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Streptococcus pneumoniae commonly inhabits the nasopharynx as a member of the commensal biofilm. Infection with respira-
tory viruses, such as influenza A virus, induces commensal S. pneumoniae to disseminate beyond the nasopharynx and to elicit
severe infections of the middle ears, lungs, and blood that are associated with high rates of morbidity and mortality. Current
preventive strategies, including the polysaccharide conjugate vaccines, aim to eliminate asymptomatic carriage with vaccine-
type pneumococci. However, this has resulted in serotype replacement with, so far, less fit pneumococcal strains, which has
changed the nasopharyngeal flora, opening the niche for entry of other virulent pathogens (e.g., Streptococcus pyogenes, Staphy-
lococcus aureus, and potentially Haemophilus influenzae). The long-term effects of these changes are unknown. Here, we present
an attractive, alternative preventive approach where we subvert virus-induced pneumococcal disease without interfering with
commensal colonization, thus specifically targeting disease-causing organisms. In that regard, pneumococcal surface protein A
(PspA), a major surface protein of pneumococci, is a promising vaccine target. Intradermal (i.d.) immunization of mice with
recombinant PspA in combination with LT-IIb(T13I), a novel i.d. adjuvant of the type II heat-labile enterotoxin family, elicited
strong systemic PspA-specific IgG responses without inducing mucosal anti-PspA IgA responses. This response protected mice
from otitis media, pneumonia, and septicemia and averted the cytokine storm associated with septic infection but had no effect
on asymptomatic colonization. Our results firmly demonstrated that this immunization strategy against virally induced pneu-
mococcal disease can be conferred without disturbing the desirable preexisting commensal colonization of the nasopharynx.

Upper respiratory tract infections are often polymicrobial in
nature, where infections with respiratory viruses are highly

associated with concomitant bacterial infection with organisms
residing in the nasopharynx (1). One of the most important of
these biological pairings is the interaction between influenza A
virus (IAV) and Streptococcus pneumoniae (the pneumococcus)
(2). In children, the most frequent complication following IAV
infections is acute otitis media, of which S. pneumoniae is one of
the most common etiologic agents (3–5). S. pneumoniae is also the
most frequently identified pathogen in hospitalized children and
adults who present with primary or secondary community-ac-
quired pneumonia (6). Thirty-three percent of all episodes of
pneumonia and 54% of all viral coinfections are associated with
infections by S. pneumoniae (7). In these cases, the principal viral
contributor is IAV. During typical influenza seasons, superinfec-
tions with S. pneumoniae are the primary causes of mortality (8).

A variety of models have been proposed to explain the mech-
anisms by which IAV infections enhance pneumococcal coloniza-
tion, promote invasion of the respiratory tract, and alter host re-
sponses to bacterial infection (8). Until recently, the synergistic
effect between pneumococci and IAV was assumed to be unidi-
rectional. New studies, however, indicate that host signals in re-
sponse to viral infection stimulate dispersal of pneumococci from
harmless nasopharyngeal biofilms that disseminate to otherwise
sterile tissues where the bacterium is more pathogenic (9). This
virus-dependent dispersal of pneumococci from the biofilm is the
initial step in promulgating invasive disease and produces a phe-
notypic shift in the bacterium that promotes survival and patho-

genicity in other host niches, a phenotypic shift that is dramati-
cally different from that of broth-grown pneumococci commonly
used for infection experiments (10).

To control for pneumococcal infections and to reduce the
prevalence of virally induced pneumococcal invasive disease, the
pneumococcal conjugate vaccine (PCV) was developed and li-
censed in 2000. The initial PCV protected against seven (PCV-7)
of the most common pneumococcal serotypes. In 2010, two new
PCV formulations were released that conferred protection against
an additional three (PCV-10) or six (PCV-13) serotypes emerging
in the population as a result of serotype replacement or more
commonly caused disease in low- and middle-income countries.
Yet the large number of pneumococcal serotypes (currently 96)
and the poor immunological responses against most nonvaccine
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serotypes inherently limit the utility of these vaccines in broadly
protecting against disease (11). There is a critical need, therefore,
to identify novel strategies and immunogens to expand coverage
and to improve vaccine efficacy, especially in older and younger
populations who are at highest risk. Potential strategies include
the use of conserved protein antigens as vaccine targets and em-
ploying alternative routes of vaccine delivery (12).

Among the leading vaccine candidates currently under consid-
eration is PspA, the pneumococcal surface protein A (13). PspA is
a choline-binding surface protein that inhibits complement-me-
diated phagocytosis (14). Furthermore, PspA binds to and pre-
vents killing of the pneumococci by binding lactoferrin (15). PspA
is an important virulence factor that is expressed by all clinical
pneumococcal isolates and is essential for full virulence during
local and invasive disease although its role during colonization is
less clear (16–19). Other studies have revealed that PspA, when
employed as an immunogen in mouse models, protects against
primary pneumococcal infection (20–23) and against pneumo-
coccal challenge subsequent to a viral infection (24, 25). The vast
majority of these investigations, however, examined the protection
offered by PspA immunization against invasive disease caused by
challenge with planktonic, broth-grown pneumococci, which do not
represent either the biofilm community of S. pneumoniae normally
found residing in the nasopharynx prior to contact with IAV or
the bacteria released from biofilms in response to virus infection
(4). Thus, the capacity of PspA, when used as an immunogen, to
protect against invasive disease produced by pneumococci that are
residing in a commensal nasopharyngeal biofilm subsequent to
infection with IAV and its protective role against pneumonia and
otitis media have not been adequately evaluated.

There is a growing literature that supports the model that, in
the nasopharynx, S. pneumoniae is a harmless commensal bacte-
rium which by “competitive exclusion” inhibits colonization by
other harmful potential pathogens, such as Streptococcus pyogenes
and Staphylococcus aureus (26, 27), that are more prevalent in
children immunized with the conjugate vaccines. Although co-
colonization of S. pneumoniae and Haemophilus influenzae is
common, it is unclear whether the observed pneumococcal sero-
type replacement in the nasopharynx results in an increased bac-
terial burden of H. influenzae (27, 28) or not (26, 29). Niche ex-
clusion has been described in other systems. Intestinal disease
caused by Clostridium spp. has been attributed to invasion of the
pathogen into vacated niches produced by broad-spectrum anti-
biotics (1, 11); there is an inverse relationship between the pres-
ence of commensal Lactobacillus spp. and pathogenic Escherichia
coli in the likelihood of inducing recurrent urogenital tract infec-
tions (30); and Neisseria lactamica effectively excludes coloniza-
tion of the oropharynx by Neisseria meningitidis (31).

In this study, we investigated the capacity of PspA to protect
against the development of pneumococcal disease from virulent
pneumococci dispersed from colonizing biofilms following IAV
infection. Intradermal (i.d.) immunization with PspA and LT-
IIb(T13I), a novel detoxified i.d. adjuvant (32), elicited a strong,
systemic antigen (Ag)-specific immune response and protected
mice against development of secondary otitis media, pneumonia,
and associated bacteremia. These effects were obtained without dis-
rupting stable and asymptomatic biofilm colonization by the pneu-
mococci. Additionally, this immunization strategy protected against
sepsis challenge and significantly attenuated the cytokine storm that
is commonly observed with disseminated pneumococcal infection.

Thus, inducing protection against virally induced invasive pneumo-
coccal disease without disrupting desirable asymptomatic nasopha-
ryngeal colonization is an intriguing possibility with important clin-
ical implications.

MATERIALS AND METHODS
Ethics statement. Experiments were performed in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (33). The protocols were
approved by the Institutional Animal Care and Use Committee at the
University at Buffalo, Buffalo, NY, USA. All bacterial inoculations and
treatments were performed under conditions to minimize any potential
suffering of the animals.

Chemicals and reagents. Recombinant PspA fragment UAB055 con-
sisting of the N-terminal 302 amino acids of PspA from the unencapsu-
lated strain Rx1, a derivative of the type 2 encapsulated strain D39, and
LT-IIb(T13I) were purified using previously described methods (34, 35).
All preparations were determined to be essentially free of lipopolysaccha-
ride (�0.03 ng/�g of protein) (Limulus amebocyte assay kit, Endosafe
system; Charles River Laboratories, Charleston, SC). Cell culture reagents
were obtained from Invitrogen, Carlsbad, CA. Bacterial and cell culture
media and reagents were purchased from VWR, Inc., Radnor, PA. Chem-
ically defined bacterial growth medium (CDM) was obtained from JRH
Biosciences, Lexera, KS. Sheep blood was purchased from BioLink, Inc.,
Liverpool, NY. Remaining reagents were obtained from Sigma-Aldrich,
St. Louis, MO.

Bacterial strains. Pneumococcal strains were grown in chemically de-
fined medium (CDM) or in Todd-Hewitt medium containing 0.5% yeast
extract (THY) as described previously (9). This study used the serotype
19F strain EF3030 (36), the serotype 2 strain D39 (37), and strain JY53, an
isogenic mutant of D39 lacking PspA (D39-PspA null) (38). Pneumococci
were verified by their sensitivity to optochin, using an optochin diffusion
assay on blood agar, resulting in a clearing zone around the optochin disc
(Fluka Analytical/Sigma-Aldrich) of �15 mm (39).

Static biofilm model. Static biofilms were produced as described pre-
viously (9). In short, pneumococci grown in CDM were seeded onto
round, glass coverslips in the bottom of polystyrene 24-well plates with or
without a substratum of confluent human respiratory epithelial cells
(HREC). Biofilms were cultured at 34°C in 5% CO2 as indicated in the
legend for Fig. 1, with a change of culture medium every 12 h. Biofilm
integrity was tested by exposure to gentamicin (500 �g/ml for 3 h at 34°C
in 5% CO2) or to phosphate-buffered saline (PBS) alone as a control to
determine total initial biomass, followed by viable plate counts.

Biofilm structure was assessed using scanning electron microscopy
(SEM) studies. Biofilms were fixed using 2.5% glutaraldehyde, 0.075%
ruthenium red, and 0.075 M lysine acetate in 0.1 M sodium cacodylate
buffer (pH 7.2) for 1 h at room temperature. This procedure has been
shown to retain carbohydrate structures and improve preservation of bio-
film morphology. Samples were washed three times without shaking for
15 min at room temperature in 0.075% ruthenium red in 0.2 M sodium
cacodylate buffer and were then dehydrated with a graded series of etha-
nol solutions (10, 30, 50, 75, 95, and 100%) at room temperature, with 15
min used for each step. Samples were exchanged into 100% hexamethyl-
disilazane and allowed to air dry before being analyzed using an SU70
scanning electron microscope at an acceleration voltage of 5.0 kV (avail-
able through the South Campus Instrumentation Center, University at
Buffalo, NY).

To measure bacterial viability in these biofilms, Live/Dead stain (In-
vitrogen) was added to 48-h biofilms according to the manufacturer’s
instructions. Biofilm layers were inspected by confocal microscopy using
a Zeiss LSM5 laser scanning confocal microscope (Zeiss, Inc., Thorn-
wood, NY).

Transcriptional expression analysis (quantitative reverse transcrip-
tion-PCR [qRT-PCR]). Bacterial pellets from each bacterial population
were resuspended in 0.5 ml of 0.9% NaCl and 1 ml of RNAprotect
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(Qiagen, Valencia, CA), and the mixture was incubated at room temper-
ature for 5 min. Cells were pelleted at 9,000 � g for 2 min at room tem-
perature. RNA was purified from the cells using QIAshredder columns
and an RNeasy minikit (40).

To analyze the relative gene expression, qRT-PCR was performed us-
ing primers homologous to the gyrase A (gyrA) gene (forward primer,
5=-ATGGTCTCAAAGCGCTGAAT; reverse primer, 5=-TGGCGATACG
ACTCATACCA) and pspA (forward primer, 5=-CGCTAATGGTGCTAT
GGCTA; reverse primer, 5=-CGTTGACTTTAGCCCAACCT). The qRT-
PCR data were analyzed by using the 2���CT (where CT is threshold cycle)
method (41). Gyrase A was chosen as the reference gene for data normal-
ization as this gene did not exhibit significant changes in expression in our
previous transcriptome sequencing (RNA-Seq) analyses (10).

PspA immunoblotting. Static EF3030 pneumococcal biofilms were
formed on an epithelial substratum of HREC that had been fixed by in-
cubation in 4% paraformaldehyde in a 24-well plate, as described previ-
ously (9). For heat dispersal, 48-h static biofilms were shifted from 34°C to
the febrile-range temperature of 38.5°C for 4 h. Dispersed bacteria were
then removed from each individual well and centrifuged. For IAV disper-
sal, 48-h static biofilms were transferred onto confluent live epithelial
substratum grown in 24-well plates and allowed to reestablish for 24 h.
The cells were then infected with 1 � 105 PFU/ml of IAV. Following 1 h of
incubation, the free virus was removed and replaced with fresh RPMI
medium. After 24 h of incubation, planktonic bacteria were removed
from each individual well and centrifuged, and protein preparations were
made.

To create protein preparations, the pelleted bacteria were resuspended
in lysis buffer (10 mM Tris, 1 mM EDTA, 1% SDS) and incubated at 55°C
for 30 min. Samples were vortexed for 15 s to ensure a homogenous

mixture. Proteins (50 �g of protein per sample) were resolved in a 10%
SDS-PAGE gel and transferred to a nitrocellulose membrane. The mem-
brane was blocked at room temperature for 1 h using a solution of 2.5%
bovine serum albumin (BSA; Amresco, Solon, OH) in Tris-buffered saline
(TBS)-Tween (0.1%) (TBS-T) buffer. After the membrane was washed in
TBS-T, it was probed overnight at room temperature with mouse PspA
antiserum (1:5,000) diluted in TBS-T–2.5% BSA. The next morning, the
membrane was washed with TBS-T–2.5% BSA and incubated for 1 h at
room temperature with goat anti-mouse IgG DyLight 680-conjugated
antibody (Ab; 1:10,000) (ThermoFisher Scientific). After the membrane
was washed, it was scanned, and the signals were quantified using an
Odyssey CLx infrared imaging system (Licor).

Intradermal and intranasal (i.n.) immunizations and sample collec-
tion. For intradermal (i.d.) immunization, 8-week-old female BALB/cByJ
mice (Jackson Laboratories) were immunized by the i.d. route, as previ-
ously described (32). Briefly, groups of mice were anesthetized with 75
mg/kg of ketamine and 10 mg/kg of xylazine, fur was removed on the
dorsum, and the underlying skin was swabbed with alcohol. With the use
of insulin syringes, mice were intradermally immunized with PBS (vehicle
control) or PspA (5.0 �g) and LT-IIb(T13I) (1.0 �g) in 30-�l volumes.
The i.d. immunization regimen consisted of a primary immunization
followed by booster immunizations administered at day 10 and day 20.
The mice were injected all three times in the same dorsal area but on
alternating sides each time.

For i.n. immunization, 8-week-old female unanesthetized BALB/cByJ
mice were immunized intranasally with PBS (vehicle control) or PspA in
combination with 1.0 �g of LT-IIb(T13I). Immunizations were adminis-
tered into both external nostrils (5 �l/naris), with mice allowed to rest for
5 min between each nasal administration. Similar to the i.d. immuniza-

FIG 1 Validation of PspA as a target for vaccination in biofilm dispersed bacteria. Biomass (A) and susceptibility (B) to gentamicin exposure (500 �g/ml for 3
h) of in vitro biofilms produced by wild-type and pspA-negative D39 bacteria following 48 h of growth over prefixed HREC. The bars show the geometric mean
and 95% confidence interval of four biofilms. (C) Scanning electron microscopy images of WT and pspA-negative D39 biofilms formed on primary ciliated
respiratory cells. (D) Colonization of D39 wild-type and pspA null pneumococci in mice at 48 h postinoculation. The dots represent individual mice, and the line
represents the geometric mean of the data set. NP, nasopharyngeal. (E) Gene expression levels of pspA in biofilm and heat-dispersed EF3030 pneumococci. The
graph presents the means and standard deviations. (F) Levels of PspA in whole-cell protein extracts from biofilm (BF) and released pneumococci from
heat-dispersed (HD) and influenza (IAV)-treated biofilms grown over fixed or live HREC. (G) Quantification of pspA protein levels in biofilm (BF), heat-
dispersed (HD), and influenza (IAV)-dispersed biofilm bacteria. Statistical significance of data in panels A, B, D, and E was determined using a Mann-Whitney
test (**, P � 0.01; ns, not significant). Graphs in panels A, B, and E include data from at least two independent experiments. The graph in panel G represents the
results from measurement of the bands shown in panel F.
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tion regimen, the i.n. immunization regimen consisted of a primary im-
munization followed by booster immunizations administered at day 10
and day 20.

Blood collected on day 27 from the tail vein of immunized mice was
centrifuged at 4°C for 20 min at 16,000 relative centrifugal force (RCF) to
pellet cells, after which serum fractions were collected and stored at
�80°C. Saliva samples were collected on day 27 with a micropipette after
stimulation of salivary flow by injecting each mouse intraperitoneally
(i.p.) with 5.0 �g of carbachol (Sigma-Aldrich Co., St. Louis, MO).

PspA antibody analysis. Levels of isotype and subclass anti-PspA Ab
in serum and saliva were measured by enzyme-linked immunosorbent
assay (ELISA) (35). Nunc Immulon 2HB polystyrene 96-well microtiter
plates (ThermoFisher Scientific) coated with 100 �l of PspA (5 �g/ml) per
well were incubated overnight at room temperature. To determine total
IgA concentrations, plates were coated with 100 �l of unlabeled goat anti-
mouse IgA-specific Ab (1 mg/ml) (Southern Biotechnology Associates,
Birmingham, AL). After plates were blocked with PBS containing 0.15%
Tween 20 and 1% BSA, serial 2-fold dilutions of serum or secretion sam-
ples were added in duplicate, and plates were incubated overnight at room
temperature. Plates were washed with PBS-Tween and incubated at room
temperature for 4 h with the appropriate alkaline phosphatase-conjugated
goat anti-mouse Ig isotype or subclass-specific Ab (Southern Biotechnol-
ogy). Plates were washed and developed with nitrophenyl phosphate sub-
strate (1 mg/ml) (Amresco), and the reaction was terminated by the ad-
dition of 100 �l/well of 2 N NaOH. ELISA plates were read on a VersaMax
microplate reader at a 405-nm wavelength and analyzed with SoftMax
Pro, version 5.4 (Molecular Devices, Sunnydale, CA). Concentrations of
Ag-specific and total IgA Ab were calculated by interpolation of calibra-
tion curves generated using a mouse Ig reference serum (ICN Biomedi-
cals, Aurora, IL). Salivary IgA responses are reported as the percentage of
PspA-specific IgA of the total IgA to compensate for variation in salivary
flow rate (35, 42). As we have described previously, the concentration of
salivary IgA is indicative of the concentration of mucosal IgA in other
compartments, such as in nasal secretions, yet easier to determine
(35, 42).

Staining of surface PspA protein on S. pneumoniae. Planktonic D39
wild-type (WT) and PspA-negative (D39-PspA null) pneumococci were
cultured to mid-log phase and washed twice with PBS. Cells were stained
for 30 min at 4°C in PBS and 2% fetal calf serum (FCS) by incubation with
pooled, heat-treated serum from PspA-immunized mice (1:50). Cells
were washed twice in PBS and 2% FCS and stained for 30 min at 4°C with
anti-mouse IgG AF488 secondary antibody (Life Technologies) at 1:400 in
PBS and 2% FCS. Cells were washed twice with PBS and resuspended in
4% paraformaldehyde for fixation at room temperature for 15 min. Fixed
cells were washed and resuspended in PBS and 2% FCS and analyzed by
flow cytometry using an LSR Fortessa (BD).

Murine colonization and IAV infection. Six- to 8-week-old female
BALB/cByJ mice (Jackson Laboratories) were maintained in filter-top
cages on standard laboratory chow and water ad libitum until use. Mice
were colonized as described previously (43). In brief, 20 �l of a bacterial
suspension containing 5 � 106 CFU of pneumococci in phosphate-buff-
ered saline (PBS) was pipetted into the nares of nonanesthetized mice.
Uninfected control mice received PBS alone. The absence of symptoms
associated with pneumonia and invasive disease was confirmed by lack of
visual signs, such as ruffled fur, inactivity, and labored breathing, as well as
lack of fever measured through the abdominal surface temperature. At 48
h postinoculation, animals were either infected with IAV or euthanized by
CO2 asphyxiation, and tissues were dissected as described below. For IAV
infection following colonization, 40 PFU of influenza A/PR8/34 (H3N2)
virus was pipetted into the nares of nonanesthetized mice; 1 or 5 days later
mice were euthanized, and tissues were collected as described below.

Tissue collection following colonization and IAV infection. Various
tissues and samples were collected from immunized and unimmunized
mice following euthanization. Harvesting of mouse nasal septum and
lungs was done as previously described (9, 43). To harvest mouse nasal

septum, the skin was first dissected and completely removed from the
skull and nose, and the skull was sectioned in the coronal plane. The
remainder of the anterior and posterior skull was then removed, and
the suture line was incised bilaterally to reveal the nasal septum. Scissors
were inserted into the posterior nasal cavity and used to separate the nasal
septum from the maxillae (laterally) and the ethmoid bone (medially).
Tissue present in the nasal conchae was then harvested with forceps.
Lungs were harvested with a midline chest incision, and skin was peeled
away to expose the chest. Scissors were used to cut around the ribcage and
expose the lungs where the trachea was cut, and the lungs were removed
from the chest cavity. To obtain middle ear tissue, the outer ears were
removed with scissors, and the middle ear on each side was extracted from
the cranium using forceps. Blood was obtained by puncturing the sub-
mandibular vein, collecting the blood with a lancet, and collecting the
flow in microcentrifuge tubes. Harvested tissue was homogenized and
serially diluted on tryptic soy agar supplemented with 5% sheep blood
(blood agar) to measure the number of CFU per mouse nasopharynx, ear,
lung, or blood tissue as a measure of colonization load. In some experi-
ments, intranasal wash samples (nasopharyngeal lavage fluid) were ob-
tained by injecting PBS retrograde through the trachea prior to the har-
vesting of tissue. Bacterial load was measured by determining viable
colony counts after plating.

Septicemia challenge following i.d. immunization. Sham-immu-
nized mice and mice immunized with PspA plus LT-IIb(T13I) were chal-
lenged by i.p. injection of 1 � 105 CFU of biofilm-dispersed, virulent S.
pneumoniae. Mice were monitored for 24 h for signs of septicemia. Mice
observed to be overtly moribund were euthanized by CO2 asphyxiation
and cervical dislocation after collection of blood from the submandibular
vein. Blood samples were assayed for bacterial burden. Serum fractions
were used for inflammatory cytokine analysis.

Inflammatory cytokine analysis. Serum from immunized mice col-
lected after direct bacterial challenge was analyzed for levels of inflamma-
tory cytokines using a mouse inflammatory cytokine cytometric bead ar-
ray kit (BD Biosciences). For sham-immunized mice, sera were collected
at the time of euthanasia once the mice had become moribund. For PspA-
immunized mice, sera were collected 24 h after i.p. injection of bacteria.
Concentrations of cytokines in the sera were determined using a BD
FACSArray bioanalyzer, and FCAP (Flow Cytometric Analysis Program)
Array software (BD Biosciences, San Jose, CA).

Statistical analysis. Column comparisons were analyzed for statistical
significance using a two-tailed Mann-Whitney test for unpaired data,
based on the non-Gaussian distribution of the data sets. Multivariate anal-
ysis was done using one-way analysis of variance (ANOVA) that was cor-
rected for variance using a Bartlett variance test and using a Bonferroni
multiple-comparison test for multiple comparisons. Survival curves were
analyzed using a log rank test. For all tests a P value of �0.05 was consid-
ered significant. Statistical analysis was performed using GraphPad Prism
software (version 6.0 h; GraphPad Software, Inc., La Jolla, CA).

RESULTS
Validating PspA as a vaccine target in pneumococci that are dis-
persed from biofilms. To examine the usefulness of PspA as an
immunogen that specifically targets disease-causing bacteria
without targeting biofilm colonization, the role of PspA in biofilm
formation and nasopharyngeal colonization and the expression of
PspA in biofilm and biofilm-dispersed bacteria were determined.
First, D39 wild-type (WT) pneumococci and an isogenic PspA-
deficient (pspA null) mutant were used to evaluate the role of PspA
during biofilm formation. After 48 h of growth on prefixed epi-
thelia, D39 lacking pspA was not impaired in biofilm biomass or in
development of biofilm-specific resistance to the antibiotic genta-
micin (500 �g/ml for 3 h) compared to results with WT D39
bacteria (Fig. 1A and B). Examination by scanning electron mi-
croscopy of biofilms cultured over primary ciliated respiratory
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cells revealed no identifiable impairment in formation of biofilm
structures. Both D39 WT and D39-PspA null bacteria formed
complex communities with visible towers and water channels
throughout the structure (Fig. 1C). Additionally, D39 and D39-
PspA null bacteria colonized the mouse nasopharynx with similar
bacterial burdens 48 h after inoculation, suggesting that PspA
played no significant role in colonization (Fig. 1D).

Next, PspA expression was evaluated using the clinical isolate
EF3030, a strain that was employed in subsequent in vivo mouse
infection experiments. Our recent studies of the total transcrip-
tome of EF3030 pneumococci showed that pspA had an increase in
expression in bacteria dispersed from biofilms in response to virus
and virus-induced host conditions, such as increased temperature
and ATP, compared to expression in EF3030 biofilm bacteria (10).
Here, we show that although EF3030 biofilm bacteria expressed
pspA, the expression level was 3.03-fold higher in heat-dispersed
bacteria (P � 0.01) (Fig. 1E). To investigate the expression state of
PspA protein in biofilm-residing and biofilm-dispersed bacteria,
immunoblotting was performed on whole-cell extracts from
EF3030 obtained from biofilms grown on epithelial cell monolay-
ers and from EF3030 that had been dispersed from equivalent
biofilms by febrile temperature or by infection with IAV. Dis-
persed bacteria collected from biofilms that were exposed to fe-
brile temperature or to IAV exhibited 2.43-fold and 2.73-fold in-
creases, respectively, in PspA protein expression in comparison to
the levels of PspA expressed by biofilm-residing bacteria (Fig. 1F
and G).

Collectively, these data suggest that PspA does not have a sig-
nificant role in biofilm formation or biofilm colonization of the
mouse nasopharynx and is expressed at lower levels in pneumo-
cocci that reside in biofilms. Yet PspA is upregulated in pneumo-
cocci that are dispersed from biofilms produced on epithelial
monolayers by febrile temperatures or by IAV infection. These
results validated the consideration of PspA as a vaccine target for
evoking immune protection specifically against disseminated
pneumococci without altering the desirable commensal coloniza-
tion of the nasopharynx.

Intradermal immunization with PspA and LT-IIb(T13I)
produces a robust systemic anti-PspA immune response that
does not affect colonization. Given the positive findings regard-
ing the increased expression of PspA in biofilm-dispersed pneu-
mococci, we formulated an immunization strategy with the goal
of generating a strong systemic anti-PspA antibody (Ab) response
with little or no mucosal Ab response in the hope of providing
protection against disseminated pneumococcal disease without
affecting biofilm colonization in the nasopharynx. To maximize
the anti-PspA IgG response, the adjuvant LT-IIb(T13I) was uti-
lized. This detoxified adjuvant has been shown to be superior to
aluminum salt adjuvants with respect to antibody responses to
various Ags, including an Ag derived from ricin toxin (32, 63). The
well-described N-terminal portion of PspA from strain Rx1
(UAB055) (see Materials and Methods for details) was used as an
immunogen (34). Immunization with PspA in the absence of the
adjuvant produced relatively low levels of Ag-specific serum IgG.
In contrast, the addition of LT-IIb(T13I) increased by 30-fold the
amount of Ag-specific IgG Ab (P � 0.01) (Fig. 2A). Examining
IgG subclass distribution in mice that were immunized with PspA
plus LT-IIb(T13I) revealed that the vast majority of PspA-specific
IgG was of the IgG1 subclass and at a level �2 logs greater than
that of the IgG2a or IgG2b subclass (P � 0.01) (Fig. 2B). To dem-

onstrate that the Abs generated by immunization with PspA were
PspA-specific, WT D39 pneumococci and pspA-negative pneu-
mococci (D39-PspA null) were analyzed by flow cytometry using
polyclonal Ab obtained from sera of mice that had been immu-
nized with PspA plus LT-IIb(T13I). WT D39 pneumococci exhib-
ited a high level of positive staining with PspA antiserum, whereas
no significant staining above background was observed for the
D39-PspA null strain. Thus, Abs generated by immunization of
mice with PspA plus LT-IIb(T13I) were PspA specific (Fig. 2C)
and did not recognize other proteins exposed on the surface of the
bacteria.

While high levels of anti-PspA IgG were induced in the sera of
mice that had received i.d. immunization with PspA plus LT-
IIb(T13I), no PspA-specific IgA Ab was detected in the saliva of
those mice (Table 1). As a positive control for PspA-specific sali-
vary IgA, mice were immunized mucosally through the i.n. route
with PspA plus LT-IIb(T13I) or vehicle alone (sham). This strat-
egy resulted in a strong Ag-specific IgA Ab response in the saliva of
mice immunized with PspA, whereas no Ab responses were de-
tected in the sham-immunized mice (Table 1). Intranasal immu-
nization with PspA alone induced a very poor mucosal immune
response, with less than 3% for the Ag-specific/total Ab concen-
tration (data not shown) compared to 51% for the Ag-specific/
total Ab concentration in mice immunized with PspA plus LT-
IIb(T13I) (Table 1). Mice immunized mucosally through the i.n.
route with PspA plus LT-IIb(T13I) also produced a robust IgG
response in serum (Table 1). PspA-specific immune responses
were not detected in any of the sham-immunized groups of mice.

Mice immunized i.d. with vehicle (sham) or PspA plus LT-
IIb(T13I) were subsequently employed in pneumococcal chal-
lenge experiments. Two weeks following a second booster immu-
nization of PspA plus LT-IIb(T13I), mice were inoculated
intranasally with biofilm-derived EF3030 pneumococci. Naso-
pharyngeal tissues were collected 48 h after challenge and assessed
for pneumococcal burden. In comparison to sham-immunized
mice, mice that had received i.d. immunizations with PspA plus
LT-IIb(T13I) (vaccinated) had similar colonization burdens of
biofilm bacteria on nasal tissues (Fig. 2D). These results demon-
strated that i.d. immunization with PspA plus LT-IIb(T13I) gen-
erated a robust systemic humoral immune response yet did not
disrupt nasopharyngeal colonization of biofilm pneumococci.

Intradermal immunization with PspA prevents secondary
pneumococcal disease following IAV infection. To evaluate the
role of PspA in secondary bacterial disease following IAV infec-
tion, pneumococcal challenge was performed on sham-immu-
nized mice and mice immunized with PspA plus LT-IIb(T13I).
We first attempted to use PspA null pneumococci to verify the
specificity of the protective immune response. Although PspA null
pneumococci dispersed to a similar degree from in vitro biofilms
as wild-type pneumococci in response to virus-induced stimuli
(Fig. 3A) and disseminated to the lungs and middle ears of mice
after infection with IAV, they were quickly eradicated in these
environments (Fig. 3B and C). This confirmed the important role
for PspA in bacterial survival outside the nasopharyngeal environ-
ment even in association with virus infection and made it impos-
sible to verify that PspA immunization would fail to protect
against bacteria lacking PspA.

Immunized mice were instead colonized with biofilm-derived
EF3030 bacteria and challenged intranasally 48 h later with IAV.
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On day 1 post-viral infection, immunization with PspA plus LT-
IIb(T13I) significantly lowered the bacterial burden of dissemi-
nated bacteria in the lungs and middle ears (P � 0.05 and P �
0.001, respectively) in response to viral infection in comparison

with the responses of sham-immunized controls (Fig. 4A). There was
no detectable dissemination to the bloodstream in either group at this
time point (Fig. 4A). Immunized animals appeared completely
healthy, whereas sham-immunized animals showed slightly ruffled
fur and lower activity in the cages, suggesting initial stages of infec-
tion. At day 5 post-viral infection, immunization with PspA plus LT-
IIb(T13I) continued to significantly control dissemination of pneu-
mococci to the lungs and middle ears (P � 0.001 and P � 0.05,
respectively) (Fig. 4B), thus preventing development of pneumonia
and otitis media. Importantly, at day 5 post-viral infection, bacteria
were not detected in the circulation of mice immunized with PspA
plus LT-IIb(T13I) (P � 0.001 compared to results with sham-immu-
nized mice). Visual monitoring of these mice indicated no signs of
infection; mice displayed normal activity, respiration, and abdominal
temperature. In stark contrast, sham-immunized mice developed
both otitis media and pneumonia, with significant levels of dissemi-
nating bacteremia (Fig. 4B), which resulted in lethargy, increased ab-
dominal temperature, and ruffled fur, suggesting a febrile response.
Respiration was shallower and labored. Clearly, i.d. immunization
against PspA prevented development of disseminated pneumococcal
disease induced by IAV infection.

FIG 2 Intradermal immunization with PspA does not affect colonization. (A) Mice were immunized by the i.d. route on days 0, 10, and 20 with 5.0 �g of PspA
alone or with 1.0 �g of LT-IIb(T13I). One week after the final booster, serum samples were taken, and PspA-specific IgG was determined by ELISA. Each dot
represents serum from an individual mouse (n 	 6). ***, P � 0.001 for results of immunization with PspA in the presence or absence of adjuvant. (B) Pooled
serum from mice immunized with PspA plus LT-IIb(T13I) was evaluated for Ag-specific IgG subclasses. Each dot represents serum pooled samples of 2 mice (n 	
8). ***, P � 0.001 for a comparison of the concentration of IgG1 with either IgG2a or IgG2b. (C) Ab specificity to PspA was confirmed by labeling D39 WT and
D39 pspA null bacteria with serum Ab collected after i.d. immunization followed by a goat anti-mouse secondary Ab conjugated to Alexa Fluor 488, and samples
were analyzed by flow cytometry. (D) Two weeks after the final booster immunization (day 34), mice were inoculated intranasally with biofilm pneumococci.
Forty-eight hours after inoculation, tissues, blood, and nasopharyngeal lavage samples were collected and measured for bacterial burden. There was no difference
in colonization burdens between sham-immunized and PspA-immunized animals and no dissemination to the lungs or middle ear. Statistical analysis was
performed using a Mann-Whitney test (**, P � 0.01). Panels A and B include data from one experiment, whereas panel D includes data from two separate
experiments.

TABLE 1 Levels of PspA-specific Ab on day 27 following intradermal or
intranasal immunization

Immunization regimea Serum IgG (�g/ml)b Salivary IgA (%)c

i.d. route
Sham NDd ND
PspA 
 LT-IIb(T13I) 907.6 � 74.91 ND

i.n. route
Sham ND ND
PspA 
 LT-IIb(T13I) 1,128.0 � 114.3 51.7 � 7.1

a Mice were immunized with PBS (sham) or 5.0 �g PspA plus 1.0 �g LT-IIb(T13I) on
days 0, 10, and 20 for both i.d. and i.n. immunizations.
b Data are representative of four separate groups with 5 mice per group (n 	 20).
Values are means � standard errors of the means.
c Data represent the ratio of specific to total antibody. Values (means � standard errors
of the means) are representative of one group of 5 mice (n 	 5).
d ND, not detected.
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Intradermal immunization against PspA prevents mortality
due to septicemia. To investigate if i.d. immunization with PspA
plus LT-IIb(T13I) would protect against an overwhelming septic
infection, biofilm-dispersed EF3030 pneumococci were employed
again based on their significantly increased virulence in invasive
disease compared with that of broth-grown EF3030 that are com-
pletely cleared from the circulation (10). This approach was used,

FIG 3 Role of PspA in biofilm release and survival in tissue after IAV infection.
(A) D39 and D39 pspA null bacteria biofilms were made on top of respiratory
epithelial cells for 48 h, and the cells were infected with IAV for 24 h. The ratio
of dispersed (released) biofilm bacteria in the medium to the remaining bac-
teria in the biofilm was measured in the presence or absence of IAV. The bars
show ratios with standard deviations. (B and C) Mice were colonized for 48 h
with D39 wild-type bacteria and D39 lacking PspA and infected with 40 PFU of
IAV. After 24 h the bacterial burden was measured in nasopharyngeal (NP)
tissue and lung tissue and in the middle ears. D39 bacteria caused pneumonia

and otitis media after IAV infection, whereas D39 pspA null pneumococci,
even though they were released equally well in vitro (panel A), survived poorly
in the lungs and middle ear tissues. Each experiment was performed twice with
5 mice in each group. Each dot in the graphs represents a single mouse. The
lines represent the geometric mean. Statistics for all data sets were done using
a Mann Whitney test (ns, not significant; *, P � 0.05; **, P � 0.01; ***, P �
0.001).

FIG 4 Protection from secondary pneumococcal disease following influenza
virus infection by i.d. immunization with PspA and LT-IIb(T13I). Mice were
immunized with 5.0 �g of PspA plus 1.0 �g of LT-IIb(T13I) (vaccinated) or
with PBS (sham). Two weeks after the final booster immunization (day 34),
mice were inoculated intranasally with biofilm-derived EF3030 pneumococci.
Forty-eight hours after inoculation, mice received 40 PFU of IAV by the intra-
nasal route. Tissues and nasal lavage samples were collected at 1 day (A) and 5
days (B) post-viral infection and measured for bacterial burden. Each dot
represents an individual mouse (n 	 10). Statistical analysis was performed
using a Mann-Whitney test (ns, not significant; *, P � 0.05; ***, P � 0.001).
Graphs include data from two independent experiments.
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first, to mimic the phenotype of the bacteria more closely associ-
ated with infection in vivo and, second, to verify our novel immu-
nization strategy in a classical experimental model used by other
investigators (23, 27). Whereas 90% of sham-immunized mice
died within 20 h of infection, immunization with PspA plus LT-
IIb(T13I) conferred complete protection against septicemia-in-
duced death by dispersed EF3030 bacteria (P � 0.001) (Fig. 5A).
Low levels of bacteremia were observed after intraperitoneal chal-
lenge with dispersed bacteria following immunization with PspA
plus LT-IIb(T13I). The level of bacteremia was significantly lower
than the level of bacteremia observed in the sham-immunized
group (P � 0.001) (Fig. 5B). The small bacterial burden remaining
in the group immunized with PspA plus LT-IIb(T13I) was attrib-
uted to the inability of the mice to completely clear the large
amount of injected EF3030 bacteria within 24 h.

Sham-immunized mice infected with EF3030 had significantly
elevated levels of the inflammatory cytokines interleukin-6 (IL-6),
monocyte chemotactic protein 1 (MCP-1), gamma interferon
(IFN-�), tumor necrosis factor alpha (TNF-), and IL-12p40, a
response that indicated a cytokine storm environment that is typ-
ical in a lethal systemic infection (Fig. 4C). No similar cytokine
storm was evident in the EF3030-infected mice immunized with
PspA plus LT-IIb(T13I). Thus, the immunity established by i.d.

immunization with PspA plus LT-IIb(T13I) reduced the inflam-
mation induced in the bloodstream, which was at least partly
based on the rapid elimination of bacteria and the subsequent low
bacterial burden compared to that in infected sham-immunized
mice. These data strongly indicated that i.d. immunization against
PspA dramatically reduced mortality due to septicemia induced
by biofilm-dispersed, invasive S. pneumoniae.

DISCUSSION

PspA is a crucial virulence factor of planktonic cell populations
that are extant during invasive disease. Infection experiments us-
ing planktonic pneumococci have clearly demonstrated that in-
tranasal immunization with PspA can protect against coloniza-
tion; however, the contribution of PspA to colonization is unclear
(34, 44). Similarly, little is known about the role of PspA in the
nasopharyngeal pneumococcal life cycle, including biofilm for-
mation and dispersion. Here, we demonstrate that PspA has little,
if any, role in the formation of a pneumococcal biofilm or in
establishment of asymptomatic colonization. Yet expression of
PspA is dramatically increased in biofilm-dispersed bacteria,
which represent the major physiological pneumococcal pheno-
type that disseminates and elicits disease at otherwise sterile sites.

These features made PspA a good candidate to test the hypoth-
esis that it is possible to immunize specifically against disease-
causing organisms leaving the nasopharyngeal environment with-
out affecting asymptomatic colonization. To evaluate the role of
PspA in the development of secondary infections, we infected
mice with IAV intranasally 48 h after the mice had been colonized
with biofilm-derived pneumococci in the nasopharynx to mimic
the natural course of virus-induced disease progression in chil-
dren and other populations with high pneumococcal carriage
rates (45). This procedure has been shown to produce populations
of bacteria with a major change in transcriptional profiles that
differ significantly from both biofilm bacteria and broth-grown
bacteria and produce pneumococci with significantly increased
virulence in otherwise sterile sites (9, 10). Intradermal immuniza-
tion with PspA in the presence of LT-IIb(T13I), a detoxified heat-
labile enterotoxin, elicited a strong PspA-specific systemic im-
mune response but did not disturb nasopharyngeal colonization.
Importantly, immunization with PspA significantly inhibited de-
velopment of secondary pneumococcal superinfections and pro-
tected against mortality due to septicemia and its associated cyto-
kine storm, supporting our hypothesis. As this was the main
purpose of the studies, cross-protection studies were outside the
scope of these studies as PspA has been well characterized in this
regard.

Clearance of microbial pathogens typically occurs by Fc� re-
ceptor or by complement receptor (CR)-mediated phagocytosis.
PspA inhibits activation of the alternative pathway of the comple-
ment system, a system that is critical for mediating clearance of S.
pneumoniae by the innate immune system (46). In the mouse,
clearance of PspA null pneumococci by this pathway is mediated
by CRs located on the surfaces of macrophages and neutrophils
(17). In this study, we showed that i.d. immunization against PspA
induced high levels of PspA-specific serum IgG, which protected
against pneumococcal disease. While the precise mechanism(s)
responsible for the protection is unknown, the response is likely
mediated by PspA-specific IgG Abs and Fc� receptor phagocyto-
sis. The possibility cannot be ignored, however, that binding of
PspA with high-affinity Abs neutralized the complement-inhibit-

FIG 5 Intradermal immunization with PspA provides protection against sep-
ticemia. Mice were immunized with 5.0 �g of PspA plus 1.0 �g of LT-
IIb(T13I) (vaccinated) or with PBS (sham). Survival (A) and bacterial burden
in the bloodstream (B) were measured for mice injected i.p. with EF3030
bacteria dispersed from biofilms in response to heat. (C) Levels of inflamma-
tory cytokines in the blood at the time of euthanasia up to 24 h following
bacterial challenge. Each dot represents an individual mouse (n 	 5). Statisti-
cal analysis was performed using a log rank test for survival data in panel A or
a Mann-Whitney U test for bacterial burden and cytokine data (panels B and
C). *, P � 0.05; **, P � 0.01; ***, P � 0.001. Panels A and B include data from
two independent experiments, whereas panel C includes data from one of the
experiments included in the other panels.
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ing properties of S. pneumoniae to promote effective CR-mediated
clearance. The latter hypothesis is supported by a previous study
that reported that addition of anti-PspA antibodies enhanced
binding of complement components to PspA-positive pneumo-
cocci (47).

Two recent studies on the role of PspA in virus-induced sec-
ondary pneumococcal infection demonstrated that i.n. immuni-
zation with PspA administered in the presence of cholera toxin B
subunit as an adjuvant or with polyinosinic-poly(C), a Toll-like
receptor 3 agonist, reduced the bacterial load of pneumococci in
the lungs of influenza A virus-infected mice. Yet neither strategy
eradicated the pneumococci in the lungs (24, 25). While these
studies did not examine nasopharyngeal colonization, previous
research suggested that mucosal immunization with PspA was
protective against colonization of the nasopharynx (34, 44). These
findings, however, suffered from the fact that these colonization
studies were performed using planktonic broth-grown bacteria in
which PspA is highly expressed. In contrast, it is believed that
colonization is biofilm associated, under which condition expres-
sion of PspA is low (10).

Three families of PspA have been identified to date, with less
than 50% sequence divergence within each family (48, 49). Anti-
PspA Abs are usually cross-reactive and cross-protective against
invasive disease, at least within families (31, 50). The potential
cross-reactivity and cross-protection of antibodies induced by i.d.
immunization with PspA in combination with LT-IIb(T131I) will
be pursued in future studies. Since many individuals will undergo
successive episodes of pneumococcal carriage throughout their
lifetimes (51–54), it seems unlikely that mucosal Abs to PspA that
are generated during nasopharyngeal carriage can prevent succes-
sive acquisition of other strains. Our results indicate that biofilm
pneumococci represent the dominant physiological state of the
bacteria during initial colonization, whether or not biofilm bacte-
ria or broth-grown bacteria are used for intranasal inoculation,
and suggest that nasopharyngeal carriage of pneumococci in bio-
film communities has a pathogenically quiescent phenotype that
does not elicit cross-protective immunity against PspA.

Overall, these observations indicated that the effects of a vac-
cine developed against acquisition of carriage and for prevention
of invasive disease are two distinct endpoints that should be con-
sidered separately. Determining if nasopharyngeal eradication of
S. pneumoniae is either a beneficial or a harmful intervention is
not an easy question to address (55). The advantage of coloniza-
tion eradication of invasive serotypes is herd immunity: the indi-
rect protection from infection based on the lower level of disease-
associated strains in circulation that can spread between
individuals. Herd immunity has been demonstrated after the in-
troduction of the conjugate vaccines in both young children and
the elderly (56, 57). But there is a caveat. Many other respiratory
pathogens compete for the same ecological niche as the pneumo-
cocci. Therefore, pneumococcal mucosal colonization per se may,
in fact, protect against colonization by other virulent organisms
and keep the ecological niche balanced. Several observational
studies have shown that S. aureus prevalence is negatively associ-
ated with the presence of S. pneumoniae (3). Successful clearance
of the S. pneumoniae from the nasopharyngeal niche by vaccina-
tion using the pneumococcal conjugate vaccine-7 (PCV-7) has
been correlated with increased colonization of S. aureus (29, 58)
and, depending on the level of serotype replacement, in some
studies also increased colonization with H. influenzae (26, 27).

The odds of acquiring otitis media and staphylococcal pneumonia
are increased 3-fold in individuals who received PCV-7, resulting
in diminished pneumococcal colonization with the most fit sero-
types (59–62). A vaccine targeting only disease-causing organisms
would have the benefit of not interfering with the nasopharyngeal
microbiome but would not induce herd immunity and would
therefore require administering the vaccine to a larger population
of at-risk individuals.

In conclusion, our results suggest that bacterial factors, such as
PspA, that are unique to bacteria that leave colonizing biofilms as
a result of host factors induced by virus infection or other immu-
nological assaults but that are not required for biofilm formation
and colonization are excellent vaccine candidates: they can induce
immune responses that will inhibit the onset and development of
pneumococcal disease without interfering with potentially desir-
able nasopharyngeal colonization by the bacteria. This strategy
represents a major paradigm shift in the prevention of pneumo-
coccal disease. It will be critical to obtain additional information
in regard to microbial interactions in the nasopharynx and the
conditions that are conducive for progression to infection to bet-
ter understand the benefits of maintaining harmless nasopharyn-
geal colonization by potentially pathogenic bacteria.
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