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FIG. 2. Diagram of the genome plasmid with insertion of an additional transcriptional unit and the HHRz sequence. Transcriptional regulatory
regions (gene end [GE], intergenic, and gene start [GS] sequences) and the coding sequence for AcGFP (AcGFP-ORF) were inserted at the
junction between the H and L genes by the use of appropriate restriction enzyme recognition sites (Spel, Ascl, and Aatll). The recombinant

genome also possesses an HHRz upstream the authentic virus genome.

enome, a precise 5’ end for the MV antigenome was created by
inserting HHRz between the three guanines and the first viral
nucleotide (Fig. 2). The resulting full-length genome plasmid
was designated pHHRz-SI-AcGFP. BHK/T7-9 cells, which
represent a baby hamster kidney (BHK) cell-derived clone
constitutively expressing T7 RNA polymerase (20) (kindly pro-
vided by M. Sugiyama and N. Ito), has been shown to be highly
potent for initiating the replication cycles of other negative-
strand RNA viruses from cloned cDNAs (20, 48). By the use of
previously reported methods of studies employing BHK/T7-9
cells (48), the cDNAs of the N, P, and L genes of MV were
inserted into the pCITE vector; the resulting plasmids were
termed pCITE-IC-N, pCITE-IC-PAC, and pCITEko-9301B-L,
respectively. These plasmids were designed to create an inter-
nal ribosome entry site at the 5’ terminus of the N, P, and L
mRNAs. Since the ratios of the plasmids expressing the N, P,
and L proteins were previously reported to be critical for the
initiation of infectious cycles of paramyxoviruses from cloned
cDNAs (13, 21, 26), the optimal ratio for these plasmids was
determined using a minireplicon assay for MV (23). The anal-
yses indicated that 0.20, 0.15, and 0.40 ug of pCITE-IC-N,
pCITE-IC-PAC, and pCITEko-9301B-L, respectively, were op-
timal for the expression of the MV minireplicon gene (lucif-
erase) in BHK/T7-9 cells cultured in a 24-well cluster plate (see
Table S3 in the supplemental material). When BHK/T7-9 cells

cultured in a 6-well cluster plate were transfected with 5.0 pg
of pHHRz-SI-AcGFP together with three support plasmids
(0.80, 0.60, and 1.60 wg of pCITE-IC-N, pCITE-IC-PAC, and
pCITEko-9301B-L, respectively), infectious cycles of rSI-
AcGFP were efficiently initiated from pHHRz-SI-AcGFP.
Subsequently, the recombinant SI strain expressing AcGFP

TABLE 3. Detection of the M protein by an indirect
immunofluorescence assay

Assay result

MAD clone  Antigenic Py o ey
. site - =M~ -~
" AcGEP  SFASGFP - Chery  mChenry
A23 I + - + —
A24 I + - + —
A27 11 + - + —
Al54 11 + - + -
Al157 II + . + —
A177 I + - + —
B46 1I + - + -
A39 Iz + — + -
A4l 11 + - + -
Ad2 III + - + —
AS51 44 + - + -
A133 v + - + -
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FIG. 3. Distribution of the M protein and effect on viral growth of
strain SI possessing the IC-M gene. (A) Distribution of the M protein
in cells infected with recombinant MV. Vero/hSLAM cells were in-
fected with IC323-AcGFP or SI-AcGFP. At 2 (IC323-AcGFP) or 5
(SI-AcGFP) days postinfection, the cells were stained with an anti-M
protein MAb (A42) and an Alexa Fluor 594-conjugated anti-mouse
secondary antibody. The nuclei were stained with DAPI (blue).
(B) Distribution of the mCherry-fused M protein. Vero/hSLAM cells
were transfected with the M protein-expressing plasmids IC-M-
mCherry, SI-M-mCherry, and IC-M plus SI-M-mCherry. At 1 day
posttransfection, the cells were stained with an anti-M protein MAb
(A42) and an Alexa 488-conjugated anti-mouse secondary antibody.
The cells were observed under a confocal microscope. (C) Replication
kinetics of recombinant MVs. Vero/hSLAM cells were infected with
recombinant MVs at an MOI of 0.01, and infectious titers in culture
medium (cell-free) and cells (cell-associated) were determined at 1, 3,
6, and 10 days p.i. Data represent the means * standard deviations
(SD) of results from triplicate samples.
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FIG. 4. AcGFP autofluorescence in cells infected with IC323-
AcGFP and SI-AcGFP. Vero, CHO/hSLAM, A549/hSLAM, II-18,
SH-SY5Y, and IMR-32 cells were infected with 1C323-AcGFP or
SI-AcGFP. Some II-18 cells were incubated with an anti-CD46 MAb
(M75). The cells were observed under a fluorescence microscope at the
indicated days (d). Bar, 0.20 mm.

(rSI-AcGFP) was maintained in Vero/hSLAM cells cocultured
with BHK/T7-9 cells. )

Properties of the M protein of the SI strain. Using various
MAbs against the M protein (42), an indirect immunofluores-
cence assay was performed. A total of 12 MADs that have been
shown to recognize antigenic sites II, ITI, and IV of the M
protein were used (42) (Table 3). A recombinant IC323 strain
expressing AcGFP (IC323-AcGFP) was generated and used as
a control. The IC323 strain is a recombinant MV based on the
wt IC-B strain (60). In cells infected with IC323-AcGFP, all the
MAbs detected the M protein (Fig. 3A and Table 3). However,
in cells infected with the ST or rSI-AcGFP strains, all the MAbs
failed to detect the M protein (Fig. 3A and Table 3 and data
not shown). These data suggested a lack of M protein expres-
sion in cells infected with the SI and rSI-AcGFP strains. Sato
et al. (43) also previously showed that M protein expression
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TABLE 4. Amino acid substitutions in the H proteins of the IC, SI,
and Edmonston strains

Amino acid substitution
Amino acid no.

-
o
m
5

NS

Q*
R*

7
71
174
176
211
235
243
252
276
284
296
302
334
390
416
446
481
482
484
546
555
564
575
600

<E-mo-LaCrzZAZZAZITHTIQQY R P> TN
mommuzZr<Kug-oQUrrt<amQHE-H TR

<ONEQHTZYZZOR T TMMIOm® > >

@ Asterisks indicate amino acids unique to the SI strain.
® Edmonston strain; GenBank accession number K01711.

was missing in cells infected with the SI strain. The M proteins
of the SI and IC-B strains were expressed in cells by the use of
expression plasmids. The carboxyl termini of the M proteins
were tagged with mCherry red fluorescent protein. All the
MADs detected the IC-B strain-derived M protein despite the
mCherry tag (Table 3). In contrast, none of the MAbs detected
the SI strain-derived M protein, although bright mCherry flu-
orescence was detected in these cells (Fig. 3B and Table 3).
These data indicated that the antigenicity of the M protein of
the SI strain was totally different from that of the M protein of
the IC-B strain and that none of the MAbs recognizing anti-
genic sites IT, ITI, and IV reacted with the M protein of the SI
strain. Therefore, we could not reach a conclusion as to
whether the M protein was expressed in cells infected with the
SI strain. However, analyses using the expression plasmids
demonstrated that, unlike the M protein of the IC-B strain, the
M protein of the SI strain was distributed homogeneously in
cells (Fig. 3B). The M protein of the IC-B strain was distrib-
uted beneath the plasma membrane and formed small dots in
the cytoplasm (Fig. 3B). To elucidate the functional difference
between the IC-B and SI strains with respect to the M gene, we
generated a recombinant MV with a modified SI strain ge-
nome in which the M gene was replaced with the M gene of the
IC-B strain. The resulting recombinant MV was designated
SI/ICM-AcGFP. A growth kinetics analysis showed that, unlike
SI-AcGFP, SI/ICM-AcGFP produced cell-free virus well and
the cell-free virus titer of SI/ICM-AcGFP was ~1,000 times
higher than that of the SI-AcGFP at 10 days p.i. (Fig. 3C). The
result demonstrated that SI-M protein was less involved in the
budding stage. With these data, we concluded that the SI strain
does not express a functional M protein.

GENETIC AND PHENOTYPIC CHANGES OF SSPE SI STRAIN 11877

The SI strain exhibits limited syncytium-forming activity.
Various types of cells were infected with SI-AcGFP and IC323-
AcGFP. IC323-AcGFP poorly entered Vero cells (SLAM™/
CD46™) and did not produce a syncytium (Fig. 4). On the
other hand, SI-AcGFP was able to produce syncytia in Vero
cells (Fig. 4). Table 4 shows the amino acid substitutions in the
H protein. Among them, the S546G substitution is the one that
probably contributed to the ability of SI-AcGFP to produce
syncytia in Vero cells, because this mutation allows MV to use
CD46 as a receptor (69). On the other hand, SI-AcGFP failed
to produce syncytia in II-18 cells (ECR*, CD46™), although
1C323-AcGFP replicated and produced syncytia in these cells
efficiently (Fig. 4). An MADb against CD46 (M75) had a neutral
effect on the SI-AcGFP infection of II-18 cells. Similar results
were obtained for the infection of SLAM-positive cells (CHO/
hSLAM, A549/hSLAM). SI-AcGFP produced syncytia poorly
in these cells, whereas IC323-AcGFP produced syncytia very
efficiently. These data demonstrate that the SI strain has lim-
ited activity in inducing syncytia in SLAM- or ECR-expressing
cells, although it has acquired the ability to use CD46 as an
alternative receptor. Although three neural cell lines (SK-N-
SH, IMR-32, and SH-SY5Y) were infected with SI-AcGFP
and IC323-AcGFP, no syncytia were observed in these cells
(Fig. 4 and data not shown).

The membrane-associated protein genes (M, F, and H) de-
termine the growth phenotype of the SI strain. The amino acid
sequences of the RNP component proteins (N, P, and L pro-

-
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FIG. 5. Effect on viral growth of strain IC possessing the SI-MFH
gene in various cell lines. (A) AcGFP fluorescence in cells infected
with recombinant MVs. Vero, II-18, CHO/hSLAM, and A549/hSLAM
cells were infected with IC323-AcGFP or IC323/SI-MFH-AcGFP. The
cells were observed under a fluorescence microscope at 3 (II-18, CHO/
hSLAM, and A549/hSLAM) and 6 (Vero) days postinfection. (B) Rep-
lication kinetics of recombinant MVs. Vero/hSLAM cells were in-
fected with recombinant MVs at an MOI of 0.01. At various time
intervals, infectious titers in culture medium (cell-free) and cells (cell-
associated) were determined. Data represent the means * standard
deviations (SD) of the results of experiments performed with triplicate
samples.

4 6 8 10
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FIG. 6. Syncytium formation in cells expressing H and F proteins
and identification of the amino acid residue in the F protein of the SI
strain critical for reducing cell-to-cell fusion. (A) Syncytium formation
in cells expressing H and F proteins of the IC-B or SI strains. CHO/
hSLAM cells were transfected with a plasmid expressing the H protein
of the IC-B or SI strain (IC-H or SI-H, respectively) together with a
plasmid expressing the F protein of the IC-B or SI strain (IC-F or SI-F,
respectively). At 24 h posttransfection, the cells were observed under
a microscope after Giemsa staining. (B) Expression of the MV enve-
lope proteins on the cells. CHO/hSLAM cells were transfected with a
plasmid expressing IC-H, SI-H, IC-F, or SI-F. The cells expressing
IC-H (black line) and SI-H (gray line) were stained with an anti-H
protein MAb (left panel), and the cells expressing IC-F (black line)
and SI-F (gray line) were stained with an anti-F protein MAb (right

J. VIrROL.

teins) and nonstructural C and V proteins were well conserved
in the SI strain (Table 1). We generated a recombinant MV
possessing the 1C323 genome in which the M, F, and H genes

- were replaced with those of the SI strain. The recombinant MV

was designated IC/SI-MFH-AcGFP. The various types of cells
shown in Fig. 4 were infected with IC/SI-MFH-AcGFP. 1C/SI-

MFH-AcGFP replicated poorly in SLAM- and ECR-positive -

cells and did not produce syncytia in these cells (Fig. 5A). A
growth kinetics analysis of Vero/hSLAM cells, which were sus-
ceptible to all recombinant MVs, showed that IC/SI-MFH-
AcGFP hardly produced cell-free viruses and exhibited a
growth phenotype similar to that of SI-AcGFP (Fig. 4 and 5B).
These data indicated that the membrane-associated protein-
encoding genes (i.e., the M, F, and H genes) were responsible
for the growth phenotype of the SI strain.

The E300G substitution in the F protein is responsible for
the reduced membrane fusion activity. Previous papers have
indicated that the typical changes in SSPE strains, namely, the
lack of M protein expression and cytoplasmic tail truncation of
the F protein, enhance the syncytium-forming activity of MV
(6, 7). Indeed, other previous papers have shown high fuso-
genic activities of SSPE strains (1, 4, 8). Despite exhibiting the
changes typical in SSPE strains, SI-AcGFP and IC/SI-MFH-
AcGFP showed limited syncytium-forming activities (Fig. 4
and 5B). Using expression plasmids, the syncytium-forming
activities of the H and F proteins of the SI strain were analyzed
in CHO/hSLAM cells (SLAM™). When the F protein of the SI
strain (SI-F) was expressed together with the H protein of the
SI strain (SI-H), no syncytia were detected (Fig. 6A; SI-H/SI-
F). In contrast, many syncytia were observed when the F and H
proteins of the IC-B strain (IC-F and IC-H, respectively) were
expressed (Fig. 6A; IC-H/IC-F). Flow cytometry analyses indi-
cated that the expression levels of SI-F and SI-H, respectively,
were similar to those of IC-F and IC-H (Fig. 6B). The combi-
nation of SI-F and IC-H also showed poor syncytium-forming
activity (Fig. 6A; IC-H/SI-F). On the other hand, when IC-F

panel). All the cells were subsequently stained with an Alexa Fluor
488-conjugated secondary antibody. The cells without transfection
were stained with an anti-H protein MAb or an anti-F protein MAb
followed by an Alexa Fluor 488-conjugated secondary antibody
(shaded regions). (C) Diagrams of the chimeric F proteins. There are
10 amino acid differences (shown by vertical lines) between IC-F and
SI-F. The regions derived from SI-F are shaded, and those derived
from IC-F are white. The restriction enzyme-replaced fragments are
indicated. (D) Syncytium formation in cells expressing the chimeric or
mutant F proteins. CHO/hSLAM cells were transfected with a plasmid
expressing IC-H together with plasmids expressing IC-F protein, SI-F
protein, chimeric F protein (IC/SI-F-1, -F-2, -F-3, or -F-4), or mutant
SI-F protein (G300E). At 24 h posttransfection, the cells were ob-
served under a phase-contrast imaging microscope after Giemsa stain-
ing. (E) Quantification of syncytium formation. CHO/hSLAM cells
were transfected with IC-H-expressing plasmids and IC-F-, SI-F-, chi-
meric F-, or mutant F-expressing plasmids together with an mCherry-
expressing plasmid. At 48 h posttransfection, areas of each syncytium
with mCherry autofluorescence were measured using an Axio
Observer.D1 microscope and Imagel software. Forty syncytia were
measured for each F protein. Asterisks indicate that the area of syn-
cytia induced by IC-F, chimeric F, or mutant F was significantly larger
than that induced by SI-F, based on the results of a ¢ test (P < 0.001).
The horizontal bars indicate the median values of the areas of syncytia.
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FIG. 7. Characterization of the amino acid residues in the SI-H
protein that support cell-to-cell fusion in cells expressing SLAM,
CD46, or ECR. (A and B) CHO/hSLAM, CVI/hSLAM, Vero, H358,
and I1-18 cells were transfected with plasmids expressing the H protein
of the IC-B or SI strain (IC-H or SI-H, respectively) or no H protein
[H(—)] (A) or mutant IC-H protein (N390M, LA82F, S546G, F555L,
or 1564L) (B) together with a plasmid expressing the F protein of the
IC-B strain. The CV1/hSLAM, H358, and II-18 cells were then incu-
bated with an anti-CD46 MAb (M75). At 1 (CHO/hSLAM and CV1/
hSLAM), 2 (Vero and II-18), or 3 (H358) days posttransfection, the
cells were observed under a phase-contrast imaging microscope after
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was coexpressed with SI-H, many syncytia, albeit smaller in size
than the syncytia induced by IC-F and IC-H, were detected
(Fig. 6A; SI-H/IC-F). These data indicated that both the SI-F
and SI-H proteins exhibited lower activities than the IC-F and
IC-H proteins in inducing syncytia in CHO/hSLAM cells. To
identify the mutation(s) that impaired the syncytium-forming
activity of SI-F, four chimeric F proteins (IC/SI-F-1, -F-2, -F-3,
and -F-4) were generated using the SI and IC-B strains (Fig.
6C). These chimeric F proteins were coexpressed with IC-H.
Two chimeric F proteins, IC/SI-F-2 and IC/SI-F-4, failed to
produce syncytia (Fig. 6D and E). These data showed that a
region between the Sall and Kpnl recognition sites (amino acid
positions 271 and 324) in SI-F severely restricted its membrane
fusion activity (Fig. 6C). In this region, only a single amino acid
substitution, E300G, was found in comparisons of SI-F and
IC-F (Fig. 6C and Table 2). A glycine residue at amino acid
position 300 in SI-F was replaced with a glutamic acid. The
mutant F protein [Fig. 6C; SI-F(G300E)] was expressed with
IC-H. The data indicated that SI-F(G300E) caused membrane
fusion as well as IC-F did (P < 0.01) [Fig. 6D and E; SI-
F(G300E)]. These findings indicated that the SI-F protein ex-
hibited a restricted membrane fusion activity that was mainly
caused by the E300G substitution.

S546G, L482F, and F555L substitutions affected the fusion-
helper function of the H protein. To analyze the fusion-helper
function of SI-H in different cell types, the protein was ex-
pressed in CHO/hWSLAM (SLAM™), CV1/hSLAM (SLAM™,
CD46™), Vero (CD46™), H358 (ECR™, CD46™), and II-18
(ECR™, CD46™") cells together with IC-F. CD46-dependent
infection was blocked by an anti-CD46 antibody (M75) when
CV1/hSLAM, H358, and II-18 cells were used for the assess-
ment of SLAM- and ECR-dependent infection. IC-H was used
as a control. When IC-F was expressed alone, no syncytia were
observed in either cell line [Fig. 7A; H(—)]. As reported pre-
viously, IC-H supported cell-to-cell fusion efficiently in SLAM-
positive (CHO/hSLAM) and ECR-positive (H358 and II-18)
cells but not in Vero cells (Fig. 7A; IC-H) (45, 49, 59). SI-H
exhibited a fusion-helper function in Vero cells (Fig. 7A; SI-
H), probably because of the S546G substitution. However,
SI-H supported cell-to-cell fusion less efficiently than IC-H in
CHO/hSLAM, CV1/hSLAM, H358, and II-18 cells (Fig. 7A;
SI-H). To identify the substitution(s) responsible for the al-
tered fusion-helper function of SI-H, five substitutions were
individually introduced into IC-H and the mutated proteins
were expressed in cells together with IC-F. The five selected
substitutions were N390M, LA482F, S546G, F555L, and 564L,
since these substitutions were unique to the SI strain and

Giemsa staining. Bars, 0.2 mm. (C) Quantification of syncytium
formation. CHO/hSLAM and II-18 cells were transfected with IC-F-
expressing plasmids and IC-H-, SI-H-, or mutant H-expressing plas-
mids together with an mCherry-expressing plasmid. At 48 h posttrans-
fection, areas of each syncytium with mCherry autoflurescence were
measured using an Axio Observer.D1 microscope and Imagel] soft-
ware. Forty syncytia were measured for each H protein. Asterisks
indicate that the area of syncytia induced by SI-H or mutant H was
significantly smaller than that induced by the IC-H, based on the
results of a  test (P < 0.001). The horizontal bars indicate the median
values of the areas of syncytia.
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located in the receptor-binding globular head domain (Table
4). As expected, IC-H with S546G, but not the other mutant H
proteins, supported cell-to-cell fusion in Vero cells (Fig. 7B).
Instead, IC-H with S546G showed a reduced fusion-helper
function in H358 and II-18 cells (Fig. 7B). No significant
changes were observed in CHO/hSLAM and CV1/hSLAM
cells after the introduction of the S546G substitution (Fig. 7B).
Similarly, IC-H with L482F showed a reduced fusion-helper
function in H358 and II-18 cells but showed activities similar to
those seen with IC-H in CHO/hSLAM and CV1/hSLAM cells
(Fig. 7B). Quantified and statistical analyses of cell-to-cell fu-
sion in II-18 cells indicated that the areas of syncytia produced
by IC-H(S546G) and IC-H(IA82F) were significantly smaller
than those produced by IC-H (P < 0.01) (Fig. 7C). None of the
N390M, F555L, and I564L substitutions significantly affected
the fusion-helper function in H358 and I1-18 cells (Fig. 7B and
C). These findings suggested that the I482F and S546G sub-
stitutions compromised the ability of the H protein to interact
with ECR. It was also noted that the H protein with F555L
showed a reduction in the fusion-helper function in CHO/
hSLAM and CV1/hSLAM cells (Fig. 7B and C).

DISCUSSION

SL.AM is expressed on cells of the immune system and func-
tions as the principal receptor for MV infection (69). However,
this molecule probably plays a minor role in MV growth in the
CNS, because neural cells in the brain do not express SLAM
(28). Indeed, the ability of the SI strain to use SLAM was
compromised by the F555L substitution. We and another
group recently demonstrated that certain epithelial cells that
form tight junctions are highly susceptible to MV infection (25,
50, 59). These data demonstrated the existence of ECR on
some epithelial cells (25, 50, 59). ECR probably contributes to
the efficient transmission of MV from a patient to other indi-
viduals (53), but its roles in persistent infection of the brain
with MV remain to be elucidated. ECR is a candidate for an
MYV receptor in the brain. However, our data indicated that the
SI strain had mutated via the S546G and LAS2F substitutions
to use ECR inefficiently. With these data, the idea that ECR
functions as a receptor for MV in the brain seemed uncon-
vincing. Instead, the SI-H protein had adapted to use CD46 via
the S546G substitution. Woelk et al. identified several positive-
selection amino acid sites in the SSPE strain (67), but S546G
was absent from the list. It is possible that the S546G substi-
tution was introduced into the SI strain genome during the
propagation in Vero cells but not in the brain, since the SI
strain was isolated using Vero cells (29). Vero cells are 100 to
1,000 times less sensitive than SLAM-positive B95a cells for
the isolation of wt MV strains (22, 34), and wt MV strains
readily adapt to use CD46 after several passages in Vero cells
(69). However, Ogura et al. (34) indicated that Vero cells were
more sensitive than B95a cells for the isolation of SSPE strains.
Although their data demonstrated that SSPE strains show cell
specificities different from those of wt MV strains, some SSPE
strains were shown not to use CD46 as a receptor (47). Nev-
ertheless, it is still possible that the acquisition of the ability to
use CD46 contributes to the growth of some SSPE-derived
strains in the brain, since various SSPE strains may employ
different strategies to acquire the ability to spread in the brain.

J. VIROL.

The SI strain used only CD46 efficiently. Much evidence ob-
tained using CD46-transgenic mice has shown the contribu-
tions of CD46 in establishing MV infection of the brain. Anal-
yses using human brain samples also showed that CD46 is a
candidate molecule that contributes to the growth of some
SSPE strains in the brain (5, 28, 33).

Analyses using animal models have demonstrated that MV
uses a transsynaptic route to spread between neurons (24, 27,
35, 40). The data indicated that receptors for the H protein are
not required for the transsynaptic transmission (27, 70). It has
been suggested that the F protein causes microfusion between
neurons without the support of the H protein (27, 70). Ayata et
al. (1) demonstrated that the F proteins of some SSPE strains
contribute to the exhibition of neurovirulence in animals by
showing a hyperfusion activity. Cattaneo et al. (4, 8) also dem-
onstrated that the F proteins of SSPE strains exhibit higher
levels of fusion activities than the standard F protein. These
data suggest an important role for the F protein in the prop-
agation of SSPE strains in the brain. However, our data indi-
cated that the F protein of the SI strain showed limited mem-
brane fusion activity because of the E300G substitution. It is
unlikely that the F protein of the SI strain had acquired the
E300G substitution during the propagation in cultured cells,
since viruses usually acquire mutations that confer better fit-
ness. Consequently, our data suggest that a high level of mem-
brane fusion activity of the F protein was not a prerequisite for
this SSPE strain to spread in the brain. Watanabe et al. (65)
suggested that a reduction in cell-to-cell fusion mediated by
amino acid changes in the F protein contributes to the persis-
tence of MV in the brain. Their observations are consistent
with our data for the SI strain. Thus, the data obtained in the
present study provide a clear example of an SSPE-derived
strain that exhibits limited fusion activity.

In the present study, we also established a reverse genetics
system for the SI strain. Although we previously reported very
efficient reverse genetics systems for MV, as shown using re-
combinant vaccinia viruses encoding T7 RNA polymerase
(VV-TT7) (30, 55, 56), they were not applicable for rescue of the
SI strain from cloned cDNAs. When the previous systems were
used (30, 56), infectious cycles of rSI-AcGFP were efficiently
initiated in CHO/hSLAM cells by the use of the full-length
genome plasmid (data not shown). However, since rSI-AcGFP
did not produce cell-free virus particles and replicated poorly,
it was impossible to isolate rSI-AcGFP from VV-T7. We tried
to use a VV-T7-free system reported by Radecke et al. (39),
but neither syncytia nor AcGFP fluorescence was detected.
Therefore, a new, efficient VV-T7-free system was required for
the rescue of rSI-AcGFP from cloned ¢cDNAs. We are con-
vinced that this new system used for the SI strain would be
applicable for other SSPE strains. The success in establishing a
reverse genetics system for an SSPE strain is a significant step
toward the elucidation of the molecular bases and pathogen-
esis of SSPE.
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Absftract

To develop a cost-effective pneumococcal vaccine, we compared the effects of a panel of Toll-like receptor (TLR)
agonists on a low dose pneumococcal surface protein A (PspA) nasal vaccine in a fatal pneumococcal pneumonia
model using a serotype 3 strain. The mice were nasally immunized with 10 ug of the TLR agonist (TLR 2, 3, 4 and
9) and 0.1ug of PspA once per week for three weeks. A high level of PspA-specific immunoglobulin G (IgG) was
detected in sera of mice that were nasally administered a low dose of PspA plus each TLR agonist, while no PspA-
specific IgG were detected in sera of mice that had been nasally administered a low dose of PspA alone. A relatively
low level of PspA-specific IgG was also detected in the airway of mice that had been nasally administered a low dose
of PspA plus each TLR agonist. The binding of PspA-specific IgG increased the deposition of C3 on the bacterial
surface. Bacterial density in the lung and blood was significantly decreased in mice that had been administered a
low dose of PspA plus each TLR agonist, compared with mice that received a low dose of PspA alone 24 h after
a bacterial challenge. Furthermore, significant increases in survival rate were found in a murine model of fatal
pneumonia that had been nasally administered a low dose of PspA plus each TLR agonist, compared with mice
that received a low dose of PspA alone. The rank order of TLR agonists on the effect of increasing survival rate was
LPS > Pam3CSK4 > Poly(l:C) and CpG 1826. These data suggest a potentially new strategy for the development
of a cost-effective intranasal vaccine with a low dose PspA plus TLR agonist that would be effective against life-

threatening bacteremic pneumococcal pneumonia.

Keywords: PspA; TLR agonist; Intranasal vaccine; Streptococcus
preumoniae; Pneumonia

Abbreviations: PspA: Pneumococcal surface protein  A;
TLR: Toll-Like Receptor; LPS: Lipopolysaccharide; Poly(I:C):
Polyinosine-polycytidylic acid; CpG ODN 1826: CpG-Containing
Oligodeoxynucleotide 1826; BALF: Bronchoalveolar lavage fluid; NW:
Nasal wash

Introduction

S. pneumonige is a leading human pathogen that causes a
wide variety of diseases, ranging from otitis media to pneumonia,
bacteremia, and meningitis in both children and adults. Pneumococcal
infections can occur at any age but are more frequent in infants, the
elderly and immunocompromised patients. Despite the development
of effective treatments, the pneumococcus has remained a significant
cause of morbidity and mortality worldwide [1,2]. Because of this, a
clear need for an effective vaccine for the prevention of disease exists.
Currently licensed polysaccharide-based pneumococcal vaccines only
elicit protective antibodies against the infection of serotypes that are
included in the vaccine. In addition, invasive diseases attributable to
non-vaccine serotypes of S. prneumoniae have increased greatly [3,4].
Therefore, the search for new vaccine candidates that elicit protection
against a broader range of pneumococcal strains is an important goal.
To broaden the protection, the use of pneumococcal proteins represents
a feasible and preferable alternative. Several pneumococcal proteins are
currently under investigation as potential candidates for such a vaccine
[5,6]. One of these proteins, PspA has recently undergone phase one
clinical trials in humans and has been found to be safe and highly
immunogenic [7,8]. PspA is a surface protein of S. pneumoniae that is
found on all pneumococci and is broadly expressed among different
serotypes of pneumococci [8]. Antibodies to PspA generated in mice
[9,10] or humans [7,8] are capable of passively protecting mice against
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infections with different serotypes. PspA is, therefore, an attractive
candidate for use as future protein-based pneumococcal vaccines.

Since S. prneumoniace enters the host primarily through the
respiratory mucosa, vaccination strategies designed to target the airways
are of great interest. An appropriate mucosal adjuvant is required to
elicit an antigen-specific immune response in both the mucosal and
systemic compartments [11]. We previously reported that each of the
TLR agonists used in this study is an effective nasal adjuvant for the
PspA antigen at a high dose (2.5 ug per mouse), and that it elicited the
production of PspA-specific IgA in the airways and PspA-specific IgG
in plasma. Because of this, it was capable of reducing the bacterial load
in both the nasopharynx and lungs after a challenge with pneumococci
with different serotypes [12]. Nasal immunization with a high dose
of PspA alone could induce a certain level of PspA-specific IgG in the
plasma and increased mouse survival, compared with mice that were
nasally immunized with PBS alone, in a fatal pneumonia model in this
study. These data suggest that nasal immunization with the reduced
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dose of PspA in combination with a TLR agonist was able to prevent
the development of fatal pneumonia in this model. In the present
study, we therefore examined the issue of whether nasal immunization
using different TLR agonists in conjunction with a low dose (0.1ug per
mouse) of PspA could confer protection against fatal pneumococcal
pneumonia in healthy mice.

Materials and Methods

Mice and bacterial strains

Female C57BL/6 mice (6- to 8-wk-old) were purchased from
Charles River Japan, Kanagawa, Japan. Mice were transferred to
microisolators and maintained in horizontal laminar flow cabinets.
They were provided sterile food and water in a specific pathogen-
free facility. All mice used in these experiments were free of bacterial
and viral pathogens. All animal experiments described in this study
(protocol number; 08008) were performed in accordance with
institutional guidelines for the Osaka University animal facility. .
pneumoniae WU2 strain with serotype 3, expressing PspA belonging to
family 1, clade 2, was grown in Todd-Hewitt Broth (BD, Franklin Lakes,
NJ) supplemented with 0.1% yeast extract (THY) to the mid-log phase
and washed twice with phosphate-buffered saline (PBS) without CaCl,
and MgCl,. Bacteria were suspended in THY, and aliquots were snap
frozen in liquid nitrogen and stored at -80°C until used.

Recombinant PspA and adjuvants

Recombinant PspA/Rx1 (amino acids 1 to 302) was prepared as
previously described [8]. To extensively remove LPS from the PspA
preparations, we used an LPS removal column, ProteoSpin®, (Norgen,
Thorold, Canada). Four TLR agonists, including Escherichia coli K12
LPS (TLR4 agonist), Pam3CSK4 (TLR1/2 agonist), Poly(I:C) (TLR3
agonist) or CpG ODN 1826 (TLRY agonist) were selected to use as
adjuvants. The LPS, Pam3CSK4 and Poly(I:C) were purchased from
InvivoGen (san Diego, CA). CpG ODN 1826 was purchased from
Hokkaido System Science (Sapporo, Japan). Each of these adjuvants
was used in a dose of 10 g for nasal immunization.

Nasal immunization

Mice were immunized intranasally three times at weekly intervals
with 12ul of PBS containing 10ug of each TLR agonist and 0.1ug of
PspA, 0.1ug of PspA alone or 12 ul of PBS on days 0, days 7 and days 14.
The mice were euthanized on day 21 to obtain serum, bronchoalveolar
lavage fluid (BALF) and a nasal wash (NW). The time points of nasal
immunization and sampling for the determination of antibody levels
were determined according to our previous study [13]. After removing
the mandible, the nasal cavity was gently flushed with 1 ml of PBS from
the posterior opening of the nose. The NW obtained from the anterior
openings of the nose was collected. BALF was obtained by irrigation
with 1 ml of PBS using a blunted needle inserted into the trachea after
a tracheotomy [13].

PspA-specific antibody assays

PspA-specific antibody titers of IgG or IgA in Serum, BALF and
NW were determined by ELISA as previously described [12]. PspA was
used as the coating antigen (1 pug/ml). A 100ul sample was added to each
well, followed by incubation at 37°C for 30 min. The plate was washed,
and then reacted with 100yl of alkaline phosphatase-conjugated goat
anti-mouse IgA, IgG, IgG1 or IgG2a (Zymed, San Francisco, CA) and
the OD at 405 nm was then measured. End-point titers were expressed
as the reciprocal log, of the last dilution giving an OD, of 0.1 OD
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unit above the OD, . of negative control samples obtained from non-
immunized mice.

IgG binding and C3 deposition assays

Antibody binding was analyzed by whole cell ELISA. Frozen
stock of S. pneumoniae WU2 (family 1 and clade 2) were plated onto
blood agar, incubated overnight and then grown in THY to an OD,,
of 0.4~0.5 and harvested by centrifugation. The bacterial cells were
washed, resuspended in PBS, and fixed with 80% ethanol at room
temperature for 1 h. The ethanol-killed bacteria were washed twice
with PBS, and the pellet resuspended in PBS to an OD_ of about 0.2.
50pl of the ethanol-killed bacteria were coated in ELISA overnight at
4°C. The following day, the wells were washed 3 times with 0.05% of
Tween-20 in PBS (PBST). The plates were then blocked with 3 % of
skim milk in PBST at room temperature for 1 h. After 3 washes with
PBST, 50pl of diluted serum in 1 % of skim milk in PBST were added
to the plates, which were then incubated at 37°C for 2 h. The plates
were washed 3 times with PBST, and then reacted with 100yl of alkaline
phosphatase-conjugated goat anti-mouse IgG (Zymed, San Francisco,
CA). The OD at 405 nm was then measured. The end-point titers were
expressed as the reciprocal log, of the last dilution giving an OD,; of
0.1 OD unit above the OD,, of negative control samples obtained from
non-immunized mice.

C3 deposition was analyzed by flow cytometry. 10ul or 20l of heat-
inactivated serum was incubated with washed S. prneumoniae WU2
cells in 100yl of a reaction mixture achieving at a final concentration
of 10° cfu/ml at 37°C for 30 min. The live bacteria were washed once
with PBS and then incubated with 10% fresh normal mouse serum as
the source of complement in gelatin veronal buffer with Ca? and Mg*
(Sigma, St. Louis, MO) at 37°C for 30 min. After washing, live bacteria
were incubated with 100pl of fluorescein isothiocyanate-conjugated
anti-mouse C3 IgG (MP Biomedicals, Solon, OH) in PBS for 30 min
on ice. The samples were fixed with 2% formaldehyde after two washing
steps and stored at 4°C. Flow cytometry analysis was conducted using
a FACSCalibur apparatus (Becton Dickinson), and 10,000 gated events
were recorded.

Fatal pneumococcal pneumonia model

To determine the protective effects of nasal immunization with
PspA plus each TLR agonist, S. pneumoniae WU2 strain at a dose of 2.0
x 107 cfu (3 x LD,) suspended in 30yl of sterile saline was intranasally
administered to both the immunized and untreated mice 2 weeks
after the last immunization. The 2-week interval between the last
immunization and the bacterial challenge was maintained to avoid the
influence of each TLR agonist on pulmonary defense, since some TLRs
are involved in the innate immune response to S. pneumoniae [14-16].
The blood or lungs were aseptically removed from mice that had been
anesthetized or euthanized with pentobarbital at 24 h post-bacterial
challenge. The lung tissue was homogenized in 2 ml of sterile saline
per whole lung tissue prior to culturing. To prevent coagulation, the
blood was collected in tubes containing heparin. Quantitative bacterial
cultures of blood or lung tissues were performed on horse blood agar.
Mortality was monitored for 16 days following the pneumococcal
challenge.

Statistics

Statistical analyses were performed using one-way ANOVA and
Tukey’s multiple comparison method for antibody titers and bacterial
clearance [17], and a log rank (Mantel-Cox) test for analysis of the
survival curve with Graphpad Prism (GraphPad Software, Sandiego,
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CA). Data were considered to be statistically significant if the p-values
were less than 0.05.

Results

Immune responses to PspA in mice after nasal immunization
with a low dose of PspA plus TLR agonists

While no PspA-specific IgG was detected in sera of mice that had
been immunized nasally with PspA alone, increased high levels of PspA-
specific IgG were detected in sera of mice that had been immunized
nasally with PspA plus and either LPS, Pam3CSK4, Poly(I:C) or CpG
1826 (Figure 1A). The levels of PspA-specific IgG in the sera of mice
immunized PspA plus LPS were significantly higher than those of mice
that had been immunized with PspA plus and either Poly(I:C) (p < 0.01)
or CpG 1826 (p < 0.01). No significant difference was found among
the levels of PspA-specific IgG among mice that had been immunized
nasally PspA plus Pam3CSK4, Poly(I:C) or CpG 1826.

A

17

Reciprocal log, Titer

+PspA

The levels of PspA-specific IgG in the BAL fluids and NWs of mice
that had been nasally immunized with PspA plus the LPS were 5.17 +
0.98 and 1.67 + 1.03, respectively. In contrast, negligible levels of PspA-
specific IgG were induced in the BAL fluids and NWs from mice that
had been nasally immunized PspA plus Pam3CSK4, Poly(I:C) and CpG
1826. PspA-specific IgA was not detected in the BAL fluid or NWs from
these mice that had been immunized nasally with PspA plus the TLR
agonist.

No PspA-specific IgG1 or IgG2a was detected in sera of mice that
had been immunized nasally with PspA alone (Figure 1B). In contrast,
increased levels of PspA-specific IgG1 or IgG2a were found in mice
that had been immunized nasally with PspA plus the TLR agonist. The
levels of PspA-specific IgG1 in sera of mice that had been immunized
nasally with PspA plus LPS were significantly higher than those of mice
that were immunized nasally with PspA plus Pam3CSK4 (p < 0.05),
PspA plus Poly(I:C) (p < 0.01) or PspA plus CpG 1826 (p < 0.01). No
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Figure 1: Induction of PspA-specific IgG (closed bars)(A), PspA-specific IgG1 (open bars) and 1gG2a (gray bars) (B) in serum by intranasal immunization with either
PspA plus each TLR agonist or PspA alone. Mice were nasally immunized three times at weekly intervals with 10 pg of TLR agonist and 0.1 pg of PspA. One week after
the final immunization, the mice were euthanized to obtain serum, and PspA-specific antibody titers were determined using ELISA. The results are expressed as the
mean + S.D. for six mice per group. *p < 0.05, **p < 0.01, when compared with mice that were nasally immunized PspA plus LPS. ND, not detected.
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Figure 2: Binding of IgG antibodies (A) and C3 deposition (B) on the S. pneumoniae WU2 cell surface in the presence of sera from immunized and control mice. Binding
The levels of IgG were analyzed by whole cell ELISA, and the C3 deposition were analyzed by flow cytometry using S. pneumoniae WU2 cells which were incubated with
20% (open bars) or 10% (gray bars) of pooled sera from mice that were immunized by intranasal immunization with either PspA plus each TLR agonist or PspA alone.
The percentage of fluorescent bacteria (greater than 10 fluorescence intensity units) is shown as C3 deposition for each sample. *p < 0.05, **p < 0.01, when compared
with mice that were nasally immunized PspA plus LPS. The results are expressed as the mean + S.D. for six mice per group. ND, not detected.
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Figure 3: The effect of intranasal immunization with PspA plus each TLR against on the bacterial densities in Lung tissue (A) and blood (B) at 24 h post-challenge with
the S. pneumoniae WU2 strain. An invasive dose of 2 x 107 cfu / mouse was nasally administered to mice that had been previously immunized with either PspA plus each
TLR agaonist or PspA alone. Mice were euthanized to obtain lung tissues or blood from infected mice at the indicated time-point after bacterial challenge, and guantitative
bacterial cultures of lung tissue or blood were performed. Values represent the Log,, cfu / g or Log,, cfu / ml (mean # S.D.) for six mice per group. *p < 0.0001, when

compared with mice that were nasally immunized with PspA alone.
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Figure 4: Survival of mice that were immunized nasally with a low dose of PspA plus each TLR agonist, a low dose of PspA alone and PBS alone after pneumococcal
pneumonia. Immunized mice were intranasally challenged with 2 x 107 cfu of pneumococcal strain WU2, and the survival of the mice was monitored for 16 days. Results
were examined by a Kaplan-Meier survival curve analysis for ten mice per group. *p < 0.05, when compared with mice that were nasally immunized PspA alone. **p <
0.01, when compared with mice that were nasally immunized PBS alone. ***p < 0.001, when compared with mice that were nasally immunized PspA alone or PBS alone.

significant difference was found in PspA-specific IgG1 levels among the
sera of mice that were nasally immunized with PspA plus Pam3CSK4,
Poly(I:C) or CpG 1826. No significant difference was found in PspA-
specific IgG2a among sera of mice that were immunized nasally with
PspA plus the TLR agonist. The mean ratios of PspA-specific IgG1 titers
to PspA-specific IgG2a titers were 2.26 for LPS, 2.33 for Pam3CSK4,
1.68 for Poly(I:C), and 1.32 for CpG 1826, respectively.

IgG binding and C3 deposition on the bacterial surface

While no binding of mouse IgG was observed in the case of bacteria
treated with sera from mice that were immunized nasally with PspA
alone, the levels of mouse IgG found on bacteria that were treated with
sera from mice immunized nasally with the PspA plus LPS, Pam3CSK4,
Poly(I:C) or CpG 1826 (Figure 2A) was increased. The levels of mouse
IgG were significantly higher in sera from mice that were immunized
nasally PspA plus LPS compared to mice that were nasally immunized
with PspA plus Pam3CSK4 (p < 0.05), PspA plus poly (I:C) or PspA
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plus CpG 1826 (p < 0.01). These levels of mouse IgG in serum from
mice that were immunized nasally with PspA plus the TLR agonist
closely corresponded with the levels of PspA-specific IgG induced in
serum. The frequencies of C3 depositions were substantially increased
in bacteria that had been pretreated with 10% and 20% sera from mice
that were immunized nasally with PspA plus each of the TLR agonists,
compared with those of mice that were immunized nasally with PspA
alone (Figure 2B). No differences were found in the frequencies of C3
deposition on bacteria that were pretreated with sera from mice nasally
immunized with PspA plus each TLR agonist.

Bacterial clearance from the lungs and the blood

The bacterial densities (mean + S.D. for Log, cfu / g) reached
6.83 £ 0.26 in the lung and 4.89 + 0.3 in blood from mice that were
immunized nasally with PspA alone at 24 h post-challenge (Figure
3A and 3B). Significant decreases were found in bacterial density in
the lungs of mice that were immunized nasally with PspA plus either
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LPS, Pam3CSK4, Poly(I:C) or CpG 1826 compared with mice that were
immunized nasally with the PspA alone (p < 0.0001). No significant
differences were found in the bacterial densities in the lung among mice
immunized nasally with PspA plus LPS, Pam3CSK4, Poly(I:C) or CpG
1826 (Figure 3A). Significant decreases were also found in blood from
mice that were immunized nasally with PspA plus either Pam3CSK4,
Poly(I:C) or CpG 1826 compared with mice that were immunized
nasally with the PspA alone (p < 0.0001). No bacteria were detected in
blood samples from any of the mice that were immunized nasally with
PspA plus LPS agonist. No significant differences were found among
mice immunized nasally with PspA plus LPS, Pam3CSK4, Poly(I:C) or
CpG 1826 (Figure 3B).

Protection by PspA plus each TLR vaccine against fatal
pneumococcal pneumonia

As shown in Figure 4, the Kaplan-Meier analysis demonstrated
significant protection as evidenced by the mean survival rate for
mice that were immunized nasally with PspA plus each TLR agonist
compared with mice that were immunized nasally with PspA alone or
PBS alone. The survival rate was 90% for mice immunized nasally with
the PspA plus LPS agonist (p < 0.0001 for PspA alone or PBS alone),
70% for mice immunized nasally with PspA plus Pam3CSK4 agonist
(p = 0.0008 for PspA alone or p = 0.0006 for PBS alone), 60% for mice
immunized nasally with PspA plus Poly(I:C) agonist (p = 0.0005 for
PspA alone or p = 0.0003 for PBS alone), 50% for mice immunized
nasally with PspA plus CpG 1826 agonist (p = 0.0127 for PspA alone or
p = 0.0062 for PBS alone), respectively. No significant differences were
found among mice that were immunized nasally with PspA plus LPS,
Pam3CSK4, Poly(I:C) or CpG 1826.

Discussion

The findings reported herein provide a demonstration of the
protective effects of the nasal vaccination of a low dose of PspA plus
each TLR agonist against a fatal model of pneumococcal pneumonia
with serotype 3 S. pneumoniae WU2. Nasal vaccination of a low dose
of PspA plus each TLR agonist induced a high level of PspA-specific
IgG in the serum and a low level of PspA-specific IgG in the airways of
mice. The binding of PspA-specific IgG in sera resulted in an increase
in C3 deposition on the bacterial surfaces. Subsequently, the bacterial
densities in the lung tissues and blood were significantly decreased
in mice that were immunized nasally with PspA plus TLR agonist,
compared with the values for mice immunized nasally with a low dose
of PspA alone. The reduction in bacterial densities in lung tissues could
be explained by the sufficient extravasation of PspA-specific IgG into
the alveolar space of mice that were immunized nasally with a low
dose of PspA plus each TLR agonist [18]. Bacterial invasion into the
blood circulation was readily suppressed by PspA-specific IgG in sera of
mice immunized nasally with a low does of PspA plus each of the TLR
agonists. The survival of infected mice that were immunized nasally
with a low dose of PspA plus TLR agonist was significantly increased
compared with those of mice that were immunized nasally with a
low dose of PspA alone. These findings are in contrast with findings

reported in our previous study, showing no significant difference in -

the survival of infected mice between nasal immunization with a high
dose (2.5g) of PspA plus TLR agonist and a high dose of PspA alone
in a fatal pneumonia model using the WU?2 strain [12]. The findings
reported herein on the effect of a low dose of PspA plus TLR agonist
also suggest possibilities for the development of a cost-effective PspA
intranasal vaccine with the goal of preventing a fatal pneumonia.

We recently reported on the pivotal role of PspA-specific IgA on
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the bacterial clearance of a less virulent serotype 19F strain in the
upper airway in a mouse model of bacterial colonization [19]. Since
PspA-specific IgG was shown to be sufficient for protecting mice
against a fatal bacteremic pneumonia caused by a virulent serotype 3
strain in this study, PspA-specific IgA may not be essential for invasive
pneumococcal infections, such as bacteremic pneumonia.

While the rank orders of PspA-specific IgG induced in sera were
LPS > Pam3CSK4 > Poly(I:C) and CpG 1826, no difference was found
in the frequency of C3 deposition on bacterial surfaces in immune sera
induced by a low dose of PspA plus each TLR agonist in this study.
This discrepancy between the levels of PspA-specific IgG and the
frequencies of C3 deposition may be explained by the similar ratios
of PspA-specific IgG1 titers to IgG2a titers (1.32 to 2.33) among mice
that were immunized nasally with a low dose of PspA plus each TLR
agonist in this study, because the C3 binding activity of the IgG2a
isotype is superior to those of other IgG isotypes [20]. Although
antibacterial effects in the lung and blood were the highest in mice
that were immunized nasally with a low dose of PspA plus LPS than
those in mice immunized nasally with a low dose of PspA plus the
other TLR agonists at 24 h post-infection, no significant difference was
found in the survival rate of mice immunized nasally with a low dose
of PspA plus each TLR agonist. This discrepancy may be explained by
subsequent bacterial growth in the lungs and blood in mice that had
been immunized nasally with a low dose of PspA plus LPS as well as
mice immunized nasally with a low dose of PspA plus the other TLR
agonists later than 24 h post-infection.

Despite similar C3 binding activities of immune sera, the rank orders
for the survival rates of the immunized mice were LPS > Pam3CSK4 >
Poly(I:C) and CpG 1826, and were in agreement with those of plasma
levels of PspA-specific IgG reported in this study. Although LPS or
Pam3CSK4 demonstrated a superior adjuvant effect among the TLR
agonists tested in this study, these bacterial products are highly toxic to
humans. In contrast, a synthetic analogue of a dsSRNA compound, such
as Poly (I:C) or Poly I:PolyC12 U (Ampligen®), or CpG ODN would be
expected to be applicable as a safe mucosal adjuvant in humans [21,22].

In conclusion, the data presented here provide evidence to indicate
that intranasal immunization with a vaccine containing a low dose
of PspA plus each TLR agonist elicited a high level of systemic PspA-
specific IgG, and was capable of preventing the development of fatal
pneumococcal pneumonia in mice. An intranasal administration of
each TLR agonist in combination with a low dose PspA significantly
increased the survival rates of the infected mice in the following order:
LPS > Pam3CSK4 > Poly(I:C) and CpG ODN 1826. This study confers
an important insight regarding strategies for a cost-effective PspA
protein-based vaccine against invasive pneumococcal infections.
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The Nasal Dendritic Cell-Targeting Flt3 Ligand as a Safe Adjuvant
Elicits Effective Protection against Fatal Pneumococcal Pneumonia’
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We have previously shown that a pneumococcal surface protein A (PspA)-based vaccine containing DNA
plasmid encoding the Flt3 ligand (FL) gene (pFL) as a nasal adjuvant prevented nasal carriage of
Streptococcus pneumoniae. In this study, we further investigated the safety and efficacy of this nasal vaccine
for the induction of PspA-specific antibody (Ab) responses against lung infection with S. prneumoniae.
C57BL/6 mice were nasally immunized with recombinant PspA/Rx1 (rPspA) plus pFL three times at
weekly intervals, When dynamic translocation of pFL was initially examined, nasal pFL was taken up by
nasal dendritic cells (DCs) and epithelial cells (nECs) but not in the central nervous systems, including
olfactory nerve and epithelium. Of importance, nasal pFL induced FL protein synthesis with minimum
levels of inflammatory cytokines in the nasal washes (NWs) and bronchoalveolar lavage fluid (BALF).
NWs and BALF as well as plasma of mice given nasal rPspA plus pFL contained increased levels of
rPspA-specific secretory IgA and IgG Ab responses that were correlated with elevated numbers of CD8™
and CD11b* DCs and interleukin 2 (IL-2)- and IL-4-producing CD4" T cells in the nasal mucosa-
associated lymphoid tissues (NALT) and cervical lymph nodes (CLNs). The in vivo protection by rPspA-
specific Abs was evident in markedly reduced numbers of CFU in the lungs, airway secretions, and blood
when mice were nasally challenged with Streptococcus pneumoniae WU2. Our findings show that nasal pFL
is a safe and effective mucosal adjuvant for the enhancement of bacterial antigen (Ag) (rPspA)-specific

protective immunity through DC-induced Th2-type and IL-2 cytokine responses.

Streptococcus pneumoniae is a leading human pathogen
causing diseases ranging from otitis media to pneumonia,
bacteremia, and meningitis. This bacterium, commonly
termed the pneumococcus, can result in an estimated 1.6
million deaths per year worldwide, more than half of which
are young children in developing countries (2). Although
pneumococcal capsular polysaccharide and pneumococcal
protein-capsular conjugate vaccines can provide protective
immunity against pneumonia and invasive diseases in adults
and infants, a strong need still exists for a new generation of
effective vaccines for the prevention of all potential S. pneu-
moniae infections. In this regard, the multivalent polysac-
charide vaccines do not provide protection against strains
with nonvaccine serotypes (28, 41). Of importance, pneu-
mococcal surface protein A (PspA) has been extensively
investigated as a candidate vaccine antigen (Ag) to prevent
pneumococcal infection (5, 37). For instance, PspA-specific
antibody (Ab) enhances bacterial clearance and induces
cross-protection against infection with strains of different
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serotypes (4, 31). Further, previous studies have demon-
strated that PspA-specific Abs overcome the anticomple-
mentary effect of PspA, allowing increased complement
activation and C3 deposition on PspA-bearing bacteria
(27, 30).

Nasal immunization has been shown to preferentially in-
duce Ag-specific Ab responses-in the respiratory tract (20)
and other mucosal lymphoid tissues (10, 25, 26). To induce
maximal levels of Ag-specific immune responses in both
mucosal and systemic lymphoid tissue compartments, it is
often necessary to use a mucosal adjuvant (16, 22, 39).
Although native cholera toxin and related Escherichia coli
enterotoxin are potent mucosal adjuvant for enhancement
of Ag-specific immune responses, their application for hu-
man use is not warranted since they can cause diarrhea or
Bell’s palsy (6, 23, 29). Moreover, these toxins are known to
migrate into and accumulate in the olfactory tissues when
given nasally (40). In this regard, our previous studies dem-
onstrated that nasal application of a DNA plasmid (pFL)
containing the gene of the Flt3 ligand (FL), which is a kind
of cytokine, preferentially expanded CD8* dendritic cells
(DCs) and subsequently induced Ag-specific mucosal im-
mune responses mediated by interleukin 4 (IL-4)-producing
CD47™ T cells when mice were nasally administrated ovalbu-
min with pFL as the mucosal adjuvant (19). Further, a
combination of nasal pFL and CpG oligonucleotides as a
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double DNA adjuvant enhanced mucosal and systemic im-
mune responses via induction of plasmacytoid DCs as well
as CD8* DCs in mucosal compartments (11, 17). Nasal
administration of an adenovirus vector encoding FL cDNA
also showed enhancement and maintenance of long-term
immunity (17, 32).

In this study, we examined the safety and effectiveness of
nasal pFL as a mucosal adjuvant for the induction of func-
tional bacterial Ag (recombinant PspA [rPspA])-specific Ab
responses for protection against S. preumoniae infection in
the lower respiratory tract. Our findings show that nasal
rPspA plus pFL adjuvant successfully elicits protective im-
munity in both the upper and lower respiratory tracts by
enhancing mucosal DC-mediated Th2-type and IL-2 cyto-
kine responses without detectable cytokine-mediated in-
flammation.

MATERIALS AND METHODS

Mice. Specific-pathogen-free female CS7BL/6 mice (6 to 8 weeks old) were
purchased from Charles River Japan (Kanagawa, Japan) and used in this
study. Upon arrival, these mice were transferred to microisolators, main-
tained in horizontal laminar flow cabinets, and provided sterile food and
water as part of a specific-pathogen-free facility at Osaka University (Suita,
Japan), and all experiments were conducted in accordance with the guidelines
provided by Osaka University. All of the mice used in these assays were free
of bacterial and viral pathogens.

rPspA and adjuvants. Endotoxin-free rPspA was purified by chromatogra-
phy on a chelating Sepharose 4B column preloaded with Ni* (GE Health-
care, Piscataway, NJ) from Escherichia coli BL21(DE3) carrying pUABO055,
which comprised the first 302 of the 588 amino acids of PspA/Rx1, including
all of the o-helical region and some of the proline-rich region (3). The
plasmid pORF9-mFIt3L (pFL) consists of the pORF9-mcs vector (pORF)
plus the full-length murine FL ¢cDNA gene (InvivoGen, San Diego, CA).
These plasmids were purified using the Gene Elute endotoxin-free plasmid
kit (Sigma-Aldrich, St. Louis, MO) (19). The Limulus amebocyte lysate assay
(BioWhittaker, Walkersville, MD) resulted in <0.1 endotoxin unit of lipo-
polysaccharide (LPS) per 1 pg of plasmids or rPspA.

Nasal immunization and sample collection. Mice were immunized three
times at weekly intervals nasally with 6 pl/nostril phosphate-buffered saline
(PBS) containing 5 g of rPspA and 50 pg of pFL as a mucosal adjuvant. As
controls, mice were immunized nasally with 50 ug of pORF (empty plasmid)
and 5 pg of rPspA under anesthesia. In some experiments, mice were ad-
ministered pFL (50 pg), pORF (50 pg), rPspA (1 pg or 5 ng), native cholera
toxin (nCT) (1 pg), or PBS alone under anesthesia. Plasma, nasal washes
(NWs), and bronchoalveolar lavage fluid (BALF) were obtained as described
previously (36).

Dynamic translocation of pFL. On 12 h or 7 days after mice were nasally
given pFL (50 p.g) alone, mononuclear cells were isolated from nasal mucosa-
associated lymphoreticular tissues (NALT) and nasal passages (NPs) as de-
scribed previously (14, 19), and NALT and NP dendritic cells (DCs) were
purified by the AutoMACS cell sorter (Miltenyi Biotec, Auburn, CA) using
anti-CD11c monoclonal Ab (MAb) microbeads (19). Further, nasal epithelial
cells (nECs) and olfactory nerves and epithelium (ON/E) were isolated from
nasal passages and olfactory bulbs, respectively (14, 40). In brief, cells from
the nasal mucosa and olfactory bulb were prepared by gentle teasing through
stainless screens and were subjected to discontinuous gradient centrifugation
using 40% and 55% Percoll. Cells on the surface of the 40% layer were used
as nECs and ON/E. To further confirm the presence of nECs and ON/E, the
size and granularity of cells were determined by using flow cytometry. DNA
was then extracted from NALT, NP-DCs, nECs, and ON/E, and the ampi-
cillin resistance gene (858 bp) contained in the pFL plasmid was detected by
a primer-specific PCR method. The sense primer was 5'-CCA ATG CTT
AAT CAG TGA GGC-3', and the anti-sense primer was 5'-ATG AGT ATT
CAA CAT TTC CGT GTC G-3'. The PCR products were separated by
electrophoresis in 2% agarose gels and visualized by UV light illumination
following ethidium bromide (0.5 mg/ml) staining (19).

Analysis of FL protein synthesis, Twelve hours after nasal administration of
pFL (50 ng), empty plasmid (50 wg), rPspA alone, or PBS, DCs from NALT
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and NPs and nECs and ON/E were purified aseptically as described above and
were then cultured for 48 h (2 X 10° cells/ml) in complete medium. The
concentrations of FL protein secreted into the medium were determined by
FL-specific enzyme-linked immunosorbent assay (ELISA) (Quantikine M
mouse FlIt3 ligand ELISA kit; R & D Systems, Minneapolis, MN). Mice were
next nasally immunized weekly for three consecutive weeks with rPspA (5 p.g)
plus pFL (50 pg) or pORF (50 ng), rPspA alone (5 pg), or PBS, and 1 week
after the last immunization, the FL protein in nasal washes (NWs) and
bronchoalveolar lavage fluid (BALF) was determined by FL-specific ELISA
(R & D Systems).

Detection of inflammatory cytokines in mucosal secretion. In order to deter-
mine inflammatory cytokines by nasal application of pFL, NWs and BALF
were collected 5 days after the nasal administration of pFL (50 pg), pORF
(50 pg), rPspA (1 pg or 5 pg), or native cholera toxin (1 pg). Next, the
mucosal secretion samples were subjected to ELISA specific to IL-18, IL-6 (R
& D Systems), and tumor necrosis factor alpha (TNF-o) according to the
manufacturer’s instructions (eBioscience, San Diego, CA).

rPspA-specific Ab assays. In order to examine mucosal and systemic im-
mune responses to Ag, rPspA-specific IgA and IgG antibody (Ab) levels in
plasma, NWs, and BALF were determined by ELISA on day 7 after the last
immunization, as described previously (18, 19, 32). Briefly, 96-well Falcon
microtest assay plates (BD Biosciences, Oxnard, CA) were coated with 1
pg/ml of rPspA in PBS. After incubating serial dilutions of samples, horse-
radish peroxidase-conjugated goat anti-mouse IgM, IgG, IgGl, IgG2a,
1gG2b, IgG3, or IgA (Southern Biotechnology Associates Inc., Birmingham,
AL) was added to wells. The color reaction was developed for 15 min at room
temperature. Endpoint titers were expressed as the reciprocal log, of the last
dilution that gave an optical density at 415 nm (OD,,s) of 0.1 greater than the
background level. Further, mononuclear cells obtained from spleen, NALT,
cervical lymph nodes (CLNs), mediastinal lymph nodes (MeLNs), NPs, and
lungs were subjected to an enzyme-linked immunospot (ELISPOT) assay in
order to determine the numbers of Ag-specific Ab-forming cells (AFCs) (18,
19). In brief, mononuclear cells in the spleen, NALT, CLNs, and MeLNs were
isolated aseptically by a mechanical dissociation method using gentle teasing
through stainless steel screens as described previously (14). For isolation of
mononuclear cells from NPs, a modified dissociation method was used based
upon a previously described protocol (18). Mononuclear cells from lungs
were isolated by a combination of an enzymatic dissociation procedure with
collagenase type IV (0.5 mg/ml; Sigma-Aldrich) followed by discontinuous
Percoll (Amersham Biosciences, Arlington Heights, IL) gradient centrifuga-
tion.

Flow cytometric analysis. To characterize the phenotype of DCs, aliquots of
mononuclear cells (0.2 X 10° to 1.0 X 10° cells) were isolated from various
lymphoid compartments 1 week after the last immunization with rPspA plus
pFL or pORF. The cells were stained with fluorescein isothiocyanate (FITC)-
conjugated anti-mouse CD11b, CDS8, or B220 MAbs (BD Biosciences). In
some experiments, mononuclear cells were incubated with phycoerythrin
(PE)-labeled anti-mouse I-A®, CD11lc, CD40, CD80, or CD86 MAbs (BD
Biosciences) and biotinylated anti-mouse CD11lc MAbs (BD Biosciences),
followed by CyChrome-streptavidin. These samples were then subjected to
flow cytometry analysis (FACSCalibur; BD Biosciences) for cell subset anal-
ysis (19).

rPspA-specific CD4™ T cell responses and cytokine-specific ELISA. CD4* T
cells from lungs, CLNs, and spleen were purified using an automatic cell
sorter (AutoMACS) system (Miltenyi Biotec) as described previously (18,
19). The purified CD4™" T cell fraction (>97% CD4™ and >99% viable) was
resuspended in RPMI 1640 (Sigma-Aldrich) supplemented with HEPES buf-
fer (10 mM), L-glutamine (2 mM), nonessential amino acid solution (10
wl/ml), sodium pyruvate (10 mM), penicillin (100 U/ml), streptomycin (100
pg/ml), gentamicin (80 pg/ml), and 10% fetal calf serum (FCS) (complete
medium; 4 X 10° cells/ml) and cultured in the presence of T cell-depleted,
complement- and mitomycin-treated splenic Ag-presenting cells taken from
nonimmunized, normal mice with or without 2 ug/ml rPspA. To assess rPspA-
specific T cell proliferative responses, an aliquot of 0.5 nCi of tritiated
[*HJTdR (PerkinElmer Japan Co., Ltd., Japan) was added during the final
18 h of incubation, and the amount of [?’H]TdR incorporation was determined
by scintillation counting (19). The culture supernatants were collected on day
five and analyzed using gamma interferon (IFN-vy)-, IL-2-, IL-4-, IL-5-, IL-6-,
and IL-10-specific ELISA kits (eBioscience). The detection limit for each
cytokine was as follows: 15 pg/ml for IFN-v, 2 pg/ml for IL-2, 4 pg/ml for IL-4,
IL-5, and IL-6, and 30 pg/ml for IL-10.

Pneumococcal infection. Mice were nasally challenged with a serotype 3 S.
pneumoniae strain (WU2) with a mucoid phenotype at a dose of 1.8 % 107
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FIG. 1. (A to C) Translocation of FL plasmid after nasal administration of pFL (A), FL protein production by nasal DCs and epithelial cells
(B), and expression of the FL protein in mucosal secretions (C). (A) Twelve hours (left) or 7 days (right) after nasal application of pFL (50 jug),
the DNA samples were extracted from 1.0 X 10° (each) cells of the olfactory nerve and epithelium (ON/E; lane 2), NALT-DCs (lane 3), NPs-DCs
(lane 4), and nasal epithelial cells (nECs; lane 5). In order to show the presence of plasmid in these cell populations, the ampicillin resistance gene
(858 bp) contained in pFL was detected by PCR using specific primers. pFL (0.1 pg) was employed as a positive control (lane 1). (B) Mice were
nasally administered pFL (50 w.g; black column), pORF (50 pg; white column), rPspA (5 j.g; shaded column), or PBS (hatched column). Twelve
hours later, NALT-DCs, NPs-DCs, nECs, and ON/E were isolated and cultured (2 X 10° cells/ml, respectively) for 48 h in complete medium. The
concentration of FL protein secreted in medium was measured by FL-specific ELISA. The values shown are the means = SEM for 30 mice for
each group and a total of three experiments. *, P < 0.05 compared with results for the mouse group given pORF, rPspA, or PBS. (C) Mice were
nasally immunized weekly for three consecutive weeks with rPspA (5 pg) plus pFL (50 pg; black column) or pORF (50 pg; white column), rPspA
alone (5 pg; shaded column), or PBS (hatched column). One week after the last immunization, NWs and BALF (100 pl, respectively) were
collected and subjected to FL-specific ELISA. The values shown are the means = SEM of data for 30 mice for each group and a total of three
experiments. *, P < 0.05 compared with results for mouse group given pORF, rPspA, or PBS.

CFU (20 pl). Forty-eight hours after the bacterial challenge, the lungs were night. The detection limit of bacterial culture was 10> CFU/g. The 50% lethal

removed aseptically and homogenized in 9 ml of sterile saline per gram of dose was calculated to be 2.5 X 10° CFU.

lung tissues. NWs and blood were collected as described above. Bacterial Statistical analysis. Each result is expressed as the mean = 1 standard error
colonies were counted by plating lungs, NWs, and blood (50 pl, respectively) of the mean (SEM). All mouse groups were compared with control mice using
on horse blood agar (BD Biosciences), followed by incubation at 37°C over- an unpaired Mann-Whitney U test by using the Statview software program
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FIG. 2. Inflammatory cytokine production in NWs (white column) and BALF (black column). Mice were nasally administered native cholera
toxin (nCT) (1 ug), rPspA (1 or 5 pg), pORF (50 ug), or pFL (50 wg). Five days later, NWs and BALF were collected and subjected to IL-18-,
IL-6-, and TNF-a-specific ELISA. The values shown are the means = SEM of data for 30 mice for each group and total of three experiments. *,
P < 0.05; **, P < 0.01 (compared with results for mouse group given nCT).

(Abacus Concepts, Cary, NC), designed for Macintosh computers, with Bon-
ferroni’s correction. P values of <0.05 or <0.01 were considered significant.

RESULTS

Tracking plasmid expression and FL protein synthesis. In
order to examine safety of pFL for nasal application, we ini-
tially traced plasmid-specific ampicillin resistance gene expres-
sion by nasal DCs, nECs, and the ON/E. DCs from NALT and
NPs, as well as nECs, possessed the ampicillin resistance gene
12 h after nasal administration of pFL (Fig. 1A, left). Of
interest, on 7 days after nasal pFL application, the ampicillin
resistance gene was detected only in nECs (Fig. 1A, right).
Further, NALT-DCs, NP-DCs, and nECs of mice given nasal
pFL produced significantly elevated levels of the FL protein
compared with those of mice given nasal pORF (empty plas-
mid), rPspA alone, or PBS (Fig. 1B). In addition, nasal appli-
cation of the combination of rPspA and pFL resulted in FL
protein production comparable to that with nasal application
of pFL alone (data not shown). However, FL protein synthesis
in mice given nasal rPspA plus pORF was at essentially the
same level as that seen in mice given pORF or rPspA alone
(data not shown). Thus, NWs and BALF from mice given nasal
pFL plus rPspA contained significantly higher levels of FL than
those from mice given nasal pORF plus rPspA, rPspA alone,

or PBS only (Fig. 1C). On the other hand, of importance, no
plasmid-specific genes were essentially detected in the ON/E of
mice given nasal pFL (Fig. 1A). Thus, the culture supernatants
of ON/E did not contain detectable levels of the FL protein
(Fig. 1B). These results show that pFL is largely present in
nasal DCs and nECs but not in the ON/E and suggest that pFL
on nECs may maintain production of the FL protein.

Nasal pFL induces lower levels of inflammatory cytokines
than nCT. Although pFL was not taken up by the central
nervous system, it is important to show that FL produced in the
nasal cavity does not induce inflammatory responses. In this
regard, the levels of IL-1B, IL-6, and TNF-o production in
NWs and BALF were examined 5 days after nasal administra-
tion with rPspA, pOREF, native cholera toxin (nCT), or pFL.
The levels of inflammatory cytokine synthesis in NWs and
BALF of mice given nasal pFL were essentially the same as or
lower than that of mice given nasal rPspA or pORF alone (Fig.
2). Similarly, nasal application of rPspA plus pFL resulted in
low levels of inflammatory cytokine production which were
similar to those seen in pFL alone (data not shown). Con-
versely, nasal nCT induced markedly high levels of these in-
flammatory cytokines (Fig. 2). These results show that nasal
pFL application does not elicit unnecessary inflammatory re-
sponses in the nasal mucosa.
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FIG. 3. Mucosal immune responses to rPspA in external secretions and mucosal lymphoid tissues. C57BL/6 mice were nasally immunized three
times at weekly intervals with rPspA (5 pg) plus pFL (50 pg; black column) or pORF (50 pg; white column), rPspA alone (shaded column), or
rPspA (5 pg) plus nCT (1 pg; hatched column). (A) Seven days after the last immunization, the levels of rPspA-specific IgA Abs in NWs and BALF
were determined by rPspA-specific ELISA. (B) Seven days after the last immunization, mononuclear cells isolated from NPs, CLNs, NALT, lungs,
and MeLNs were subjected to ELISPOT assay to determine the numbers of Ag-specific IgM, IgG, and IgA Ab-forming cells (AFCs). The values
shown are the means = SEM (n = 20). %, P < 0.05; **, P < 0.01 (compared with mouse group given rPspA alone). T, P < 0.05 (compared with
mouse group given rPspA plus pORF).

Induction of rPspA-specific Ab responses in mucosal and mice nasal rPspA plus pFL resulted in significantly increased
systemic tissues of mice given rPspA plus pFL. We next ex- levels of rPspA-specific IgA Ab responses in NWs and BALF
amined whether nasal administration of pFL as a mucosal compared with results for mice given nasal rPspA plus pPORF
adjuvant would enhance rPspA-specific Ab responses. Giving or rPspA Ag alone (Fig. 3A). The levels of rPspA-specific IgA
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Ab responses for mice given rPspA plus pFL were comparable
to those seen for mice given nasal nCT vaccination (Fig. 3A).
To further support these findings, elevated numbers of PspA-
specific IgA AFCs were detected in NPs, CLNs, NALT, lungs,
and MeLNs of mice given nasal rPspA and pFL (Fig. 3B). In
addition, significantly higher numbers of rPspA-specific IgG
and/or IgM AFCs were seen for mice given pFL as a nasal
adjuvant than for mice given nasal pORF or rPspA alone (Fig.
3B). These results clearly show that pFL as a nasal adjuvant
effectively elicits rPsp-specific Ab responses in mucosa-associ-
ated lymphoid tissues in the respiratory tract. Since nasal im-
munization is known to induce systemic immunity in addition
to the mucosa, rPspA-specific Ab responses in plasma and
spleen were examined. Nasal pFL as a mucosal adjuvant suc-
cessfully enhanced rPspA-specific IgG and IgA Ab responses
in plasma which are comparable to those responses seen in
mice given nasal rPspA plus nCT (Fig. 4A). Thus, significantly
increased numbers of rPspA-specific IgM, IgG, and IgA AFCs
were seen in spleen of mice given pFL as a nasal adjuvant (Fig.
4B). When the levels of rPspA-specific IgG subclass Ab re-
sponses were examined, increased levels of anti-rPspA IgGl,
IgG2a, and IgG2b Abs were noted for mice given nasal rPspA
plus pFL compared with those Ab responses for mice given
rPspA plus pORF or rPspA alone (Fig. 4A). Essentially no
IgG3 Ab response against rPspA was detected. Taken to-
gether, pFL. as a nasal adjuvant effectively induces rPspA-
specific Ab responses in both mucosal and systemic immune
compartments.

Nasal rPspA plus pFL leads CD11b™ and CD8™ DCs. Since
our previous studies reported that nasal pFL plus ovalbumin as
an Ag elicited expansion of CDS8-expressing lymphoid-type
CD11c* DCs (19), we next characterized CD11c* DCs in the
various mucosal tissues of mice given rPspA plus pFL or
pOREF. Nasal immunization of rPspA plus pFL significantly
increased the frequency of CD11c™ cells in both mucosal and
systemic tissues compared with results for mice given rPspA
plus pORF (Table 1). Interestingly, the numbers of CD8" DCs
were increased in all tissues of mice given pFL as a nasal
adjuvant compared with those numbers for mice given nasal
pORF. In addition, increased frequencies of CD11b* DCs
were noted in NALT, NPs, CLNs, and spleen. In contrast,
increased frequencies of B220" DCs were seen only in CLNs
(Table 1). Further, higher expression of major histocompati-
bility complex class II (MHC II), CD40, CD80, and CD86 was
seen on CD11¢™ DCs (Table 1). CD8* and CD11b™ DCs from
NALT, lungs, and NPs were also examined by fluorescence-
activated cell sorting (FACS) for expression of costimulatory
molecules. Our results showed increased frequencies of co-
stimulatory molecule expression by CD8" and CD11b™* DCs in
the tissues of mice given nasal pFL compared with those in
control groups (Table 2). Taken together, these results indicate
that nasal administration of rPspA plus pFL preferentially
expands the numbers of CD8" and CD11b™ DC populations
which express elevated levels of costimulatory molecules.

Thl- and Th2-type cytokine responses by PspA-specific
CD4* T cells. We next assessed rPspA-specific CD4™ T cell
responses induced by pFL as a mucosal adjuvant. rPspA-stim-
ulated CD4" T cells from lungs, CLNs, and spleen of mice
given nasal rPspA plus pFL showed significantly higher prolif-
erative responses than did those from mice nasally immunized
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FIG. 4. Comparison of rPspA-specific Ab responses in plasma and
spleen cells of mice given nasal rPspA plus pFL (black column) or
PORF (white column), rPspA alone (shaded column), or rPspA plus
nCT (hatched column). Each mouse group was nasally immunized
weekly for three consecutive weeks. (A) Seven days after the last
immunization, rPspA-specific IgM, 1gG, IgA, and IgG subclass Ab
responses in plasma were determined by Ag-specific ELISA. An rP-
spA-specific IgG3 Ab response was not detected. (B) Seven days after
the last immunization, mononuclear cells were isolated from spleens
and were then subjected to ELISPOT assay to determine numbers of
rPspA-specific IgM, IgG, and IgA AFCs. The values shown are the
means = SEM (n = 20). *, P < 0.05; *+, P < 0.01 (compared with
results for mouse group given rPspA alone). T, P < 0.05 (compared
with results for mouse group given rPspA plus pORF).

with tPspA plus pORF (Table 3). In this regard, when Thl-
and Th2-type cytokine profiles were examined, PspA-stimu-
lated CD4™" T cells from mice given pFL as a nasal adjuvant
exhibited higher levels.of IL-2, IL-4, IL-5, and IL-6 production
than those in control mice. On the other hand, levels of IFN-y
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