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Mucosal Immunization with an Unadjuvanted Vaccine That Targets
Streptococcus pneumoniae PspA to Human Fcy Receptor Type I
Protects against Pneumococcal Infection through Complement- and
Lactoferrin-Mediated Bactericidal Activity

Constantine Bitsaktsis,* Bibiana V. Iglesias, Ying Li, Jesus Colino,* Clifford M. Snapper,* Susan K. Hollingshead,* Giang Pham,
Diane R. Gosselin, and Edmund J. Gosselin

Center for Immunology and Microbial Disease, Albany Medical College, Albany, New York, USA

Targeting an antigen to Fc receptors (FcR) can enhance the immune response to the antigen in the absence of adjuvant. Further-
more, we recently demonstrated that intranasal immunization with an FcyR-targeted antigen enhances protection against a cat-
egory A intracellular mucosal pathogen, Francisella tularensis. To determine if a similar strategy could be applied to the impor-
tant pathogen Streptococcus pneumoniae, we used an improved mucosal FcR-targeting strategy that specifically targets human
FcyR type I (hFcyRI). A humanized single-chain antibody component in which the variable domain binds to hFcyRI [anti-
hFcyRI (H22)] was linked in a fusion protein with the pneumococcal surface protein A (PspA). PspA is known to elicit protec-
tion against pneumococcal sepsis, carriage, and pneumonia in mouse models when administered with adjuvants. Anti-hFcyRI-
PspA or recombinant PspA (rPspA) alone was used to intranasally immunize wild-type (WT) and hFcyRI transgenic (Tg) mice
in the absence of adjuvant. The hFcyRI Tg mice receiving anti-hFcyRI-PspA exhibited elevated S. pneumoniae-specific IgA,
IgG2c¢, and IgG1 antibodies in serum and bronchoalveolar lavage fluid. Neither immunogen was effective in protecting WT mice
in the absence of adjuvant, but when PspA was targeted to hFcyRI as the anti-hFcyRI-PspA fusion, enhanced protection against
lethal S. pneumoniae challenge was observed in the hFcyRI Tg mice compared to mice given nontargeted rPspA alone. Inmune

sera from the anti-hFcyRI-PspA-immunized Tg mice showed enhanced complement C3 deposition on bacterial surfaces, and
protection was dependent upon an active complement system. Immune serum also showed an enhanced bactericidal activity
directed against S. pneumoniae that appears to be lactoferrin mediated.

N umerous studies have demonstrated that targeting antigens
to Fc receptors (FcRs) both in vitro and in vivo can enhance
cellular and humoral immune responses (1, 4, 26-28, 53, 69).
FcyRs are classified based on their molecular weights, 1gG-Fc
binding affinities, IgG subclass binding specificities, and cellular
distributions. Three subtypes of FcyRs have been described in
mice and humans: FcyRI (CD64), FcyRII (CD32), and FcyRIII
(CD16). Both human and mouse FcyRI are high-affinity FcyR,
which means that they can bind the Fc region of IgG when in
monomeric form (25). Unlike the more ubiquitously expressed
FcyRII and FcyRIIL, FeyRI receptors are constitutively expressed
primarily on professional antigen-presenting cells (APCs) (den-
dritic cells [DC] and macrophages [M¢]) (25, 52), and their ex-
pression can be induced on polymorphonuclear leukocytes
(PMN) (42, 60). FcyRI receptors are activating receptors, provid-
ing solely stimulatory signals to the antigen-presenting cell (25).
Thus, its distribution on DC and its stimulatory-only nature make
FcyRI a particularly good target for enhancing an immune re-
sponse.

The targeting of antigens to FcyR on DC can enhance presen-
tation of such antigens (a key component of an effective immune
response [48]) and potentiate immune responses by increasing
the expression of major histocompatibility complex class II
(MHC-1I) and accelerating the maturation of DC (4). For exam-
ple, when a tetanus toxin C (TTC) fragment in a yFc fusion pro-
tein was targeted to FcyRs, it was found to be superior to the
commercial vaccine (TT plus alum) in inducing TT-specific anti-
bodies in vivo (15). Mice immunized with the TTC-yFc fusion
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protein were fully protected from a lethal challenge of tetanus
toxin. However, despite the potential benefit of targeting antigens
to FcyR as a vaccine strategy, there have been few examinations of
the use of FcyR targeting in generating immune protection against
infectious agents, particularly mucosal pathogens. Consequently,
our group was the first to show that targeting inactivated Franci-
sella tularensis live vaccine strain to FcyR intranasally (i.n.) in the
form of monoclonal antibody-inactivated F. tularensis complexes
provided enhanced protection against subsequent mucosal chal-
lenge with the live pathogen compared to inactivated F. tularensis
alone (53). The fact that immunizations with monoclonal
antibody-inactivated F. tularensis were i.n. and that no adjuvant
was required to achieve full protection emphasize the significance
of this approach. Here, we build upon the approach of using
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FcyR-targeted immunogens as mucosal vaccines by utilizing a
more finely defined targeting approach with recombinant tech-
niques and testing its potential to elicit protection for a universal
common mucosal pathogen, Streptococcus pneumoniae.

S. pneumoniae (pneumococcus) is an extracellular, Gram-
positive bacterium, and unlike F. tularensis, it is a ubiquitous hu-
man pathogen which is responsible for significant morbidity and
mortality worldwide. S. pneumoniae is generally regarded as the
most common bacterial etiology of community-acquired pneu-
monia and meningitis and is a prominent cause of otitis media,
sinusitis, and bronchitis (21, 37). It is responsible for well over 1
million deaths in children under the age of 5, mostly in developing
countries (49, 70). While effective pneumococcal conjugate vac-
cines are available, their substantial cost is beyond the reach of the
people most in need. In addition, the limitations against full cov-
erage of all pneumococci by conjugate vaccines have led to in-
creases in the incidence of serotypes not covered by the vaccines.
Effective protein-based vaccines have the potential to be more
cost-effective, to provide better coverage of all strains, and to fit
with new improved strategies for vaccinations, via mucosal routes
without needles, without need for refrigeration and, possibly,
without adjuvants.

One of the more significant protein targets for vaccine design
and development against S. pneumoniae infection is the pneumo-
coccal surface protein A (PspA). It is present in virtually all pneu-
mococci (30) while not present in closely related streptococcal
species. The N-terminal half is a coiled-coil protein that is
antigenically varied, being mostly found in one of five clades rep-
resentative of two major antigenic families (31). Despite its vari-
ability, PspA appears to be among the most effective protection-
eliciting immunogens for prospective pneumococcal protein-
based vaccines as it has been shown to elicit protection against
colonization, pneumonia, bacteremia, sepsis, and otitis media in
various model systems (9, 14). In all cases, protection with PspA
has required the use of appropriate adjuvants. However, while
PspA plus adjuvant has proven promising as a protein-based vac-
cine, given its potential to protect against multiple strains of S.
pneumoniae, there is still a need for a more efficient mucosal vac-
cine delivery strategy, in particular, one that does not require the
use of traditional adjuvants, which can be expensive, toxic, and/or
limited in their ability to generate appropriate immune responses.

Previous studies by this laboratory have shown that targeting
antigens to human FcyR type I (hFcyRI) in vivo in the form of an
anti-hFcyRI-antigen fusion protein administered parenterally
(intradermally [i.d.]) increased production of antigen-specific an-
tibodies as well as Th1 and Th2 cytokines (1). In addition, studies
targeting a “weak antigen” to hFcyRI demonstrated that antigen-
specific antibody responses were enhanced when hFcyRI trans-
genic (Tg) mice were used (36). Thus, we sought to combine
hFcyRI targeting with the use of PspA as a strategy to induce
protective anti-PspA responses in the absence of adjuvant.

In this study we used a recombinant DNA approach to produce
a PspA fusion protein that was targeted to hFcyRI (anti-hFcyRI-
PspA) in the hFcyRI Tg mouse pneumococcal sepsis model. Tar-
geting PspA to hFcyRI is shown to be effective at enhancing pro-
tection against S. pneumoniae challenge in the absence of adjuvant
but only in Tg mice in which the specific hFcyRI target resides on
DC and M¢. The enhanced protection was associated with en-
hanced antibody production characteristic of a mixed Th1/Th2
response. Immune sera from anti-FcyRI-PspA-immunized Tg
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mice were also found to have increased bactericidal activity
against pneumococci. The increased bactericidal activity corre-
lated with PspA-specific antibodies in the serum and was consis-
tent with the concept that PspA-specific antibodies may override
PspA’s normal blockage of bacterial killing by lactoferrin.

MATERIALS AND METHODS

Cells. U937 is a human myeloid cell line which expresses human FcyRI
(ATCC, Manassas, VA). U937 cells were grown in RPMI 1640 medium
(CellGro, Manassas, VA) containing 10% fetal bovine serum ([FBS] Hy-
Clone, Logan, UT), 100 U/ml penicillin, 100 ug/ml streptomycin (Gibco,
Carlsbad, CA), and 0.02 mg/ml gentamicin (Sigma-Aldrich, St. Louis,
MO). Mouse peritoneal exudate cells/macrophages (PEC/M¢) were ob-
tained from either C57BL/6 or hFcyRI Tg mice at 8 to 12 weeks of age. The
mouse MHC-II restricted PspA-specific CD4* T cell hybridoma (B6D2),
obtained from C57BL/6 mice, was provided by Clifford Snapper (Uni-
formed Services University, Bethesda, MD). These cells were grown in
Dulbecco’s modified Eagle’s medium ([DMEM] CellGro) supplemented
with 10% FBS (HyClone), minimal essential medium (MEM) nonessen-
tial amino acids (CellGro), 1 mM sodium pyruvate (CellGro), 50 uM
2-mercaptoethanol ([2-ME] Bio-Rad, Hercules, CA), 0.01 M HEPES
(Gibco), and 100 U/ml penicillin and 100 ug/ml streptomycin (Gibco).
The B6D2 hybridoma produces interleukin-2 (IL-2) in response to PspA
(18). DC were generated from bone marrow cells isolated from either
C57BL/6 wild-type (WT) or hFcyRI Tg mice 8 to 12 weeks of age. Specif-
ically, bone marrow cells were cultured for a week in RPMI 1640 (CellGro)
containing 10% FBS (HyClone), 2 mM L-glutamine (CellGro), MEM
nonessential amino acids (CellGro), 1 mM sodium pyruvate (CellGro), 50
1M 2-ME (Bio-Rad), and 100 U/ml penicillin and 100 pg/ml streptomy-
cin (Gibco, Carlsbad, CA) supplemented with 50 ng/ml of mouse recom-
binant FLT3 (R&D Systems, Minneapolis, MN).

The A66.1 S. pneumoniae challenge strain, which expresses pneumo-
coccal polysaccharide serotype 3, was provided by David E. Briles (Uni-
versity of Alabama at Birmingham, Birmingham, AL) and was cultured at
37°C in Todd-Hewitt broth (Becton Dickinson, San Jose, CA) until mid-
log phase; the culture was washed three times with phosphate-buffered
saline (PBS), resuspended in fresh broth containing 15% glycerol, and
stored in liquid nitrogen until use. Importantly, S. pneumoniae strains are
differentiated by the capsular polysaccharide coat, which stimulates the
production of serotype-specific protective antibody. There are approxi-
mately 92 different serotypes of S. pneumoniae (29, 40). For this model,
serotype 3 was used due to its virulence in the experimental mouse model
and its cognate PspA clade type (56, 57).

Mice. WT C57BL/6 mice were obtained from Taconic Laboratories
(Germantown, NY). Heterozygote hFcyRI Tg mice, on a C57BL/6 back-
ground, were generated as previously described (28) and were provided by
Medarex Inc. (Bloomsbury, NJ). It is important to emphasize that in this
study WT mice will serve as negative controls since the vaccine will be
targeted to hFcyRI, which is present only in the hFcyRI Tg mice and not
in the WT mice. All mice were housed in the Animal Resources Facility at
Albany Medical College under pathogen-free conditions. Mice were pro-
vided with water and food ad lib during the course of each experiment. All
animal studies were reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC).

Construction, screening, isolation, and testing of recombinant anti-
hFcyRI-PspA fusion protein. Medarex Inc. generously provided the hu-
manized bivalent anti-hFcyRI (H22) construct (pJG582) required to gen-
erate the construct encoding the anti-hFcyRI-PspA fusion protein. The
pUABO55 plasmid encoding 303 amino acids of PspA_Rx1 has been pre-
viously described (5). The anti-hFcyRI-PspA construct was made by fus-
ing the PspA-His tag DNA 3’ to the heavy-chain (V;) and light-chain
(V) variable regions within the pJG582 construct (Fig. 1A to C). Specif-
ically, in order to generate the anti-hFcyRI-PspA construct, a 918-bp gene
fragment encoding the N-terminal region of PspA and containing a His
tag (PspA-303-His) was amplified using PCR. During this procedure,
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FIG 1 Generation of a recombinant anti-hFcyRI-PspA fusion protein. (A) As
depicted, the variable regions of an hFcyRI-specific monoclonal antibody
(heavy and light chains) were linked together. At the 3" end is the DNA se-
quence for the FcyRI-specific targeting component. PspA DNA was inserted
between the restriction sites Xhol and Notl. (B) A representation of the folded
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unique Sall and Notl restriction sites were generated at the 5" and 3 ends,
respectively, and the PCR product was ligated into the pJG582 vector
between Xhol and Notl restriction sites (Fig. 1A). Ampicillin-resistant
transformants were screened for insertion by PCR, followed by restriction
endonuclease analysis and sequencing of miniprep DNA to confirm the
in-frame fusion construct. Plasmid DNA was used for liposome-mediated
transfection of 1 X 104 NSO cells (ATCC), a non-Ig-synthesizing murine
myeloma cell line (68). Supernatants from transfected hybridomas were
then screened by flow cytometry for the presence of the fusion protein.
For this purpose, hFcyRI-expressing U937 cells (ATCC), hFcyRI Tg PEC/
M¢, or hFcyRI Tg DC were incubated for 2 h at 4°C with either superna-
tants or purified anti-hFcyRI-PspA fusion protein from transfected hy-
bridomas in the presence of human IgG block (12 mg/ml; Sigma-Aldrich)
followed by a 1-h incubation with rabbit anti-PspA polyclonal antibody
(4ABO55) and a subsequent 30-min incubation with goat anti-rabbit
IgG-fluorescein isothiocyanate (FITC) (Caltag Laboratories, Burlingame,
CA). Anti-PspA and anti-His tag enzyme-linked immunosorbent assays
(ELISAs) were also used to confirm the presence of anti-hFcyRI-PspA in
the supernatants of cultured transfected hybridomas. Briefly, wells of a
96-well plate were coated with protein L, which binds the anti-hFcyRI
variable region of the fusion protein; they were washed three times, and
supernatants from the anti-FcyRI-PspA transfected hybridoma cells
(clones) were added for 1 h at room temperature. Following three addi-
tional washes with PBS, rabbit anti-PspA or mouse anti-His tag monoclo-
nal antibody was added for 1 h, followed by three washes. Finally, anti-
rabbit-alkaline phosphatase (AP) or anti-mouse-AP was added for 1 h,
respectively; the wells were washed again, and AP substrate was added.
The anti-hFcyRI-PspA fusion protein was purified using a nickel affinity
column or protein L, also as previously described (51, 68). Purified anti-
hFcyRI-PspA fusion protein was run on an 8% polyacrylamide SDS-
PAGE gel (Pierce, Rockford, IL). The gel was then stained for 1 h with
Imperial Protein Stain (Pierce). The endotoxin level for the purified anti-
hFcyRI-PspA was determined utilizing the toxin sensor Chromogenic
LAL Endotoxin Assay Kit (GenScript, Piscataway, NJ).

Antigen presentation assays. The PspA-specific T cell hybridoma
(B6D2) (1 X 105 cells/well) was cocultured with either WT or Tg PEC/M ¢
(2 X 10 cells/well) with titrating amounts of recombinant PspA (rPspA)
or anti-hFcyRI-PspA, ranging in concentration from 0 to 5 pg/ml PspA.
Cells were incubated for 30 h at 37°C in 5% CO,. Subsequently, the su-
pernatants were collected, and the content of IL-2 was measured using
cytometric bead array (CBA) Flex kits (BD Biosciences-BD Pharmingen,
San Diego, CA). The data were acquired on a FACSArray instrument (BD
Immunocytometry Systems) and analyzed using FCAP software, version
1.0.1 (BD Immunocytometry Systems).

Detection of hFcyRI expressed on lung DC and M ¢ from Tg mice.
Lungs from WT and Tg mice were isolated, homogenized, and digested
with collagenase IV (Sigma-Aldrich) for 1 h at 37°C. Red blood cells were
lysed utilizing ammonium chloride, and then the cell suspension was
washed three times with PBS containing 2 mg/ml bovine serum albumin

protein structure of the recombinant anti-hFcyRI-PspA fusion protein. (C)
The specificity of the anti-hFcyRI-PspA is directed outside the binding do-
main for antibody Fc on human FcyRI. The detection of anti-hFcyRI-PspA in
the supernatants of transfected NSO cells was confirmed by Anti-PspA and
anti-His Tag ELISAs of hybridoma supernatants (D). Each bar represents the
average of three replicates * standard deviation. (E) SDS-PAGE gel of the
purified anti-hFcyRI-PspA fusion protein (FP). Std, molecular mass standard.
(F) Anti-hFcyRI-PspA binding to hFcyRI-expressing U937 cells. (G) Anti-
hFcyRI-PspA binding to hFcyRI-expressing PEC/M¢ from Tg mice. (H)
Anti-hFcyRI-PspA binding to hFcyRI-expressing DC from Tg mice. (I) PspA
presentation by PEC/M¢ from Tg mice cultured with a PspA-specific mouse
(C57BL/6) T cell line (B6D2) and rPspA or anti-hFcyRI-PspA. After 30 h of
incubation at 37°C, supernatants were collected, and the levels of IL-2 were
measured by CBA (¥, P < 0.1; **, P < 0.05). The experiments shown in panels
D to G and I are representative of a minimum of two independent experi-
ments. MFI, mean fluorescence intensity.
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([BSA] Sigma-Aldrich) and 0.1% azide (Sigma-Aldrich). A total of 1 X
10° cells were then incubated for 30 min with 80 pg/ml of hFcyRI-specific
mouse monoclonal antibody 22-FITC (Medarex Inc.), allophycocyanin
(APC)-conjugated anti-CD11c (eBioscience, San Diego, CA), phyco-
erythrin (PE)-conjugated anti-CD11b (BD Immunocytometry Systems),
and peridinin chlorophyll protein (PerCP)-Cy5.5 conjugated anti-Gr-1
antibodies (eBioscience). Following the incubation, cells were washed
again, and fluorescence was detected by flow cytometry using a BD LSRII
flow cytometer (BD Immunocytometry Systems). Data analysis was per-
formed using FlowJo, version 8.8.6 (Tree Star, Inc., Ashland, OR).

Immunization and challenge experiments. Mice were generally di-
vided into three groups consisting of 4 to 6 mice/group, 8 to 12 weeks of
age. WT mice (negative controls) or Tg mice were immunized i.n. with 20
ul of PBS, 5 ug or 25 pg of anti-hFcyRI-PspA, or an amount of rPspA
equivalent to that present in the anti-hFcyRI-PspA for each condition
tested on day 0 and boosted either once (day 21) or twice (days 14 and 28).
Prior to the immunization, mice were bled, and serum was isolated and
tested for the presence of S. pneumoniae-specific antibodies. Immunized
mice were challenged i.n. 2 weeks following the last boost with 1 X 10°
CFU of live S. pneumoniae bacteria and monitored for at least 21 days.
This challenge dose was chosen based on its ability to cause 50% of WT
mice to die in the absence of immunization. Use of this lower challenge
dose was necessary to optimize detection of differences in survival be-
tween PBS-treated and anti-hFcyRI-PspA-immunized groups. The Tg
mice were slightly more susceptible than WT mice, with this same chal-
lenge dose representing approximately two times the 50% lethal dose
(LDs,). The latter challenge scenario resulted in between 80 to 100% of
unimmunized Tg mice dying at the LD, for WT mice. Infectious chal-
lenge of animals was performed with strain A66.1, which is a mouse-
virulent capsule type 3 pneumococcus (6) and expresses family 1, clade 2,
PspA serologically similar to the family 1, clade 2, PspA of strain Rx1 (31).
Immunization with Rx1 PspA has been shown previously to protect mice,
in the presence of adjuvant, from in vitro grown A66.1 (8). The exact
numbers of CFU administered were verified by culturing and counting
the inoculum subsequent to the infectious challenge.

Quantification of bacterial burden. Following immunization and
challenge, mice were euthanized at various time intervals, and tissues such
as lung, liver, and spleen were collected aseptically in PBS containing a
protease inhibitor mixture (1 tablet in 10 ml of sterile PBS) (Roche Diag-
nostics, Indianapolis, IN) and subjected to mechanical homogenization
using a Mini-BeadBeater-8 (BioSpec Products Inc., Bartlesville, OK). Su-
pernatants were then diluted 10-fold in sterile saline, and 10 ul of each
dilution was spotted onto blood agar plates in duplicate and incubated at
37°C for 24 h. The numbers of colonies on the plates were counted, and
results are expressed as log,, CFU/ml for the respective tissue. The re-
maining tissue homogenate was spun at 14,000 X g for 20 min, and the
clarified supernatant was stored at —20°C for cytokine analysis.

In vitro cytokine production. Spleen cells were harvested from im-
munized mice and cultured as previously described, with some modifica-
tion (1). Briefly, to the individual wells of a 24-well plate, 1 ml of RPMI
1640 medium plus 10% FBS containing 4 X 10° spleen cells was added.
Then, to appropriate wells, 100 ul of 4 X 10° inactivated S. pneumoniae
organisms was added in the above culture medium. To inactivate these
organisms (to produce inactivated S. pneumoniae), 1 X 10% CFU of live S.
pneumoniae bacteria were resuspended in 1 ml of sterile PBS (Cellgro),
which then was added to 10 ml of 2% paraformaldehyde (Sigma-Aldrich)
and incubated for 2 h at room temperature. Fixed bacteria (inactivated S.
pneumoniae) were then washed with sterile PBS three times. Inactivation
was verified by culturing a 100-ul sample (1 X 107 organisms) of the
inactivated S. pneumoniae on sheep blood agar plates (Fisher Scientific,
Pittsburgh, PA). Although 24 h is normally sufficient to observe growth of
this organism, plates were incubated at 37°C for up to 10 days to make
absolutely certain that all bacteria were inactivated. As a negative control,
100 ul of RPMI 1640 medium plus 10% FBS without inactivated S. pneu-
moniae was added. Spleen cell cultures were then placed in a humidity
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chamber at 37°C and 5% CO,, and supernatants were harvested after 3
days of incubation. CBA Flex kits (BD Biosciences) were then used for the
simultaneous measurement of multiple cytokines in tissue homogenates.
Data were acquired on a FACSArray instrument (BD Immunocytometry
Systems) and analyzed using FCAP software, version 1.0.1 (BD Immuno-
cytometry Systems).

Measurement of S. pneumoniae-specific antibody production. ELISA
plates were coated with 1X107 CFU/well of live S. pneumoniae bacteria in
carbonate buffer (4.3 g/liter sodium bicarbonate [Sigma-Aldrich]) plus
5.3 g/liter sodium carbonate [Sigma-Aldrich], pH 9.4) and incubated for
either 2 h at 37°C or overnight at 4°C. Plates were then washed three times
with PBS—0.05% Tween and blocked for 2 h with PBS—10% BSA, and then
samples were added in 2-fold (BAL fluid) or 10-fold (serum) serial dilu-
tions. Following a 2-h incubation at 37°C, plates were washed, and sec-
ondary horseradish peroxidase (HRP)-conjugated anti-mouse antibody
was added (anti-IgG, anti-IgA, anti-IgG2c¢, anti-IgG1, anti-IgG2b, and
anti-IgG3 [Caltag Laboratories]). After a 1-h incubation at 37°C, plates
were washed, and 3,3',5,5'-tetramethylbenzidine (TMB) substrate was
added (Zymed-Invitrogen, Carlsbad, CA). The sample optical densities
(ODs) were read at 650 nm using a kinetic microplate reader (Molecular
Devices, Sunnyvale, CA). Antibody titers were determined as the recipro-
cal dilution that provided an OD reading twice that of the background
generated in the presence of PBS.

C3 deposition assay. To exclude differences in complement levels
within individual samples or groups, the endogenous complement in sera
from previously immunized WT and Tg mice was first inactivated by
incubation at 56°C for 10 min. One hundred microliters of complement-
inactivated sera (pooled from each group) was then added to 1 X 107 CFU
of S. pneumoniae and incubated for 30 min at 37°C. Samples were then
washed with PBS (Na*/Mg?* [Cellgro]), and 100 ml of mouse comple-
ment (Innovative Research, Southfield, MI) was added to each sample.
The complement was obtained by collecting serum from the clotted blood
of healthy fasted non-Swiss albino mice of mixed sex. Following a 30-min
incubation at 37°C, samples were washed and incubated with 100 ul of
FITC-rabbit anti-mouse C3 monoclonal antibody (1:1,000 dilution; Im-
munology Consultants Laboratories, Newberg, OR) for 30 min at 37°C.
Samples were then washed again, and C3 deposition was assessed by flow
cytometry utilizing an LSRII flow cytometer (BD Immunocytometry Sys-
tems).

Complement depletion in vivo. WT and Tg mice received injections
of cobra venom factor (CVF) (Sigma-Aldrich) intraperitoneally (i.p.) at
200 mg/kg of mouse weight on day 0 and every 3 days thereafter. To
confirm depletion of complement, sera were obtained from CVF-treated
mice on days 0, 1, 2, 3, and 4 after CVF administration and used to coat
ELISA plates (50 ul/well). Plates were then washed, and 100 ul of mouse
anti-C3 (Invitrogen) was added per well and incubated for 1 h at 37°C.
Following incubation, plates were washed, and an AP-conjugated anti-
mouse polyclonal antibody (Caltag laboratories) was added. Phosphate
substrate (Sigma-Aldrich) was then added to detect complement C3.

Measurement of bactericidal activity in sera from immunized mice.
To determine if sera from immunized mice exhibited bactericidal activity,
S. pneumoniae organisms (1 X 107 CFU) were resuspended and incubated
for 2 to 5 h at 37°C in various dilutions of pooled sera from immunized
mice. Importantly, results obtained were similar at 2 and 5 h. To assess
bactericidal activity, following incubation at 37°C in the presence of sera
from immunized mice, two strategies were utilized. First, samples were
diluted 10-fold in sterile saline, and 10 ul of each dilution was spotted
onto blood agar plates in duplicate and incubated at 37°C for 24 h. The
numbers of colonies on the plates were counted, and results are expressed
as log;, CFU/ml for the respective tissue. Second, bacterial samples were
stained with Sytox green, a nucleic acid stain (Invitrogen), which can stain
only cells with a punctured/permeabilized membrane, at a concentration
of 5 uM for 10 min at room temperature. Bacterial samples were then
washed with PBS-BSA-azide and fixed with 2% paraformaldehyde. Bac-
terial permeability, as indicated by Sytox green-positive cells, was then
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measured by flow cytometry and indicated by increased mean fluores-
cence intensity.

To determine if lactoferrin, a molecule known to be bactericidal for S.
pneumoniae (39, 58), is responsible for the bactericidal activity we ob-
served with S. pneumoniae, we first determined if the strain we were work-
ing with was susceptible to lactoferrin-mediated bactericidal activity. Spe-
cifically, 1 X 10° organisms were resuspended and incubated in Hanks
balanced salt solution (HBSS; Gibco) containing 2% FBS, alone or with 10
pg/ml polyclonal rabbit anti-PspA antibody for 1 h at 37°C. Following
incubation, samples were washed, and either medium or human lactofer-
rin protein (Abcam, Cambridge, MA) was added to each sample at con-
centrations ranging from 1 to 50 ug/ml. After an additional 2 h of incu-
bation at 37°C, each sample was serially diluted and plated out on blood
agar plates in order to obtain a final CFU count. To determine if lactofer-
rin specifically was responsible for the bactericidal activity observed when
sera from mice immunized with anti-hFcyRI-PspA were used, sera from
immunized mice were incubated for 1 h at 37°C alone or with polyclonal
(1 to 50 ug/ml) rabbit anti-lactoferrin antibody (Thermo-Fisher Scien-
tific, Waltham, MA). These mixtures were then added to 1 X 10° CFU of
S. pneumoniae organisms, which were resuspended and incubated for 2 h
at 37°C. After incubation, each S. pneumoniae sample was serially diluted
and plated on blood agar plates in order to determine a final CFU count as
described above.

Statistical analysis. In order to compare survival curves, Kaplan-
Meier double log rank analyses were used. Statistical data for bacterial
burden and cytokine analysis were generated using one-way analysis of
variances (ANOVA) on day 7, which is the peak of infection. Antibody
titers were assessed using an unpaired two-tailed ¢ test. GraphPad Prism 4
provided the software for the statistical analysis (San Diego, CA).

RESULTS

Generation and testing of the anti-hFcyRI-PspA fusion protein.
In order to target the protective S. pneumoniae immunogen PspA
to hFcyRI, we constructed a fusion protein consisting of PspA
linked to a bivalent variable region fragment specific for hFcyRI.
The presence of anti-hFcyRI-PspA (Fig. 1A to C) in the NSO cell
supernatants was confirmed by an anti-PspA and an anti-His tag
ELISA (Fig. 1D), and the fusion protein was subsequently puri-
fied. The purified anti-hFcyRI-PspA fusion protein produced a
band at approximately 145 kDa (Fig. 1E). Endotoxin levels aver-
aged 3.3 * 2.3 endotoxin units (EU)/ml, which is above the level
normally present in sterile water (0.25 to 0.5 EU/ml) but below
levels generally acceptable for vaccination (5 EU/ml). To assess
effective binding of anti-hFcyRI-PspA to hFcyRI, we incubated
cells that expressed hFcyRI (U937, Tg PEC/M ¢, and Tg DC) with
an anti-hFcyRI-PspA fusion protein, followed by the addition of
rabbit anti-PspA polyclonal antibody and FITC-conjugated anti-
rabbit IgG polyclonal antibody. A concentration-dependent bind-
ing of anti-hFcyRI-PspA to the cell surface of U937 cells, PEC/
Mo, and DC was observed via flow cytometry (Fig. 1F to H,
respectively). We then determined whether targeting PspA to
hFcyRI increased antigen presentation following binding in the
presence of hFcyRI-expressing APCs. For this purpose, a PspA-
specific T cell hybridoma (B6D2) was cultured with PEC/M¢
from mice with either nontargeted rPspA or anti-hFcyRI-PspA.
Increased production of IL-2 by PspA-specific B6D2 cells was ob-
served in response to increased concentrations of anti-hFcyRI-
PspA compared to nontargeted rPspA in the presence of Tg
PEC/M¢ (Fig. 11I). In the case where WT PEC/M¢ were used in
place of Tg PEC/M¢, the production of IL-2 measured in the
presence of anti-hFcyRI-PspA was the same as that in the presence
of nontargeted rPspA (data not shown).
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Targeting PspA to hFcyRI in vivo enhances protection
against lethal S. pneumoniae challenge. The increased binding
and antigen presentation of PspA following targeting to hFcyRI in
vitroled us to hypothesize that targeting PspA to the same receptor
in vivo would enhance protection against lethal challenge with S.
pneumoniae. However, before conducting in vivo experiments to
test this hypothesis, we first verified the presence of hFcyRI on
mucosal M¢ and DC from the Tg mice (Fig. 2A and B, respec-
tively). In addition, studies titrating the dose of S. prneumoniae in
WT versus Tg mice indicated that the infectious dose of S. pneu-
moniae that produced the LDs, for the WT mice (1 X 10° CFU)
was approximately 2X LD, for Tg mice and produced between 80
to 100% lethality in these mice. Thus, to establish a successful and
robust immunization strategy and detect differences in protection
between WT and Tg mice, we initially varied the dose of anti-
hFcyRI-PspA, as well as the number of booster immunizations
(Fig. 2C to H). Immunization i.n. with 5 g of anti-hFcyRI-PspA
followed by a single boost did not provide enhanced protection for
the Tg mice (Fig. 2D). However, when the dose was increased to 25
pg of anti-hFcyRI-PspA with the single boost approach, we ob-
served improved survival in Tg versus WT mice when we com-
pared relative differences between unimmunized and immunized
mice (Fig. 2E and F). Furthermore, Tg mice were fully protected
against i.n. infection with S. pneumoniae at a dose of 25 ug of
anti-hFcyRI-PspA following two boosts (days 14 and 28 postim-
munization) (Fig. 2G and H). Importantly, in WT mice, which
lack the hFcyRI target, this nonadjuvanted immunization with
anti-hFcyRI-PspA could not protect against S. prneumoniae chal-
lenge any better than the PBS control at any dose (Fig. 2C, E, and
G), indicating that the humanized hFcyRI-specific component
itself, when linked to PspA and utilized in the absence of hFcyRI-
expressing APC, cannot generate the enhanced protection against
S. pneumoniae challenge observed in the presence of hFcyRI-
expressing APCs. A slight decrease in survival of unimmunized Tg
versus WT mice was also observed, demonstrating a differential
susceptibility to S. pneumoniae challenge between Tg and WT
mice (Fig. 2C to H).

The full protection that could be induced in Tg mice following
anti-hFcyRI-PspA immunization was also consistent with a re-
duced bacterial burden observed on days 4 and 7 post-S. pneu-
moniae infection in the lung, liver, and spleen of anti-hFcyRI-
PspA-immunized Tg animals compared to PBS-immunized mice
(Fig. 3B, D, and F, respectively).

Targeting PspA to hFcyRI enhances S. pneumoniae-specific
antibody and cytokine responses and produces a mixed Th1/
Th2-like profile. The importance of antibody in protective im-
mune responses against extracellular pathogens such as S. pneu-
moniae has been widely established (10, 13, 20, 47, 74). Hence, we
measured the levels of S. pneumoniae-specific antibody in the sera
and BAL fluids of immunized mice. Tg mice immunized with
anti-hFcyRI-PspA versus PBS had significantly higher levels of
total IgG and IgA antibodies in their sera (Fig. 4A and B) and BAL
fluids (Fig. 4C and D) than WT mice immunized with anti-
hFcyRI-PspA. To determine the Th-type profile generated, we
also analyzed antibody isotypes produced following immuniza-
tion with anti-hFcyRI-PspA. For this purpose, we assessed the
levels of S. pneumoniae-specific IgG2c (Thl type) and 1gG1 (Th2
type) antibodies in the sera and BAL fluids of immunized mice.
The levels of these two isotypes were significantly enhanced in the
Tg mice versus the WT animals immunized with anti-hFcyRI-
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FIG 2 Anti-hFcyRI-PspA induces protection without adjuvant but only in
hFcyRI Tg mice. (A) Expression of hFcyRI by lung M¢ from Tg (gray peak)
versus WT (black peak) mice. (B) Expression of hFcyRI by lung DC from Tg
(gray peak) versus WT (black peak) mice. FITC-A, FITC-antibody fluores-
cence. (C to H) C57BL/6 WT and Tg mice were immunized i.n. with 5 pug (C
and D) or 25 ug (E, F, G, and H) of anti-hFcyRI-PspA or PBS (day 0) and then
boosted once, on day 21, (C, D, E, and F), or twice, on days 14 and 28 (G and
H) postimmunization. Two weeks following the final boost, mice were chal-
lenged i.n. with S. pneumoniae bacteria (1 X 10° CFU), and their survival was
monitored for 21 days. Five to eight mice were used per group. Representative
survival curves from a minimum of three separate experiments are presented. In
the experiment shown in panel F, P = 0.138 for the PBS- versus anti-hFcyRI-
PspA-immunized group of Tg mice. In the experiment shown in panel H, P =
0.004 for the PBS- versus anti-hFcyRI-PspA-immunized group of Tg mice.
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PspA (Fig. 5A to D), suggesting that targeting PspA to hFcyRI
induces strong S. pneumoniae-specific humoral responses of a
mixed Th1/Th2 type. Other IgG isotypes tested (IgG2b and IgG3)
were also found to be elevated in anti-hFcyRI-PspA-immunized
mice (data not shown). To confirm the mixed nature of the Th
response, we examined cytokine production profiles in vitro, se-
creted by spleen cells, following immunization with anti-hFcyRI-
PspA. For this purpose, splenocytes from Tg and WT mice immu-
nized with anti-hFcyRI-PspA were obtained and cultured for 3
days with fixed (inactivated) S. pneumoniae organisms. Superna-
tants were then collected, and the cytokine levels were determined
by CBA analysis. Both Thl-like (IL-2, IFN-vy, and TNF-«) and
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FIG 4 Targeting PspA to hFcyRI enhances S. pneumoniae-specific antibody responses in hFcyRI Tg mice. C57BL/6 WT and Tg mice were immunized i.n.
with PBS or with 25 ug of anti-hFcyRI-PspA (day 0) and boosted twice (days 14 and 28). On day 42 the serum and BAL fluid were collected, and the S.
pneumoniae-specific IgG and IgA antibodies were measured by ELISA, as described in Materials and Methods. Antibody data for this experiment represent
the mean of 4 to 6 mice * standard deviation. The results presented are representative of two independent experiments, each experiment using 4 to 6 mice

per group (¥, P < 0.1; **, P < 0.05).

Th2-like (IL-4 and IL-5) cytokines were elevated in splenocyte
cultures from Tg mice immunized with anti-hFcyRI-PspA versus
similarly immunized WT counterparts, confirming the genera-
tion of a mixed Th1/Th2 recall response upon targeting PspA to
hFcyRI (Fig. 5E).

In order to exclude any potential effects of differential suscep-
tibility between Tg and WT mice on the enhanced protection we
observed using anti-hFcyRI-PspA immunization, we then com-
pared protection generated by immunizing WT versus Tg mice
with anti-hFcyRI-PspA versus the nontargeted rPspA (Fig. 6A and
B). Consistent with our studies comparing WT to Tg mice, pro-
tection was significantly enhanced when Tg mice were immunized
with anti-hFcyRI-PspA versus rPspA alone at equivalent doses of
PspA (Fig. 6B). For WT mice, we observed no significant differ-
ence between anti-hFcyRI-PspA and rPspA immunizations (Fig.
6A). In addition, S. pneumoniae-specific antibody responses were
similarly of a mixed Th1/Th2-like profile in the sera of Tg mice
immunized with either rPspA or anti-hFcyRI-PspA (Fig. 6C to F),
suggesting that targeting PspA to hFcyRI, while enhancing the
overall response, does not significantly alter the Th1 versus Th2
response to PspA.
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Enhanced protection against S. pneumoniae infection gener-
ated by anti-hFcyRI-PspA is complement dependent. It has
been previously demonstrated that PspA-specific antibody can
enhance complement activation in the presence of S. pneumoniae,
further enhancing complement-mediated opsonophagocytosis
(20, 44, 45, 46, 50, 54, 55, 62, 63, 71). Thus, we examined whether
the enhanced antibody production to S. pneumoniae following
immunization with anti-hFcyRI-PspA enhanced complement C3
deposition on S. pneumoniae. We measured the deposition of C3
on the surface of S. pneumoniae cells by flow cytometry using sera
from WT and Tg mice immunized with PBS, rPspA, and anti-
hFcyRI-PspA. The highest deposition of C3 was observed with
immune sera obtained from anti-hFcyRI-PspA-immunized Tg
mice (Fig. 7A). In order to eliminate the possibility of higher initial
concentrations of C3 in the serum samples of anti-hFcyRI-PspA-
immunized Tg mice, the experiment was repeated by heat inacti-
vating the samples prior to incubation with S. pneumoniae, fol-
lowed by the addition of 100 ul of mouse complement to every
sample, thereby equalizing the amount of complement in all sam-
ples. The results obtained were similar to those of nontreated se-
rum (data not shown).
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FIG 5 Targeting PspA to hFcyRI induces a mixed Th1/Th2-like cytokine response. (A to D) C57BL/6 WT and Tg mice were immunized i.n. with anti-hFcyRI-
PspA or PBS (day 0) and then boosted twice on days 14 and 28. On day 42, mouse sera, and BAL fluids were collected, and the S. pneumoniae-specific IgG2c and
IgG1 antibody levels were measured by ELISA, as described in Materials and Methods. Antibody data represent the mean of 4 to 6 mice * standard deviation. (E)
WT and Tg mice were immunized i.n. as described above. Splenocytes were harvested on day 10 after the second boost (day 38) and cultured with fixed bacteria
(inactivated S. pneumoniae) for 3 days. Supernatants were obtained, and Th1 or Th2 cytokine concentrations were measured by CBA, as described in Materials
and Methods. The results are representative of two independent experiments, with each experiment using 4 to 6 mice per group (*, P < 0.1; **, P < 0.05).

In order to further demonstrate that complement does play a crit-
ical role in the protection generated by immunization with anti-
hFcyRI-PspA in vivo, anti-hFcyRI-PspA-immunized Tg mice were
treated with cobra venom factor (CVF) to deplete C3 in vivo. Upon a
single administration (i.p.) of CVF, the levels of C3 in the sera of mice
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were reduced by 95% and remained at these levels for at least 3 days
(data not shown). Consistent with a role for C3 deposition in vivo,
complement (C3) depletion in anti-hFcyRI-PspA-immunized Tg
mice abrogated the protection previously established against lethal S.
pneumoniae challenge (Fig. 7B). Thus, these results highlight the im-
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the mean of 4 to 6 mice = standard deviation. The results are representative of two independent experiments (*, P < 0.1; **, P < 0.05).

lished studies indicate that complement functions to protect
against S. pneumoniae infection primarily through the mediation
of opsonophagocytosis and not complement-mediated lysis (13,
33). Nevertheless, we examined whether increased C3 deposition

portance of complement in clearing S. pneumoniae infection follow-
ing immunization with anti-hFcyRI-PspA.

Increased bactericidal activity present in sera from anti-
hFcyRI-PspA-immunized Tg mice is mediated by lactoferrin. Pub-
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FIG 7 Targeting PspA to hFcyRI generates protection against S. pneumoniae,
which is complement dependent. (A) Heat-inactivated sera from C57BL/6 WT
and Tg mice, immunized with 25 ug of anti-hFcyRI-PspA, the rPspA equiva-
lent to the anti-hFcyRI-PspA, or PBS, were incubated with 1 X 107 CFU of S.
pneumoniae for 20 min at 4°C at a 1:2 dilution. Each bacterial sample was then
incubated with 100 ul of mouse serum containing complement for 30 min.
Deposition of C3 on S. pneumoniae was assessed by the addition of anti-C3
FITC monoclonal antibody followed by flow cytometry and analysis of the
percentage of C3-positive bacteria (% C3) (*, P < 0.1). (B) Tg mice were
immunized i.n. with PBS or 25 ug of anti-hFcyRI-PspA (day 0) followed by
two boosts (days 14 and 28). One day prior to infection with S. pneumoniae
(day 42), a group of hFcyRI-PspA-immunized mice received an i.p. injection
of CVF (+CVE), which was repeated every 3 days thereafter. Survival of mice
was monitored for atleast 21 days. Five to 6 mice were used per group. The data
are representative of a minimum of two independent experiments. For the
anti-hFcyRI-PspA versus anti-hFcyRI-PspA +CVF group, P = 0.005.

enhances bactericidal activity against S. pneumoniae. To accom-
plish this, we incubated serum samples from anti-hFcyRI-PspA
Tg mice with S. pneumoniae for 2 to 5 h at 37°C and subsequently
plated bacteria on sheep blood agar plates, as noted in Materials
and Methods. A reduction in bacterial viability of up to 90% was
evident when sera from anti-hFcyRI-PspA-immunized Tg mice
were used compared to sera obtained from PBS-immunized Tg
mice (Fig. 8A). In addition, sera from Tg mice immunized with
rPspA exhibited significantly less bactericidal activity than sera
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from anti-hFcyRI-PspA-immunized Tg mice (data not shown).
The stimulation of bactericidal activity in immune serum was de-
pendent on PspA-specific antibodies in that preincubation with
rPspA abrogated the increased bactericidal activity. In addition,
use of heat-inactivated (HI) immune serum also eliminated the
bactericidal effect (Fig. 8A and B). This was particularly notable
since complement is heat labile and since the classical comple-
ment pathway is antibody dependent. To further confirm the ob-
served impact on bacterial viability observed above, S. pneu-
moniae bacteria incubated with immune serum for 4 h at 37°C
were stained with Sytox green, a DNA-specific stain that perme-
ates damaged cell membranes but not intact bacteria. These re-
sults supported the conclusion that immunization of Tg mice with
anti-hFcyRI-PspA results in the production of antibody that me-
diates enhanced bactericidal activity. Once again, the bactericidal
activity was neutralized following preincubation of the immune
serum with rPspA (Fig. 8C), again indicating that PspA-specific
antibody was involved.

Despite the above observations being consistent with a role for
complement in the bactericidal activity against S. pneumoniae fol-
lowing immunization of Tg mice with anti-hFcyRI-PspA, other
evidence suggested an alternative explanation. Unlike comple-
ment, lactoferrin can be bactericidal for S. pneumoniae (34, 59).
Thus, we sought to first establish/confirm that lactoferrin was bac-
tericidal for the S. pneumoniae strain being utilized in our studies
and that this bactericidal activity was regulated by PspA. In fact,
this was the case. While up to 50 ug/mllactoferrin had no effect on
bacterial numbers in the absence of anti-PspA blocking antibody,
in the presence of 1 ug/ml lactoferrin and 10 ug/ml anti-PspA
antibody, bacterial numbers were reduced by 73% (Fig. 8D). This
number increased to 95% when the concentration of lactoferrin
reached 50 ug/ml (Fig. 8D). Furthermore, the reduction in bacte-
rial numbers observed in the presence of sera from anti-hFcyRI-
PspA-immunized mice was eliminated in a dose-dependent man-
ner by titrating in anti-lactoferrin antibody (Fig. 8E).

DISCUSSION

In these studies, we utilized an hFcyRI-targeting recombinant im-
munogen (anti-hFcyRI-PspA) administered i.n. as an adjuvant-
independent vaccine. The vaccine elicited full protection against
lethal challenge with S. prneumoniae, a common extracellular mu-
cosal pathogen, in Tg mice capable of binding this immunogen via
hFcyRI. WT mice lacking hFcyRI were not protected, and the
response was similar and weak as in Tg mice given nonadjuvanted
nontargeted antigen. Importantly, the hFcyRI target is expressed
on M¢ and DC in our hFcyRI Tg mouse model, as it is in humans
(Fig. 2A and B). This paper represents only the second study, the
first also being by this group (53), to demonstrate the generation
of enhanced protective immune responses against a bacterial mu-
cosal pathogen upon targeting a protective immunogen to FcyR
after intranasal instillation. This study is also the first to use re-
combinant DNA technology to produce a fusion protein capable
of targeting the protective immunogen specifically to hFcyRI,
thereby avoiding the inhibitory Fc receptor (FcyRIIB) and en-
hancing protection against mucosal challenge with a clinically rel-
evant bacterial pathogen. In addition, we accomplish this in the
absence of adjuvant. We also demonstrate that the observed pro-
tection is complement dependent and that utilization of anti-
hFcyRI-PspA as a mucosal immunogen enhances not only C3
deposition on S. pneumoniae but also PspA-specific antibody-
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FIG 8 Increased bactericidal activity generated by anti-hFcyRI-PspA immunization is mediated by lactoferrin. (A) Bacterial viability was assessed by culturing 1 X 107
CFU of S. pneumoniae with immune serum as well as heat-inactivated (H.1.) sera from WT and Tg immunized mice for 2 to 5 h at 37°C at different dilutions as depicted
on the x axis. Bacterial samples were then serially diluted and spotted on blood agar plates as described in Materials and Methods. (B) The effect of rPspA on neutralizing
complement activity was assessed by preincubating serum with rPspA at different concentrations for 30 min before a the killing assay was performed with a 1:2 dilution
of serum. (C) A second measure of bactericidal activity was also assessed using a Sytox green assay for bacterial permeability. A total of 1 X 10° CFU of S. pneumoniae was
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added for a further 10-min incubation, and fluorescence/permeability was measured by flow cytometry. (D) To determine if lactoferrin could mediate bactericidal
activity against the S. pneumoniae strain used in these studies in a PspA-dependent manner, organisms were incubated with medium alone or with medium containing
10 ug/ml polyclonal rabbit anti-PspA antibody for 1 h at 37°C. Following incubation, samples were washed, and either medium or human lactoferrin protein was added
to each sample at concentrations indicated on the x axis. After an additional 2 h of incubation at 37°C, each sample was serially diluted and plated out on blood agar plates
in order to obtain a final CFU count. (E) To determine if lactoferrin is the source of bactericidal activity observed when sera from mice immunized with the anti-hFcyRI-
PspA were used, sera from unimmunized mice or anti-hFcyRI-PspA-immunized mice were incubated for 1 h at 37°C with rabbit antilactoferrin antibody (Thermo-
Fisher Scientific) at concentrations indicated on the x axis. The serum-antilactoferrin mixtures were then added to 1 X 10° CFU of S. pneumoniae and incubated for 2 h
at 37°C. After incubation, each S. preumoniae sample was serially diluted and plated on blood agar plates in order to determine a final CFU count. Statistical analysis was
performed where depicted (¥, P < 0.1; **, P < 0.05).
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dependent lactoferrin-mediated bactericidal activity against S.
pneumoniae.

Previously, we established that formation of immune com-
plexes (monoclonal antibody-inactivated F. tularensis complex)
between inactivated F. tularensis plus antilipopolysaccharide
(LPS) IgG2a monoclonal antibody and subsequent immunization
of WT mice i.n. enhanced protection against the live vaccine strain
(LVS) and, more significantly, the highly virulent strain SchuS4 of
F. tularensis (53). However, the utilization of monoclonal
antibody-inactivated F. tularensis targets multiple FcyR types, in-
cluding FcyRIIB, an inhibitory FcyR which negatively regulates
the immune response when engaged (23), including by limiting
production of antibody and protection against S. pneumoniae in-
fection (12, 17, 24). Antibody plays a critical role in the prevention
of pneumococcal disease through neutralization of virulence fac-
tors such as PspA and clearance of infecting pneumococcal organ-
isms through opsonophagocytosis (16). Therefore, we sought to
generate and test a vaccine that targets the protective immunogen,
PspA, to a specific human activating FcyR, hFcyRI, thereby by-
passing interactions with FcyRIIB, while at the same time target-
ing a human FcyR in a unique hFcyRI Tg mouse model.

We also selected a uniquely beneficial antigen, PspA. Early
studies on the use of PspA as a vaccine have focused on its now
established ability to protect against infection with pneumococci
expressing various capsular serotypes. Thus, this provides signifi-
cant impetus for focusing on this particular antigen as a vaccine
immunogen. In a sepsis model, subcutaneous or i.p. immuniza-
tion with full-length family 1 PspA significantly increased the sur-
vival rate of mice intravenously challenged with multiple pneu-
mococcal strains of the same PspA family (43). The protective
effect of PspA immunization against otitis media has also been
investigated. Rodents passively immunized with antibody for
family 1 PspA and challenged with homologous pneumococcal
cells through middle ear inoculation exhibited reduced inflamma-
tion and damage of the tympanic membrane (5, 7). However,
although PspA is a promising vaccine candidate against pneumo-
coccal disease, it still has limitations when used in its native form
due to its limited ability to induce strong immune responses, par-
ticularly when it is used without adjuvant. Therefore, a number of
studies have been conducted in which PspA has been adminis-
tered with various adjuvants, such as cholera toxin and IL-12.
Both adjuvants augmented IgA and systemic IgG levels, minimiz-
ing bacteremia in immunized mice (3, 73). Unfortunately, the
potential toxic side effects of these adjuvants, accompanied by the
lack of FDA approval, negatively impact the clinical significance of
these studies. A strategy that eliminates the need for adjuvant
would therefore be a significant advancement in mucosal vaccine
technology, particularly when PspA is used as the protective im-
munogen. By targeting PspA to hFcyRlI, the limited stimulatory
capacity of PspA can potentially be overcome as previously shown,
despite the absence of adjuvant (1, 27, 53).

Consistent with the latter statement, these studies, which do
not utilize adjuvant and target PspA to hFcyRI in a hFcyRI Tg
mouse model, demonstrate enhanced protection against infection
with S. pneumoniae (Fig. 2 and 6). Although differential sensitivity
of WT versus Tg mice to S. pneumoniae challenge was a compli-
cating factor, the two approaches we chose to compare FcR-
targeted to nontargeted immunogen clearly show the increased
effectiveness of the hFcyRI-targeted immunogen. Specifically,
when PBS or hFcyRI-targeted immunogen is administered i.n. to
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WT versus Tg mice and the mice are challenged with an equal
number of bacteria, there is clearly no significant difference in
survival rates between groups of WT mice immunized with PBS or
anti-hFcyRI-PspA. However, there is a very clear difference be-
tween survival of these same groups of mice when the mice express
hFcyRI (Tg mice) (Fig. 2). Despite this, we also verified the above
observation by excluding differential susceptibility as an issue.
Specifically, only Tg mice were used and immunized with PBS,
rPspA, or anti-FcyRI-PspA. Also in this case, it was clearly evident
that hFcyRI-targeted immunogen was superior in terms of pro-
tecting the Tg mice from subsequent challenge (Fig. 6A and B).

Protection also correlates with increased levels of S.
pneumoniae-specific IgG and IgA (Fig. 4 and 6) as well as increased
T cell cytokine responses in Tg mice immunized with the hFcyRI-
targeted PspA (Fig. 5E). Importantly, while IgG mediates op-
sonophagocytosis of S. pneumoniae by phagocytic cells (2), IgA
has also been shown to play a protective role against S. pneumoniae
infection (22, 61). In the case of antibody responses, it is also
important that we measured antibody responses to live intact S.
pneumoniae bacteria, as apposed to purified PspA. This was done
to avoid any potential misinterpretations resulting from PspA not
being in its native conformation or not being localized within its
native environment. Specifically, conformational differences be-
tween purified PspA and cell wall-bound PspA, as well as the pres-
ence of carbohydrates surrounding PspA on the bacterial surface,
could have a significant impact on antibody binding and thus
titers. In addition, since these studies are primarily focused on
development of a vaccine against intact S. pneumoniae bacteria
and, specifically, PspA localized on the bacterial surface (not pu-
rified PspA), measurement of antibody binding to live intact S.
pneumoniae expressing PspA seemed most appropriate. However,
it is also important that the antibody-mediated bactericidal activ-
ity generated by our anti-hFcyRI-PspA fusion protein was elimi-
nated by adsorption with purified rPspA (Fig. 8B and C). Thus, the
antibody response generated by immunization of Tg mice with
anti-hFcyRI-PspA, while detected using live S. pneumoniae, is
PspA specific. In addition, our antibody and cytokine data indi-
cate the generation of a mixed Th1/Th2 like response, highlighting
a potential role for enhanced CD4* T lymphocyte responses in
protection (Fig. 5). In fact, an effective adaptive immune re-
sponse, including the generation of both humoral and cellular
(Th) immune responses, is often necessary for resolving mucosal
infections (19, 38). More specifically, in a number of studies in
which murine knockout models were utilized, not only were an-
tibodies against S. pneumoniae key for resolving infection, but also
the presence of both CD4* and CD8* T lymphocytes was neces-
sary for survival, even following passive immunization of mice
(35,41, 64). Lastly, the Th1 versus Th2 response plays a significant
role in determining the antibody isotype response, which in turn
also dictates complement and FcyR involvement in bacterial
clearance (52).

Another particularly unique advantage of utilizing PspA as an
immunogen involves its ability, while on the bacterial surface, to
negatively regulate the activity of immune mediators and the po-
tential to block that activity with the generation of anti-PspA an-
tibodies as a result of effective immunization. Although the bio-
logical function of PspA is not entirely understood, S. pneumoniae
virulence is believed to be related, in part, to the ability of PspA to
inhibit complement activation on the bacterial cell surface (65,
72). Indeed, the importance of the complement system in host
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defense against S. pneumoniae infection has been extensively stud-
ied in animal models (11, 32, 55). Activation of the complement
system leads to deposition of complement component C3 frag-
ments on the surface of S. pneumoniae (66, 67). Specifically, this
effect was inferred by observing, after in vitro opsonization, an
increase in C3b deposition on the surface of an S. pneumoniae
mutant that does not express surface-anchored PspA (56). Fur-
thermore, sera from mice infected with S. pneumoniae capsular
type 3 strain expressing family 1, clade 2, PspA protein had higher
levels of circulating C3 than that from mice infected with a PspA-
deficient S. pneumoniae strain (65). Consistent with the above, our
study indicates that utilization of anti-hFcyRI-PspA as an im-
munogen serves to neutralize PspA via enhanced production of
anti-PspA antibodies, thereby leading to increased complement
deposition on S. pneumoniae (Fig. 7A). Similarly, PspA negatively
regulates bactericidal activity against S. pneumoniae mediated by
lactoferrin, which can be reversed via anti-hFcyRI-PspA immuni-
zation (Fig. 8) through the generation of high anti-S. pneumoniae
(PspA) antibody titers. Thus, the immune mechanisms by which
FcR-targeted immunogens provide enhanced protection against
S. pneumoniae challenge likely involve increased opsonophagocy-
tosis mediated by the binding of anti-PspA antibody to S. pneu-
moniae, as well as increased C3 binding and bactericidal activity
mediated by lactoferrin. Importantly, the latter two mechanisms
represent unique functions and a clear advantage of using PspA as
a vaccine antigen against S. pneumoniae.

The specific cellular mechanisms by which FcR targeting of
antigen at mucosal sites induces an enhanced immune response
are under investigation in our laboratory. Two such mechanisms
are, however, demonstrated in this report and include enhanced
antigen (PspA) binding to APCs (Fig. 1G and H) and enhanced
presentation of antigen (PspA) (Fig. 11). Additional data from our
laboratory (data not shown) also suggest that several other mech-
anisms are involved. These include induction of DC maturation,
more rapid antigen internalization by APCs, antigen persistence
within APCs, and enhanced antigen trafficking to APCs within the
lungs and nasal-associated lymphoid tissue (NALT) of mice im-
munized with FcR-targeted immunogen.

Finally, it should be noted that the anti-hFcyRI component of
the anti-hFcyRI-PspA fusion protein is humanized. This was
done in anticipation of eventually utilizing this same anti-hFcyRI-
targeting component in human vaccines. As would be expected
when a humanized protein is injected into mice, an antihuman
response to the humanized portion of the anti-hFcyRI-PspA fu-
sion protein was observed in anti-hFcyRI-PspA-immunized mice
(data not shown). Importantly, such a response does have the
potential to limit the function of the anti-hFcyRI-PspA fusion
protein upon repeated administration in the mouse model. De-
spite this potential limitation, however, enhanced protection was
observed. Furthermore, any potential impact of the antthuman
response on the anti-hFcyRI-PspA function in mice would likely
produce an underestimate of the effectiveness of this vaccine in
humans. Specifically, if humans were immunized with this hu-
manized anti-hFcyRI-PspA fusion protein, humanization would
eliminate or minimize such deleterious responses.

In conclusion, by utilizing recombinant DNA technology, we
have generated a fusion protein that targets the protective S. pneu-
moniae immunogen PspA to hFcyRI in a hFcyRI Tg mouse
model. Intranasal immunization of Tg mice expressing this recep-
tor with anti-hFcyRI-PspA generates robust cellular and humoral
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immune responses and enhances protection against lethal S. pneu-
moniae challenge compared to immunization with nontargeted
rPspA. This protection is complement dependent. Furthermore,
enhanced C3 deposition as well as lactoferrin-mediated bacteri-
cidal activity is observed. These results, combined with our previ-
ous study demonstrating enhanced protection against the intra-
cellular bacterium F. tularensis when an FcR-targeted immunogen
was administered i.n., provide strong evidence that targeting pro-
tective immunogens to FcyR i.n. has significant potential to elim-
inate the need for mucosal adjuvants while also providing an ex-
tremely versatile mucosal vaccine strategy against a wide range of
pathogens. In addition, these studies provide additional evidence
that utilizing PspA as an immunogen against S. prneumoniae pro-
vides unique advantages in that it does not just generate antibody
that can serve to bind to and opsonize S. pneumoniae organisms
but can also generate antibody that essentially neutralizes the in-
hibitory activities of PspA, thereby allowing increased C3 deposi-
tion and lactoferrin-mediated killing of S. pneumoniae organisms.
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