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Pneumococcal surface protein A (PspA) and PspC of Streptococcus pneumoniae are surface virulence proteins
that interfere with complement deposition and elicit protective immune responses. The C-terminal halves of
PspA and PspC have some structural similarity and contain highly cross-reactive proline-rich (PR) regions. In
many PR regions of PspA and PspC, there exists an almost invariant nonproline block (NPB) of about 33
amino acids. Neither the PR regions nor their NPB exhibit the alpha-helical structure characteristic of much
of the protection-eliciting N-terminal portions of PspA and PspC. Prior studies of PspA and PspC as immu-
nogens focused primarily on the alpha-helical regions of these molecules that lack the PR and NPB regions.
This report shows that immunization with recombinant PR (rPR) molecules and passive immunization with
monoclonal antibodies reactive with either NPB or PR epitopes are protective against infection in mice. PR
regions of both PspA and PspC were antibody accessible on the pneumococcal surface. Our results indicate
that while PspA could serve as a target of these protective antibodies in invasive infections, PspC might not.
When antibody responses to rPR immunogens were evaluated by using flow cytometry to measure antibody
binding to live pneumococci, it was observed that the mice that survived subsequent challenge produced
significantly higher levels of antibodies reactive with exposed PR epitopes than the mice that became mori-
bund. Due to their conservation and cross-reactivity, the PR regions and NPB regions represent potential
vaccine targets capable of eliciting cross-protection immunity against pneumococcal infection.

Pneumonia is the leading cause of mortality for children
under the age of 5 years worldwide, and its most common
etiology is Streptococcus pneumoniae (42). S. pneumoniae also
cause otitis media and life-threatening meningitis. A 7-valent
pneumococcal conjugate vaccine (PCV7) was introduced in
the United States in 2000. PCV7 use reduced the number of
cases of infections with vaccine capsular types in both immu-
nized children (43) and nonimmunized individuals (18) in the
same communities. But less than 5 years after the implemen-
tation of PCV7, reports of serotype replacement (increases in
the number of invasive infections caused by strains of capsular
serotypes not covered by the vaccine) began to appear (20, 22,
25, 40). The observation of this serotype replacement within a
few years after vaccine implementation and the fact that there
are at least 91 capsular types (36) raise concerns about the
long-term effectiveness of capsule-based vaccines and stress
the need for continued development of effective, noncapsular
serotype-dependent pneumococcal vaccines (2, 39).

Surface proteins of pneumococci are important nonpolysac-
charide vaccine candidates. Two of the more promising vaccine
candidates are pneumococcal surface protein A (PspA) and

pneumococcal surface protein C (PspC; also called CbpA).
These two proteins have some similar structural features, and
both proteins have been shown to elicit antibody-mediated
protection against invasive pneumococcal infection (1, 8, 30,
31, 35). Antibodies to PspA generated in mice (28, 29) or
humans (7, 34) are capable of passively protecting mice against
infection. Strains of various capsule and PspA types can be
protected against by immunizing with a single PspA (7). Re-
combinant alpha-helical regions of PspAs of different alpha-
helical PspA families are cross-reactive and can be cross-pro-
tective (6, 7, 21, 24, 34), but the strongest protection in mice
against some challenge strains is often observed when the
immunizing and challenge PspAs are of the same alpha-helical
PspA family (13, 38).

A gap in our knowledge of PspA and PspC immunogenicity
exists, because with few exceptions, the published active and
passive immunization experiments focused on immunity to the
N-terminal alpha-helical regions of the protein or monoclonal
antibodies (MAb) directed at the same alpha-helical regions.
Although protection-eliciting sites exist within the N-terminal
regions of PspA and PspC, these regions are diverse in their
sequences and antigenic epitopes (8, 21, 23, 32). A proline-rich
(PR) region, present in all PspAs and almost all PspCs, is not
part of the alpha-helical regions of PspA or PspC molecules,
and its immunogenicity has not been previously examined in
detail. The PR region is remarkably similar within the paralo-
gous PspA and PspC protein families and is much more con-
served than the alpha-helical regions of either PspA or PspC
proteins. The PR region consists of irregular repeats marked
by the presence of a proline residue every two or three amino
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acids. The most common other amino acids are alanine and
lysine. The most common sequence motif is PAPAP inter-
rupted occasionally by PKP or, less commonly, by PEKP.
About 56% of PspAs and 77% of PspCs are interrupted by a
highly conserved block of amino acids termed the nonproline
block (NPB) (8, 21–23, 45). The NPB is present in either PspA
or PspC in about 90% of pneumococci. The NPB contains 33
amino acids, none of which are prolines (8, 21).

In 1999, Brooks-Walter et al. found that immunization with
a PspC containing a PR region could protect mice from lethal
infection by a pneumococcal strain lacking a pspC gene (8).
This surprising cross-protection was hypothesized to occur via
reactivity of antibodies elicited by PspC with the conserved PR
region of PspA on the infecting strain. This cross-protection
had been unexpected, since the PR domain of PspA and PspC
was anticipated to be in close proximity to the cell wall (29, 47).
The hypothesis was supported, however, by the finding that
antibodies from the PspC-immunized mice bound to recombi-
nant PspA (rPspA) containing a PR region, but not to rPspA
lacking the PR region (8). Additional support for a protection-
eliciting role of the PR and NPB regions comes from an anal-
ysis of prior studies in which mice were immunized with rPspC
with alpha-helical domains containing or lacking a PR region.
Xin et al. immunized mice with an rPspC containing a PR
region with an NPB and elicited protection against a challenge
strain containing PR regions with NPBs in both PspA and
PspC (44). However, Ferreira et al. were not able to elicit
protection with an rPspC antigen lacking a PR region (15).
Recent reports have provided further evidence that the human
immune system frequently sees and responds to the PR region.
In an epitopic screening of human patient sera, among the
peptides most reactive with patient sera were ones that contain
PR regions from both PspA and PspC of type 4 strain TIGR4
(16, 33).

Given the hypothesis that immunization with PspC or PspA
might elicit cross-protective antibodies to the shared PR region
and also given that human serum is frequently found to contain
antibodies to the PR region (16, 33), we used active immuni-
zation and passive transfer of monoclonal antibodies to exam-
ine the epitopic sites in the PR region in greater detail, to
determine whether the antibodies elicited by PR region immu-
nogens are protective against pneumococcal infection, and to
explore properties of the protective antibodies. Our findings

validate the hypothesis that the PR regions of PspA and PspC
are capable of eliciting antibody-mediated protection against
pneumococcal infection. Abstracts of some of the data con-
tained in this paper were published in 2006 and 2007 (10, 11).

MATERIALS AND METHODS

Bacterial strains. Strains used in this experiment are listed and referenced in
Table 1. All strains were grown in Todd-Hewitt broth with 5% yeast extract
(THY; Becton Dickinson & Co., Sparks, MD) at 37°C. Infection stocks were
collected at an optical density at 600 nm (OD600) of 0.40, washed, resuspended
in fresh THY with 8% glycerol, and stored at �80°C until use. The presence of
the NPB and other potential epitopes in pspA or pspC was determined for each
of the strains used in this study by the binding of antibodies to choline eluates of
pneumococcal strains by Western blot analysis and by examining both published
and unpublished sequences of the pspA and pspC genes.

Cloning and expression of the proline-rich regions in plasmid constructs. For
details of the plasmids and recombinant proteins that were constructed for this
work, see Table S1 in the supplemental material. In each case, an internal gene
fragment of the pspA gene from the indicated strain was amplified by PCR using
the primers given in Table 1. PCRs were carried out for 30 cycles in a total
volume of 50 �l by following the manufacturer’s recommendations. For the
pET-32a constructs, the amplified gene fragments were then digested with NcoI
and SalI, and the �300-bp pspA gene fragments were incorporated between NcoI
and SalI sites of a pET32a vector (Novagen) to create pPAC001 expressing PR
protein containing the NPB (PR�NPB) or pPAC003 expressing PR protein
lacking the NPB (PR-NPB). For the pET-41Ek/LIC (ligation-independent clon-
ing) or the pET-46Ek/LIC constructs, the amplified gene fragments were di-
gested with T4 DNA polymerase (Novagen), and the �100-bp pspA gene frag-
ment was then incorporated into predigested vectors (Novagen). DNA
sequencing confirmed that all the recombinant plasmids contained the expected
pspA gene fragments as shown in Fig. 1. We used this strategy to produce three
PR region fragments as recombinant fusion proteins in order to increase immu-
nogenicity that could have otherwise been diminished due to their small size. In
vector pET32a, the fusions are with mouse thioredoxin and a His tag, and in
pET41-Ek/LIC, the fusions are with a 220-amino-acid glutathione S-transferase
(GST) tag protein. Proteins with tag only were also purified for use as compar-
ison immunization control proteins.

Expression and purification of recombinant proteins. All three vectors were
transformed individually into BL21 Star (DE3) cells (Novagen) for protein
production. After cultures reached an OD600 of 0.40 to 0.60, they were induced
using 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG; Sigma) for 2 h and
purified on either a Ni2�-nitrilotriacetic acid (NTA) resin (Novagen) for
PR�NPB and PR-NPB or a Cobalt resin (ClonTech) for the N-terminal end of
PR�NPB (PR�NPB_N), the C-terminal end of the PR�NPB (PR�NPB_C),
and NPB by following the manufacturer’s protocols for His tag purification.
Purified protein was then dialyzed to remove imidazole. The first dialysis oc-
curred at 4°C overnight in a buffer containing 2 mM Tris-HCl, 20 mM NaCl, 10
mM EDTA, and 0.1% glycine (pH 8.0). The second dialysis occurred at 4°C
overnight in a buffer (pH 8.0) containing 50 mM Tris HCl, 20 mM NaCl, 0.1%
glycine, and 0.1% Triton X-100.

TABLE 1. Strains used in this studya

Strain Sequence
reference Wild type Capsule

NPB PspA

PspA PspC Family Clade

D39 8, 21 NA 2 � � 1 2
JY53 46 D39 2 Tru � NA NA
TRE118 19 D39 2 � Ins/dup 1 2
TRE121.3 19 D39 2 Ins/dup Ins/dup NA NA
3JYP2670 This paper NA 3 � � 2 4
WU2 21 NA 3 � � 1 2
BG12730 This paper NA 6A � � 2 3
AC094 21 NA � Unknown 1 1
TIGR4 41 NA 4 � � 2 3
BG9739 21 NA 1 1

a NA, not applicable; Tru, a truncated version of PspA is expressed that does not contain choline-binding repeats and is secreted from the bacterial surface; Ins/dup,
insertion duplication to interrupt protein production; �, presence of the NPB in the molecule; �, absence of the NPB in the molecule.
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Monoclonal antibodies. MAb (PR-1A4.7, PR-5C4.6, and PR-6A5.12) from
mice immunized with PR�NPB were generated at the University of Alabama at
Birmingham Epitope Recognition and Immunoreagent Core Facility. MAb K67
was generated to a recombinant fragment of amino acids 288 to 588 of strain Rx1
PspA comprising the proline-rich region and the choline-binding domain of
PspA generated as previously described (29). Rx1 PspA is identical to that of
strain D39 (21). Production of MAb 2A4 to PspA’s alpha-helical region and its
epitope has been described previously (9). The approximate locations of epitopes
for MAb were determined using Western blot analysis against purified recom-
binant proteins containing different PR region fragments (see Fig. 3). Two
hybridoma cell lines that produced MAb that bound to the NPB only and one cell
line that produced a MAb that bound elsewhere to the NPB were selected for
analysis. The lines were subcloned, and high-titer antibody was generated in
ascites fluid.

The concentrations of antibodies in ascites fluids were determined by sepa-
rating the proteins in a sample of each ascites fluid on nitrocellulose using
microzone electrophoresis, staining the proteins with Ponceau’s stain, and scan-
ning the gels with a densitometer. The percentage of the total serum proteins
comprised by the MAb was determined using the density of the MAb band
relative to the density of all the bands. The concentration of the MAb in �g/ml
was then calculated from the total protein in the ascites fluid using a Bio-Rad
protein assay (Bio-Rad).

Antibody titer. The total antibody titer of mice to the PR region was deter-
mined by enzyme-linked immunosorbent assay (ELISA) using sera collected one
day before infection. Briefly, plates were coated at a concentration of 2 �g/ml
overnight with PR�NPB-6�, a PR�NPB construct linked only to a 6� His tag.
Plates were then washed with phosphate-buffered saline–Tween at 0.1% (PBST)
and incubated overnight with serially diluted serum samples. Plates were washed
again and incubated first with goat anti-mouse BIOT antibody for an hour at
room temperature (RT), washed, and then incubated with Strep-AP for an hour
at RT before a final wash and development with SigmaFast 5-bromo-4-chloro-
3-indolyl phosphate–nitroblue tetrazolium (Sigma Aldrich). An antibody index
was calculated from the observed OD405 multiplied by the ELISA dilution at
the OD reading. For this purpose, ODs were read at ELISA dilutions at
which there was a linear relationship between the dilution and the OD. The
average adjusted bindings were log transformed prior to statistical analysis.
Analysis of variance (ANOVA) was performed for the groups, followed by
Tukey’s post hoc test to determine significant differences between average
adjusted binding values.

Protection by active immunization with PR proteins against i.v. challenge.
Dialyzed protein was diluted to a concentration of 50 �g/ml in a solution of
Lactated Ringer’s solution with 30% Imject alum (Pierce) and incubated for at
least 8 h at 4°C. CBA/CaHNVrkxid/J (CBA/N) mice (Jackson Laboratories, Bar
Harbor, ME) were immunized subcutaneously with 100 �l containing 5 �g
protein on three occasions. There were rest periods of 2 and 3 weeks, respec-
tively, between the first and second and second and third immunizations. Three
weeks after the last immunization, 75 �l of blood was taken from the mice
retro-orbitally for determining antibody titer to PR�NPB through ELISA and
pneumococcal surface-binding antibodies through flow cytometry. Immunized
CBA/N mice were infected intravenously (i.v.) the following day with 400 to 600
CFU of type 3 strain 3JYP2670 (Table 1) diluted from a frozen infection stock
in Lactated Ringer’s solution. Infected mice were observed for up to 21 days, and
the number of days until the mice were moribund was recorded. A Kruskal-
Wallis analysis was performed to determine any significant differences between
the groups, followed by a Dunn’s multiple-comparison post hoc test to determine
significance compared to the control group.

Passive protection against i.v. infection. To determine if the protection from
active immunizations was antibody mediated, ascites fluid containing 20 �g of
antibody to PR�NPB was injected into CBA/N mice intraperitoneally (i.p.). An
hour later, mice were infected i.v. with either 600 CFU of WU2 or 10,000 CFU
of BG12730 (Table 1). Mice were observed for 21 days to determine the number
of days until they were moribund. A Kruskal-Wallis analysis was performed to
determine significant differences between the groups, followed by a Dunn’s
multiple-comparison post hoc test to determine significant differences from the
control group.

Definition of moribund. Mice were scored as moribund if their surface tem-
perature fell below 24°C or if they were unresponsive to touch. Surface temper-
ature was determined with an MX2 Rayteck scanning thermometer (Santa Cruz,
CA) (3) by examining the surface temperature across the lower back. A normal
surface temperature of mice in our animal house is 30°C. All mice scored as
moribund were euthanized by CO2 narcosis. Mice that developed paralysis and
an inability to right themselves were also declared moribund and euthanized
even though their temperature was �24°C.

Surface detection of antigen. Flow cytometry analysis using Alexa Fluor 488-
conjugated antibody to mouse IgG was utilized to detect antibody binding on the
surface of live bacteria as done previously (12). All strains tested were encapsu-
lated, and comparisons were made only between different antibodies for the
same strain or between results for one antibody for strains with the same genetic

FIG. 1. Regions of whole PspA (top) and portions of the full protein used in the constructs (bottom; see labels on the left) used in this paper.
Amino acid sequences to the right of the construct diagrams are distinguished by region as follows: unbolded amino acids represent PspA sequence
outside the proline-rich region, bolded amino acids represent proline-rich regions, underlined amino acids represent the NPB within a PR region,
and boxed amino acids represent a hypothesized epitope for MAb PR-5C4.7. Diagrams in this figure are not drawn to scale.
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FIG. 2. Reactivity of MAb to PR regions. Western blot of PR recombinant proteins reacted with MAb to PR regions (upper panels). Flow
cytometry analysis of binding of MAb to pneumococcal strain D39 and its �pspA, �pspC, and �pspA �pspC mutants (lower panels). The �pspA
�pspC mutant bound significantly less antibody than the wild type for all three MAb that bound the wild type (P 	 0.0001 by ANOVA). Results
for the Dunnett’s multiple-comparison test against the wild-type control are as follows: *, P 	 0.05; **, P 	 0.01; and ***, P 	 0.001. Comparisons
to the �pspA �pspC double mutant are as follows: �, P 	 0.05; ��, P 	 0.01; and ���, P 	 0.001.
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background tested in parallel. Briefly, pneumococci were grown to an OD600 of
0.3, diluted to an OD600 of 0.1, and grown back to an OD600 of 0.3. Aliquots (250
�l) of bacteria were incubated with primary antibodies in 100-�l sample volumes.
Primary antibodies were diluted in 1% bovine serum albumin (BSA)-PBS as
follows: the tissue culture supernatant of MAb K67 was diluted 1:3; MAb
PR1A4.7, PR5C4.6, and PR6A5.12 from ascites fluid were diluted 1:100; and the
polyclonal sera from immunized mice were diluted 1:64. Fluorescence was de-
termined as the number of times greater than control binding by dividing the
geometric mean for samples treated with antibodies by the geometric mean for
samples not treated with antibodies. ANOVA was performed for the groups to
determine significant differences, followed by a Tukey’s post hoc test to deter-
mine significant differences between groups.

Statistics. Statistical evaluation has been described above in conjunction with
each assay. Please note that in the figures, tables, and text, the error terms are
always standard errors of the means.

RESULTS

PR region epitopes are surface exposed. The recombinant
PR proteins depicted in Fig. 1 are as follows: PR protein
lacking the NPB (PR-NPB), PR protein containing the NPB
(PR�NPB), the NPB alone (NPB), the N-terminal end of
the PR�NPB (PR�NPB_N), and the C-terminal end of the
PR�NPB (PR�NPB_C). These were analyzed for their re-
activity with the MAb K67, generated to the PspA shared by
strain D39 and previously shown to be cross-reactive with
PspC (K. A. Benton, D. E. Briles, and S. K. Hollingshead,
unpublished data). MAb K67 reacted to recombinant NPB
in Western blot analysis and bound to native PspA and PspC
of strain D39 (Fig. 2A). PspA produced by strain 3JYP2670
contains NPB sequences. Pooled sera from mice immunized
with PR�NPB, which protects against infection with
3JYP2670 pneumococci, also contained an antibody reactive
with live 3JYP2670 pneumococci as detected by flow cytom-
etry analysis. Compared to preimmune pooled sera, the
immune pooled sera provided a �10-fold increase in bind-
ing to live pneumococci, showing that antibodies elicited in
mice to this region of PspA were capable of detecting the

PR region of native protein on the pneumococcal surface
(12.9 
 0.2 fluorescence postimmunization compared to
1.2 
 0.1 fluorescence preimmunization).

Capacity of rPR region peptides to elicit protection. To
determine if immunizations with regions of the PR region
could elicit protective immune responses, groups of mice were
immunized subcutaneously with one of the following: adjuvant
alone, a pET32 purification tag without a pneumococcal insert,
a pET4Ek/LIC purification tag without a pneumococcal insert,
PR�NPB, PR-NPB, or NPB. All groups of mice were chal-
lenged intravenously with the capsular type 3 challenge strain
3JYP2670, whose family 2, clade 4 PspA differs from the family
1 PspAs of AC094 and BG9739 from which the recombinant
PR (rPR) regions were derived. Strain 3JYP2670 has PR and
NPB epitopes in its PspA but lacks either of them in its PspC
(Table 1).

Immunization with neither of the control proteins, consist-
ing of the purification tags, nor alum alone elicited protection
in the mice against morbidity. Thus, for statistical comparisons
to the groups immunized with PR constructs, the results for the
control-protein-immunized mice and the alum-immunized
mice were pooled to form a single control group. The mice
immunized with each of the different PR proteins took signif-
icantly longer to become moribund than did the control mice
(Fig. 3). Immunization with PR�NPB resulted in the greatest
increase in the median number of days to morbidity, and 80%
of the mice lived until day 21 postinfection, when the experi-
ment was terminated (Fig. 3).

Measurement of antibody elicited by recombinant PR region
peptides. The immune sera collected from the immunized mice
one day before pneumococcal challenge were incubated with
the live 3JYP2670 challenge strain, and antibody bound to the
bacterial surface was detected using flow cytometry. The PR
region of the challenge strain 3JYP2670 contained a PR region
with many sequence similarities to the recombinant PR�NPB

FIG. 3. Active immunization with PR recombinant proteins protects against i.v. infection with pneumococcal type 3 strain 3JYP2670. CBA/N
mice immunized with Imject alum control, vector tag protein, PR�NPB, PR-NPB, or NPB were infected i.v. with type 3 strain 3JYP2670 and
monitored for the number of days to moribundity. Mice plotted as “Alive” were still not moribund at 21 days postinfection. None of the “Alive”
mice showed ruffled fur, a hunched back, or any other signs of illness. All three proteins were found to protect significantly against infection
compared to a pool of the alum and two vector controls (for Kruskal Wallis, P 	 0.0001; P values were 	0.001 [***] and 	0.05 [*] compared to
the pooled control using Dunn’s multiple-comparison post hoc test). None of the control groups protected significantly more than any of the others
in a separate post hoc analysis. The sequence of the PR region of infection strain 3JYP2670 PspA is distinguished by regions as in Fig. 1.
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used for immunization. Of the three vaccine constructs,
PR�NPB elicited severalfold more antibody able to bind the
3JYP2670 surface than either of the other two constructs. The
mean immunofluorescence following immunization with PR-
NPB, PR-NPB, or NPB was 8.9 
 1.7, 1.7 
 0.4, or 2.9 
 0.07,
respectively. The greater immunofluorescence with antisera to
PR�NPB was 	0.01 compared to either PR-NPB or NPB by
Tukey’s post hoc test.

We also examined the ELISA titers of antibody to the three
recombinant peptides. Antibody titers were determined to the
PR�NPB peptide (PR�NPB-6�) that contains all of the
epitopic regions of PR recombinants but lacks their pET32a
tag. Based on its sequence, PR�NPB-6� should react with
antibodies elicited by the PR epitopes of PR�NPB and PR-
NPB and by NPB epitopes. Since it lacks the pET32a tag, it
should not detect any antibodies that would have been elicited
by the tag portions of the constructs. As in the case of the
surface-binding assay, we found that of the three PR peptides
used for immunization, the PR�NPB peptide elicited the
highest antibody levels (Table 2).

We also compared the antibody levels in the sera of the
immunized mice that subsequently survived the challenge with
3JYP2670 with the antibody levels of the immunized mice that
became moribund. Although the mice that survived challenge
had higher antibody levels than those that became moribund
(antibody index of 257 multiplied or divided by 1.7 and anti-
body index of 100 multiplied or divided by 1.3) the difference
was not statistically significant (P � 0.11, Student’s t test). In
contrast, when the amounts of antibody that could be detected
binding the surface of the challenge strain were examined, the
mean fluorescence level of binding of antibody in the sera of
mice that survived was 7.550 
 2.310 compared to 2.814 

0.6264, the fluorescence level of antibody in the sera of mice
that became moribund. This difference was statistically signif-
icant at a P value of 0.02 (Student’s t test). Thus, the ability of
the elicited antibody to be detected binding the surface of the
challenge strain was found to be a better indication of protec-
tive potential than the antibody levels detected by ELISA.

Monoclonal antibodies to PR�NPB. To examine the pro-
tective epitopes of antibodies elicited by PR�NPB, we pre-
pared a panel of hybridoma antibodies using spleen cells from
mice immunized with PR�NPB. The MAb were tested for
reactivity with each of our PR constructs to determine their

reactivity with epitopic regions within the PR region (Fig. 2A
to D).

Epitopes of MAb PR-1A4.7 and PR-6A5.12 (as well as MAb
K67, described above) were assumed to be within NPB because
they bound only peptides containing NPB (Fig. 2B and D).
PR-1A4.7 and PR-6A5.12 were the IgG 1 isotype. MAb PR-
C54.7 (IgG 2a) was found to have a different specificity. PR-
C54.7 bound to the proline-rich sequence containing a central
NPB (PR�NBP) and to a fragment containing NPB and the
C-terminal proline-rich flanking sequence (PR�NBP_C). It
did not bind the peptide containing the N-terminal flanking
sequence (PR�NBP_N) or NPB by itself (Fig. 2C). MAb PR-
C54.7 may bind to the sequence PKPEQ, because it is the only
sequence in the two reactive peptides that is not in any of the
other peptides tested. However, at this stage of analysis, it was
also possible that the epitope of MAb PR-C54.7 was a confor-
mational epitope that requires the presence of both the NPB
and the C-terminal proline-rich sequence.

To determine if the epitopes identified in Western blot anal-
ysis were surface accessible, mutant strains of capsular type 2
strain D39 in which either pspA or pspC or both genes had
been inactivated were stained with MAb and analyzed using
flow cytometry. Staining of mutant strains using the MAb K67,
PR-1A4.7, and PR-6A5.12 in flow cytometry showed that the
NPB epitopic site in both PspA and PspC is antibody accessible
on the surface of live pneumococci (Fig. 2A, B, and D). More-
over, a mutant lacking both PspA and PspC (Table 1), as
expected, showed no surface binding of NPB-specific antibod-
ies (Fig. 2A, B, and D). The PR regions of D39’s PspA and
PspC do not contain the unique PR region sequence PKPEQ,
which we have hypothesized is recognized by MAb PR-5C4.7.
Consistent with this hypothesis, neither D39 nor any of its
mutants were bound by MAb PR-5C4.7 (Fig. 2C). However,
MAb PR-5C4.7 did exhibit surface binding to S. pneumoniae
strain TIGR4 (data not shown), which expresses the PKPEQ
epitope in its PspA sequence (41). These additional data with
D39 and TIGR4 provide confirmation that MAb PR-5C4.7
indeed binds PKPEQ and show that when it was present, the
PKPEQ epitope was surface accessible.

Passive protection with MAb. To further understand the
role of antibodies to the NBP and PKPEQ epitopes in the pro-
tection elicited by PR region immunization, we assessed the
ability of each of the three MAb elicited to PR�NPB to pas-
sively protect against pneumococcal infection. Mice were in-
jected i.p. with 20 �g of antibody from ascites fluid and in-
fected an hour later with the type 3 capsular serotype strain
WU2, which contains NPB only in its PspA. The PspC of WU2
lacks a PspA-like PR region (Table 1). WU2 was chosen as the
challenge strain for these studies because it has been used
extensively in passive-protection studies with MAb to epitopes
in the alpha-helical domain of PspA (29, 30). To determine if
the relative ability of MAb to bind to the surface of the infec-
tion strain was associated with any differences in passive pro-
tection observed, the surface binding of each MAb to the live
WU2 strain was also determined using flow cytometry.

The two MAb that bound the NPB in Western blot analysis,
PR1A4.7 and PR6A5.12 (Fig. 2A and D), each bound strongly
to the surface of WU2 pneumococci and significantly protected
against morbidity compared to that of the control mice injected
with only Lactated Ringer’s solution (Fig. 4). MAb K67, which

TABLE 2. Binding of polyclonal sera from immunized mice to
PR�NPB-6� measured by ELISA

Antigen Avg binding
(
SE)b

P valuea

Alum PR�NPB

PR�NPB 2.72 (0.050) 	0.0001
PR-NPB 1.97 (0.065) 	0.0001 	0.0001
NPB 1.72 (0.080) 	0.0001 	0.0001
pET41 0.851 (0.084) �0.05 	0.0001
Alum 0.620 (0.025) 	0.0001

a Binding of polyclonal sera to PR�NPB-6� was significantly different by
ANOVA (P 	 0.0001). P values in the table are Tukey’s post hoc comparisons
of immunization antigen groups to either an alum-immunized group or a
PR�NPB-immunized group. PR-NPB and NPB groups did not have significantly
different binding.

b Measured by antibody index.
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was also shown to bind NBP, was not tested because we could
not obtain the MAb in sufficient quantities. WU2’s PspA se-
quence does not contain the PKPEQ sequence, and as ex-
pected, MAb PR5C4.7 neither bound WU2 nor protected
against morbidity caused by WU2 (Fig. 4). As a positive con-
trol for this assay, we also included MAb 2A4, which binds to
the alpha-helical domain of PspA of WU2 (9). MAb 2A4
bound the surface of WU2 even more strongly than did PR-
1A4.7 or PR-6A5.12, and like those two MAb, it protected
against pneumococcal infection in all eight of the challenge
mice (Fig. 4).

The same four MAb were also tested for binding and pro-
tection against capsular type 6A strain BG12730. Sequence
analysis of pspA and pspC of strain BG12730 revealed no NPB
in PspA and one copy of NPB in the PspC protein. The NPB
in its PspC was located only a few amino acids upstream of the
choline-binding repeats that anchor the protein to the cell
surface. Strain BG12730’s PspA, but not PspC, had multiple
repeats of the PR region sequence PKPEQ, which we believe
is the epitope for the MAb PR-5C4.7. MAb PR-5C4.7 also
bound BG12730 and provided significant protection against
morbidity from challenge with BG12730 compared to the con-
trol (Fig. 5). The two NPB-specific MAb did not bind BG12730
as well as PR-5C4.7 did and, unlike PR-5C4.7, did not protect
against infection with BG12730. MAb 2A4 did not bind
BG12730 and did not protect against infection with BG12730
(Fig. 5).

Strains WU2 and BG12730, used in the passive protection
studies, displayed significant differences in pathogenesis. WU2
caused a rapid septic morbidity, and for all mice that became

moribund, the median time to moribundity was 2.5 days. In the
case of mice infected with WU2, the declaration of moribund
status was always based on a marked drop in body tempera-
ture, to below 24°C. For BG12730, all 5 of the control mice and
4 of the 5 mice given passive MAb 2A4 were scored as mori-
bund based on a drop in surface body temperature to below
24°C; however, the median time to moribundity for these 9
mice was 6 days. Seven mice given PR-1A4.7 or PR-6A5.12
were scored as moribund because they exhibited symptoms of
neurologic pathology—partial paralysis or spinning when held
by the tail (median time to moribundity was 7 days). These
seven mice are indicated by solid symbols in Fig. 5. All mice
scored as moribund because of neurologic symptoms main-
tained surface temperatures above 24°C, so if the temperature
drop had been the cutoff, they would not have been considered
moribund until a later time. To determine if the bacteria had
crossed from the blood into the brain in BG12730-infected
mice, numbers of CFU per brain were determined from mor-
ibund mice exhibiting each of the two types of behavior on day
6. The mice displaying neurologic problems were found to have
�3,000 CFU per brain. A mouse that was euthanized due to
lower body temperature had only 110 CFU of BG12730 in its
brain.

DISCUSSION

The studies described herein show that the PR regions of
both PspA and PspC are antibody accessible on the surface of
live pneumococci. Moreover, recombinant PR fragments that

FIG. 4. Surface binding of MAb (bars) and passive protection against infection (symbols) for pneumococcal challenge strain WU2. Monoclonal
antibodies for each panel are listed on the x axis, and the sequence of the single PR region in the PspA of strain WU2 is given below. For each
antibody, the log binding to the infection strain determined by flow cytometry is indicated as a bar graph along the left y axis, and the number of
days to reach moribundity is indicated as a dot plot along the right y axis. During challenge, mice were injected with antibody and infected i.v. 1 h
later. Two MAb, PR-1A4.7 and PR-6A5.12, protected significantly compared to the control group that received no antibody (Kruskal Wallis P
value, 0.0002; **, P 	 0.01 using Dunn’s multiple-comparison test to the control). MAb 2A4, which interacts with the alpha-helical region of family
1 PspA, was used as a positive control. The protective MAb (PR-1A4.7, PR-6A5.12, and 2A4) bound significantly more strongly to the infection
strain (WU2) than did the nonprotective MAb (PR-5C4.7) or the saline (no-antibody) control (ANOVA P value, 	0.001. ***, P 	 0.01 compared
to nonprotective strains using Tukey’s post hoc test).
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lack any other PspA or PspC sequence are capable of eliciting
protective immunity.

Although the ability of antibodies to PR regions to protect is
dependent on both the expression of the relevant epitope by
the challenge strain and on the surface exposure of the
epitope, it was not related to the alpha-helix-based family or
clade serotype of the PspA. Both PR�NPB and PR-NPB were
from family 1, clade 1 PspAs and protected against infection
with strain containing family 2, clade 4 PspAs. Moreover, an-
tibodies to both PR and NPB epitopes were found to always be
protective when their respective epitopes were present on sur-
face-expressed PspA of pneumococci. In addition, MAb elic-
ited by a single PR region of a family 1, clade 1 PspA could
protect against challenge strains containing serologically dif-
ferent PspAs—either a family 1, clade 2 PspA or a family 2,
clade 3 PspA. These findings are important, since cross-pro-
tection elicited by alpha-helical PspA sequences decreases as
sequence differences between and among families and clades
increase (14, 37). The correlation between the protective effect
of our individual MAb and their ability to bind surface-exposed
epitopes was reminiscent of the finding by Gor et al. (17) that
“surface” proteins that elicited the best protection against
pneumococci were those most accessible to antibody on wild-
type pneumococci.

Both PR and NPB epitopes were protective against strains
with surface-exposed epitopes. Two of the MAb (PR-1A4.7
and PR-6A5.12) recognized the NPB and protected mice in-
fected with a capsule type 3 strain with a family 1, clade 2 PspA
from becoming moribund. The third MAb (PR-5C4.7) bound
PspA fragments containing the proline-rich sequence PKPEQ
and protected against strain BG12370, which express PKPEQ

epitopes in PspA. Additionally, PR5C4.7 did not bind or pro-
tect against sepsis with strain WU2, which lacks the PKPEQ
epitope. Our expectation that PR-5C4.7 binds the PKPEQ
epitope is based on a statistical association. Of the total of 9
strains and PR region fragments examined, 4 expressed the
epitope and 5 did not. The binding of PR-5C4.7 gave a perfect
association with epitope expression (P � 0.008 by Fisher’s
exact test).

Strain BR12370 expresses the NPB in its PspC but not its
PspA. Both of our MAb reactive with the NPB bound this
strain, but neither provided statistically significant protection.
This may be because in this particular strain, the NPB is just 9
amino acids from the choline-binding repeats at the C-terminal
end of PspC. In WU2, which these MAb protected against, the
NPB was 15 amino acids from the choline-binding repeats. A
bigger problem may be that in blood infections, PspC (also
called CbpA) is reported to be more poorly expressed than is
PspA (26, 27). However, until additional experiments are per-
formed with additional strains, it should not be concluded that
PspC cannot serve as an effective target of protective antibody
for blood infections. It is also possible that at mucosal sites,
where PspC is more strongly expressed than in the blood, it will
be a better target of protective immunity. Even with the con-
cerns about whether PspC can be an effective target of immu-
nity to the PR region, our present immunization and passive
protection data make it clear that epitopes in both the NPB
and portions of the PR domain lacking the NPB are able to
elicit protection against pneumococcal infection when at least
PspA can be a target. About 56% of strains express NPB, and
46% of strains express an exact copy of PKEPEQ. Approxi-
mately 75% of strains would be expected to express one or the

FIG. 5. Surface binding of MAb (bars) and passive protection against infection (symbols) for pneumococcal challenge strain BG12730.
Monoclonal antibodies for each panel are listed on the x axis, and the sequence of the PR regions in the PspA and the PspC of strain BG12730
is given below the x axis. Mice indicated with solid symbols were scored as moribund and euthanized due to neurologic symptoms. Mice indicated
with open symbols were scored as moribund and euthanized due to a surface temperature of 	24°C. For each antibody, the binding to the infection
strain determined by flow cytometry is indicated as a bar graph along the left y axis, and the number of days to reach moribundity is indicated as
a dot plot along the right y axis. During challenge, mice were injected with antibody and infected i.v. 1 h later. In this challenge, MAb PR-5C4.7
protected significantly well compared to the control group that received no antibody (Kruskal Wallis P value, 0.01; **, P 	 0.01 using Dunn’s
multiple-comparison test to the control). Monoclonal antibody 2A4, which does not bind the PspA of this strain, was included as a negative control.
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other. Moreover, about 87% of strains express a one-amino-
acid variant of PKEPEQ, and it is likely that there are other
proline-containing epitopes in the proline-rich region that may
be protection eliciting (21).

The observation that partially protected mice infected with
the capsular type 6A strain BG12730 appeared to have devel-
oped meningitis and/or ear infections was not surprising, since
capsular group 6 strains have long been known to exhibit a
longer time to morbidity/mortality in mice than type 4 or type
3 strains (4, 5), and during these lengthy infections, neurologic
symptoms have been observed (Randall Harris and D. E.
Briles, unpublished data). In our passive-protection studies, we
observed that PR-5C4.7 reduced the occurrence of neurologic
symptoms and significantly increased the time to moribundity.
The fact that PR-5C4.7 could prevent deaths as well as the
neurologic symptoms indicates that immunity to the PR region
can prevent both sepsis and the associated neurologic disease.

These results indicate that the PR regions of PspA and PspC
may be important immunogens for use in broadly cross-pro-
tective potential vaccines for use against S. pneumoniae of
diverse capsular serotypes. The robustness of the results is
supported by that fact that immunization with PR epitopes or
passive protection with anti-PR MAb elicited protection
against each of the three challenge strains examined. Giefing et
al. arrived at a similar conclusion with regard to titers to PR
epitopes containing prolines (16). This study, however, pro-
vides the first evidence that immunization with either the
highly conserved PR or NPB region can be an important
means of eliciting protection against pneumococci that should
be effective across capsular types and that antibodies generated
to this region alone are capable of protecting against pneumo-
coccal infection.
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