/c mice
is probably much more effective, per microgram, than that
elicited by the other two fragments. Similar results were ob-
tained in the cross-protection experiments. HR108 elicited half
as much antibody in BALB/c mice as did HR107 (Table 1) and
resulted in good cross-protection against the clade 2 and clade
5 strains (Table 3). In contrast, the response to HR107 did not
elicit any significant cross-protection in BALB/c mice.

DISCUSSION

From the data gathered in this study, it is apparent that
although the approximately 104 C-terminal amino acids of the
�-helical domain of PspA/EF3296 are particularly important
for elicitation of cross-protection, epitopes in the N-terminal

TABLE 3. Cross-protective immunity elicited by PspA/EF3296 fragments in BALB/c mice

Immunogena

and strain
Capsular

type PspA clade(s)b
Median no. of days to deathc

P value
Alive/deadd ratio

P value
Nonimmune Immune Nonimmune Immune

SW111
A66.1 3 1 � 2e 2 2 0.456 0:7 0:7 1.000
BG7322 6B 2 7 21 0.026 0:7 5:2 0.020
3JYP2670 3 4 4 21 0.026 0:7 5:2 0.020
ATCC 6303 3 5 3 21 0.018 0:7 6:1 0.005

HR101
A66.1 3 1 � 2 5 21 0.360 3:5 6:4 0.630
BG7322 6B 2 4 21 0.043 0:7 5:5 0.044
3JYP2670 3 4 6 21 0.036 0:3 5:0 0.017
ATCC 6303 3 5 5 7.5 0.515 2:6 4:6 0.640

HR107
A66.1 3 1 � 2 4 4 0.561 1:10 4:8 0.310
BG7322 6B 2 8 13.5 0.621 3:8 5:7 0.660
3JYP2670 3 4 2 2 0.920 0:4 0:5 1.000
ATCC 6303 3 5 3 12 0.136 2:9 6:6 0.190

HR108
A66.1 3 1 � 2 4.5 3 0.111 2:18 2:17 1.000
BG7322 6B 2 9 21 <0.001 2:13 14:3 <0.001
3JYP2670 3 4 2 3 0.110 2:15 6:12 0.230
ATCC 6303 3 5 3 21 <0.001 0:17 11:6 <0.001

a Mice were immunized and boosted 2 weeks apart with 1 �g of protein and challenged 2 weeks after the boost.
b Clades 1 and 2 are in family 1; clades 3, 4, and 5 are in family 2. For protection elicited by these fragments against family 2, clade 3 strain EF3296, see Table 2.
c Median numbers of days to death were compared between immune and nonimmune mice with the two-tailed Mann-Whitney U test (nonparametric, two-sample

rank test). Boldface P values indicate statistically significant differences.
d Fisher’s exact test was used to compare alive/dead ratios of immune and nonimmune mice in survival experiments. Boldface P values indicate significant differences.
e A66.1 expresses both clade 1 and clade 2 PspA proteins (10).
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115 amino acids of the �-helical domain of PspA can also elicit
protection against pneumococcal infection. Knowing which
portions of PspA do and do not elicit protective responses may,
in time, help us to determine how a serologically variable
molecule like PspA can elicit antibodies that are able to cross-
react and cross-protect. This information may also lead to the
construction of a PspA vaccine that maximizes the fraction of
the elicited antibodies that are protective.

Potential use of epitope-mapping techniques to develop a
superior PspA-containing vaccine. These studies have shown
not only that different PspA fragments are more protection
eliciting than others, but they have also shown that, even
among the protection-eliciting fragments, the amount of pro-
tection per ELISA titer unit indicates that not all antibodies to
PspA are protective and implies that not all PspA epitopes are
protection eliciting. By careful construction of rPspA frag-
ments, one might avoid eliciting nonprotective antibody and
therefore further improve the efficacy of a PspA-containing
vaccine beyond that obtained by immunizing with the entire
�-helical domain.

The N-terminal region and CDR elicit protection and cross-
protection. As had been observed for clade 2 PspA/Rx1 (13,
29), fragments containing the N-terminal 115 amino acids or
the CDR of PspA/EF3296 were able to elicit protection against
the challenge strains of the same PspA clade. The fact that
both ends of the �-helical domain of family 2 PspA proteins
have been found to elicit protection suggests that this may be
true of most PspA proteins.

HR102 (amino acids 75 to 305), the fragment lacking either
end of the PspA/EF3296 �-helical domain, did not elicit pro-

tection in immunocompetent BALB/c mice. Although HR102
also failed to elicit protection against death in immunocom-
promised CBA/N mice, it did provide a significant increase in
time to death. These results suggest that there is a paucity of
protection-eliciting epitopes in this region. At the very least,
the results indicate that, in the absence of the flanking PspA
sequences, this central region does not express important pro-
tection-eliciting epitopes. When the original mapping studies
were conducted with PspA/Rx1, a similar central fragment was
not used as an immunogen but it was observed that none of the
epitopes detected by protective monoclonal antibodies
mapped to this region (13, 29).

When cross-protection of BALB/c mice was examined, the
N-terminal fragment, HR101, and the CDR fragment, HR108,
both elicited some cross-protection. The two fragments were,
however, somewhat complementary with regard to the pneu-
mococcal strains they protected against. PspA/EF3296 frag-
ment SW111, which contained the amino acids comprising the
sequences of both HR101 and HR108, protected against all of
the strains that were protected against by either HR101 or
HR108. This suggests that SW111 probably was more broadly
cross-protective because it expressed more cross-protective
epitopes and therefore was able to share individual epitopes
with more strains. In BALB/c mice, there was no clear domi-
nance of the CDR over the N-terminal 115 amino acids in
elicitation of cross-protection.

In contrast to the CDR-containing fragments, the central
�-helical fragment, HR102, had a poor ability to elicit even
homologous protection. These findings suggest that rPspA im-
munogens designed to lack the epitopes encoded by the central

TABLE 4. Cross-protective immunity of PspA/EF3296 immunization in CBA/N mice

Immunogena and strain
(capsular type) PspA clade(s)b

Median no. of days to deathc

P value
Alive/dead ratiod

P value
Nonimmune Immune Nonimmune Immune

SW111
A66.1 (3) 1 � 2e 2 4 0.622 0:7 3:4 0.191
BG7322 (6B) 2 6 21 0.018 0:7 6:1 0.005
3JYP2670 (3) 4 1 21 0.002 0:7 5:2 0.020
ATCC 6303 (3) 5 2 21 <0.001 0:7 7:0 <0.001

HR101
A66.1 (3) 1 � 2 2 2 1.000 0:7 0:7 1.000
BG7322 (6B) 2 5 6 0.379 0:7 0:7 1.000
3JYP2670 (3) 4 1 1 0.945 0:7 0:7 1.000
ATCC 6303 (3) 5 2 3 0.002 0:7 0:7 1.000

HR107
A66.1 (3) 1 � 2 2 3 0.692 0:5 0:5 1.000
BG7322 (6B) 2 6 21 0.016 0:5 3:2 0.167
3JYP2670 (3) 4 2 21 <0.001 0:10 9:1 <0.001
ATCC 6303 (3) 5 2 21 0.016 0:5 3:2 0.167

HR108
A66.1 (3) 1 � 2 2 2 0.72 0:8 0:8 1.000
BG7322 (6B) 2 3.5 21 0.015 0:8 6:2 0.007
3JYP2670 (3) 4 1 21 <0.001 0:8 6:2 0.007
ATCC 6303 (3) 5 1 21 <0.001 0:7 6:1 0.026

a Mice were immunized and boosted 2 weeks apart with 1 �g of protein and challenged 2 weeks after the boost.
b Clades 1 and 2 are in family 1; clades 3, 4, and 5 are in family 2. For protection against family 2, clade 3 strain EF3296, see Table 2.
c Median numbers of days to death were compared between immune and nonimmune mice with the two-tailed Mann-Whitney U test (nonparametric, two-sample

rank test). Boldface P values indicate significant differences.
d Fisher’s exact test was used to compare alive/dead ratios of immune and nonimmune mice in survival experiments. Boldface P values indicate significant differences.
e A66.1 expresses both clade 1 and clade 2 PspA proteins (10).
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region might be better vaccine antigens by being able to elicit
a higher proportion of the antibody that might be protective.
This might be achieved by immunizing with a mixture of N-
terminal and CDR fragments or with a fusion protein contain-
ing only the N-terminal 115 amino acids and the CDR.

Differences between the protection-eliciting responses in
BALB/c and CBA/N mice. The fact that some differences in the
results obtained with the two strains of mice were observed
emphasizes the importance of examining the protective prop-
erties of potential vaccine proteins in more than one strain of
mice, as well as the importance of the eventual human anti-
bodies to establish the applicability of the findings to Homo
sapiens.

In the original studies to identify protective regions of PspA/
Rx1, all passive and active immunizations were conducted with
CBA/N mice (29). In the present study, we observed that with
some PspA fragments, very different results were obtained with
BALB/c versus CBA/N mice. In BALB/c mice, HR101, which
contains the first 115 amino acids of PspA/EF3296, was
strongly protection eliciting. In CBA/N mice, this fragment
elicited no less antibody but failed to elicit protection against
EF3296. In contrast, fragment HR107, which contained all but
the most N-terminal 74 amino acids of the mature �-helical
region, was very cross-protective in CBA/N mice but was not
cross-protective at all in BALB/c mice. When cross-protection
of BALB/c mice was examined, SW111 elicited better cross-
protection than the other fragments tested. In CBA/N mice,
however, SW111, HR107, and HR108 all showed very similar
levels of cross-protection.

These findings suggested that the antibodies produced by
the two strains of mice in response to the same molecule may
have very different specificities and/or biologic activities. Other
factors may be involved, however. BALB/c mice are known to
have levels of antibody to phosphocholine in their serum that
can protect against small challenge inocula of S. pneumoniae.
These antibodies are not in the serum of CBA/N mice, which
express the Xid immunodeficiency trait (3, 15, 31). It is possi-
ble that the antiphosphocholine antibodies are needed to syn-
ergize with antibodies to the N-terminal 115 amino acids for
protection to be observed. This could explain why HR101
elicited protection in BALB/c but not CBA/N mice.

In the case of the broad cross-protection of CBA/N mice due
to immunization with fragment HR107, a different mechanism
may be at work. It is possible that the antibody elicited is
protective against the low concentrations of bacteria needed to
kill CBA/N mice but not against the much larger challenge
doses needed to kill BALB/c mice. It is known that systemic
infection with high concentrations of pneumococci can de-
crease complement levels and that PspA acts by interfering
with complement deposition on pneumococci (2, 41). As is the
case for antibodies to capsule (18), protection by antibody to
PspA is probably optimal in a host that still has circulating
complement (16). Such antibodies would be expected to be less
effective once the host became septic.

Effect of protein context on the ability of epitopes to elicit
protective responses. The expression of immunogenic protec-
tion-eliciting epitopes of PspA/EF3296 could be affected by the
context in which the sequence is presented. For example, frag-
ment HR107 (amino acids 75 to 490) contains fragment
HR108 (amino acids 314 to 418) but HR107 failed to elicit

cross-protection against pneumococci expressing clades 2 and
5 in BALB/c mice whereas the smaller fragment, HR108, elic-
ited good cross-protection against the same strains. An expla-
nation might be that the cross-protective epitopes of HR108
are not expressed in the larger fragment because of conforma-
tional problems in HR107. Alternatively, HR107 may contain
epitopes that are highly immunogenic in BALB/c mice but not
protection eliciting. If these epitopes are missing in HR108,
their absence might permit the anti-HR108 response to be
more focused on its protection-eliciting epitopes.

Successful protection against a difficult challenge strain.
Previous studies had demonstrated that certain capsular type 2,
4, and 5 strains were difficult to protect against by immuniza-
tion with non-family 2 PspA proteins (35, 38). In the present
studies, highly statistically significant protection was obtained
against EF3296 (capsular type 4) and the HR101 and HR108
fragments appeared to confer on BALB/c mice even higher
levels of protection against EF3296 than did the full-length
�-helical fragment, SW111. These findings suggest that the
best challenge strains for use in the future to identify cross-
protective epitopes may be those that are the most difficult to
protect against.

Potential surrogate assays of protection. Efforts to develop
successful vaccines are greatly augmented by the use of effec-
tive surrogate assays of protection. The only useful surrogate
assay for protective antibodies to PspA is passive protection in
mice. Since the different fragments of EF3296 elicited very
different levels of protection, it is possible to use the antisera
elicited by these fragments to test the validity of potential
surrogate assays. In this paper, we have demonstrated conclu-
sively that levels of antibody detected by ELISA do not corre-
late with protection and thus do not provide a surrogate of
protection. Similarly, surface staining by antibodies to PspA
also failed to provide a useful correlate with protection. Sur-
face staining, but not good protection, was observed, for ex-
ample, when immune sera from mice that were immunized
with HR102 were used. The failure to obtain surface staining
with some of the immune sera to protection-eliciting fragments
may not have been because the antibodies do not bind the
surface but because surface fluorescence is not sensitive enough
to detect them at the low concentrations present.
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