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The paramyxovirus simian virus 5 (SV5) is a poor activator of human dendritic cell (DC) maturation
pathways in vitro, and infected DC do not upregulate cell surface costimulatory proteins or secretion of
immunomodulatory cytokines. We evaluated the hypothesis that activation of SV5-infected DC would be
enhanced by engineering SVS5 to express a Toll-like-receptor (TLR) ligand. To test this hypothesis, a novel virus
was engineered such that the gene encoding an intracellular form of the TLRS ligand flagellin was expressed
from the genome of wild-type (WT) SV5 (SV5-flagellin). Cells infected in vitro with the flagellin-expressing
virus released low levels of biologically active flagellin, which was capable of stimulating TLRS signaling.
Infection of human peripheral blood mononuclear cell-derived immature DC with SV5-flagellin resulted in
enhanced levels of interleukin-6 (IL-6) and IL-12 compared to infection with DC with the parental virus, WT
SVS5. In contrast to cytokine induction, the flagellin-expressing virus did not appreciably increase DC surface
expression of the costimulatory molecule CD80 or CD86 above the level seen with WT SV5 alone. In mixed-
culture assays, DC infected with the flagellin-expressing virus were more effective at activating gamma
interferon secretion from both CD8* and CD4™ allogeneic T cells than DC infected with WT SV5. Our results
with SV5-directed intracellular expression of flagellin may be applicable to other vectors or pathogenic viruses
where overcoming impairment of DC activation could contribute to the development of safer and more effective

vaccines.

Dendritic cells (DC) are important professional antigen-
presenting cells that are capable of recognizing microbial prod-
ucts and promoting innate and adaptive immune responses (5,
38). Upon sensing viral components, DC are triggered to un-
dergo a conversion from a phenotype termed immature into a
form that is capable of activating naive-T-cell functions, such
as proliferation, cytokine secretion, and cytolytic activity (5,
38). These DC activation events include increased cell surface
expression of costimulatory molecules, such as CD40, CD80,
and CD86, as well as increased capacity to secrete immuno-
modulatory cytokines, such as interleukin-12 (IL-12), IL-6, and
tumor necrosis factor alpha (TNF-a) (5, 14, 38). As such, the
ability of DC to be activated in response to infection has
important consequences for development of immunity against
viruses. Here we describe engineering the paramyxovirus sim-
ian virus 5 (SV5) to be more effective at activating human DC
to stimulate T-cell function in vitro.

Many viruses are poor activators of DC, with infected im-
mature DC showing only limited production of cytokines or
upregulation of costimulatory molecules (28). Examples in-
clude herpes simplex virus, cytomegalovirus (CMV), vaccinia
virus, measles virus (MeV), influenza virus, Lassa fever virus,
poliovirus, and Ebola virus (4, 9, 17, 18, 20, 36, 43). This lack
of activation of infected DC can result from virus-induced
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suppression of signaling pathways. For example, CMV infec-
tion of immature DC fails to induce an increase in maturation
markers and makes infected cells refractory to activation in-
duced by external stimuli (36). Likewise, DC infected with
respiratory syncytial virus (RSV) or MeV are blocked in their
response to single-stranded-RNA and double-stranded-DNA
agonists (40).

Like many other paramyxoviruses, SV5 is a poor inducer of
DC responses in vitro. SV5 establishes a highly productive
infection of human immature DC, but infected cells show very
little cytokine secretion or upregulation of maturation markers
(2). We previously engineered a recombinant SV5 mutant (P/
V-CPI-) (44) to carry six substitutions in the viral P/V gene,
which encodes both the phosphoprotein P subunit of the viral
polymerase (30) and the V protein, which counteracts antiviral
responses (15, 22). While the P/V-CPI— mutant is more effec-
tive than wild-type (WT) SV5 at inducing DC activation in
vitro, P/V-CPI— replication is restricted, and infected DC
show only a small upregulation of costimulatory markers (2).
In light of recent work proposing SVS as a vaccine vector (11,
37, 42), these results raise the question of whether WT SV5
could be engineered to provide stronger signals to drive a more
complete activation of DC.

Virus-induced DC activation can occur through recognition
of components of the incoming virion particle or newly syn-
thesized viral components (8, 28, 32, 38). A major mechanism
of virus-induced DC activation involves signaling through the
Toll-like-receptor (TLR) pathways (26, 41). Individual TLRs
can recognize a specific class of microbial components and
initiate a cascade of DC intracellular signaling events that
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results in increased costimulatory marker expression and in-
flammatory responses. In the case of RNA viruses, important
TLRs include TLR3, which recognizes double-stranded RNA
(1), and TLR7 and TLRS, which recognize single-stranded
RNA (33). In addition, viral glycoproteins have been reported
to activate TLR2 or TLR4 in the case of mouse mammary
tumor virus, MeV, and RSV (reviewed in reference 8).

TLR ligands have been proposed as new therapeutic tools to
promote innate and adaptive immunity, and agonists for
TLR-4, -5, -7, and -9 have shown great promise as vaccine
adjuvants (reviewed in reference 27). As a TLRS ligand, bac-
terial flagellin is a potent stimulus that when instilled into the
respiratory tract results in a localized and transient infiltration
of neutrophils and the production of immunomodulatory cy-
tokines (23). Flagellin has a number of properties that make it
a highly attractive adjuvant: (i) it is effective at very low doses;
(ii) it does not promote immunoglobulin E responses; (iii)
prior immunity to flagellin does not impair its adjuvant activity;
(iv) antigen sequences can be inserted into selected regions of
the protein without any loss of TLRS signaling; (v) when given
intranasally or intramuscularly, flagellin does not exhibit any
detectable toxicity in adult mice or nonhuman primates; and
(vi) the binding of flagellin to TLR5 on DC may enhance the
uptake and thus the processing of antigens (reviewed in refer-
ence 24).

Given that WT SV5 is a poor inducer of DC maturation (2,
3), we tested the hypothesis that the DC-activating properties
of flagellin could be transferred to SV5 vectors. Here we dem-
onstrate that engineered expression of flagellin overcomes the
inherent nonstimulatory properties of SV5 infection of human
DC in vitro, resulting in increased ability of these infected DC
to activate T-cell functions. Our results with SV5-directed ex-
pression of flagellin may be applicable to other vectors or
pathogenic viruses, for which it has been proposed that over-
coming impairment of DC activation could contribute to de-
velopment of safer and more effective vaccines (3, 18, 32, 40).

MATERIALS AND METHODS

Viruses, cytokines and cells. An SV5 expressing green fluorescent protein
(GFP) was recovered as described previously (44) from a cDNA plasmid kindly
provided by Robert Lamb (Northwestern University) and Biao He (Penn State
University). P/V-CPI— virus was recovered from cDNA and grown in Vero cells
as described previously (44). WT SV5 was engineered to contain the flagellin
gene inserted between the HN and L genes using standard molecular biology
techniques (details available upon request). Briefly, the previously described
DNA encoding flagellin from Salmonella enterica serovar Enteritidis (34) was
modified by PCR to contain Stul and Sall sites in the 5’ and 3’ noncoding
regions, respectively. The resulting DNA fragment was ligated into the EcoRV
and Sall sites located between the HN-L gene end and gene start sequences, and
the virus (SV5-flagellin) was recovered as described previously (44). Viruses
were concentrated by centrifugation through a glycerol cushion, and titers were
determined on CV-1 cells (2). IL-4 and granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) were produced from recombinant baculoviruses (details
available on request).

Monolayer cultures of A549 were grown in Dulbecco’s modified Eagle’s me-
dium containing 10% fetal bovine serum. Human immature DC were prepared
from peripheral blood mononuclear cells (PBMC) (2). Briefly, PBMC were
isolated from randomly selected healthy donors by standard density gradient
centrifugation on Ficoll-Hypaque. CD14™" cells were isolated by positive selec-
tion using CD14 microbeads. Typically, the purity of monocytes isolated by this
procedure was =95%. Enriched CD14™" cells (10° cells/ml in 5 ml) were cultured
for 6 days in culture medium containing 10 ng/ml human IL-4 and 10 ng/ml
human GM-CSF. On day 3, half of the medium was replaced with fresh medium
supplemented with cytokines to the above final concentrations. More than 95%
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of the resulting cell population was CD11c™ (data not shown). Cells were col-
lected on day 6 and infected as described previously (2). In some experiments,
flagellin or lipopolysaccharide (LPS) was added to cultures immediately after
resuspending in medium or at 7 h postinfection (p.i.) (3) at final concentrations
indicated in the figure legends.

Purification and assays for biologically active flagellin. Recombinant His-
tagged flagellin was produced and purified using metal affinity chromatography
and Acrodisc Mustang Q and E membranes (Pall Corporation, Ann Arbor, MI)
to remove endotoxins and nucleic acids as described previously (34). Contami-
nating endotoxin levels were verified to be less than 10 pg LPS per pg of protein
by Limulus amebocyte lysate assay (Associates of Cape Cod, Inc., East Falmouth,
MA). To determine the biological activity of flagellin from infected cells, imma-
ture DC were mock infected or infected at a multiplicity of infection (MOI) of
5 with SV5-flagellin. Medium was collected at 4, 10, and 22 h p.i. and treated with
UV light to inactivate virus as described previously (44). TLR5-negative
RAW264.7 cells or RAW264.7 cells stably expressing murine TLRS fused to
enhanced yellow fluorescent protein (45) were incubated with medium samples
for 4 h, and then levels of released TNF-a were assayed by enzyme-linked
immunosorbent assay (ELISA).

Western blotting, immunofluorescence, and flow cytometry. Six-well dishes of
cells were infected with viruses as described in the figure legends. At each time
point, cells were washed with phosphate-buffered saline and lysed in 1% sodium
dodecyl sulfate (SDS). The protein concentrations of cell lysates were deter-
mined by a bicinchoninic acid assay (Pierce Chemicals), and equivalent amounts
of protein were analyzed by SDS-polyacrylamide gel electrophoresis and West-
ern blotting using rabbit polyclonal antiserum specific for SV5 P or for flagellin
or with a mouse monoclonal antibody specific for actin (Sigma A5316). Extra-
cellular medium was concentrated by trichloroacetic acid precipitation for anal-
ysis of released flagellin by SDS-polyacrylamide gel electrophoresis. Samples
were analyzed by horseradish peroxidase-conjugated secondary antibodies and
enhanced chemiluminescence (Pierce Chemicals).

For immunofluorescence, A549 cells were mock infected or infected at an
MOI of 10, and at 20 h p.i., cells were fixed in 4% paraformaldehyde and
permeabilized with 0.01% saponin in phosphate-buffered saline for 10 min at
room temperature. Cells were stained with chicken antiflagellin (1:200 dilution)
followed by Alexafluor 568-conjugated goat anti-chicken antibody (1:500 dilu-
tion) raised against purified flagellin. Alternatively, DC were stained with a
monoclonal antibody specific for the WT sequence of the shared N-terminal
region of the SV5 P and V proteins (V5 antibody; Invitrogen) followed by
phycoerythrin (PE)-conjugated anti-mouse antibody. Microscopy was carried out
as described previously (3) using a Nikon Eclipse fluorescence microscope and a
20X lens. Images were captured using a QImaging digital camera and processed
using QCapture software. Exposure times were manually set to be constant
between samples.

For detection of surface markers, DC were stained with the following conju-
gated monoclonal antibodies according to the manufacturer’s recommendations:
CD11c¢ (B-ly6), CD14 (M5E2), CD80 (1307.4), and CD86 (FUN-1), all from BD
Pharmingen (San Diego, CA). Samples were analyzed on a FACScan instrument
using Cell Quest software (Becton Dickinson, San Diego, CA). Apoptotic mark-
ers were measured by intracellular staining for active caspase-3 using PE-conju-
gated polyclonal anti-caspase-3 antibody (Pharmingen, San Diego, CA) along
with CD11c-allophycocyanin or by measuring cell surface staining with PE-
conjugated annexin V. Samples were analyzed by flow cytometry.

ELISAs. ELISAs were performed using OptEIA sets for human IL-6 and
IL-12 (p40) or for mouse TNF-a (BD Pharmingen) per the manufacturer’s
instructions. For experiments with A549 cells, a parallel sample of uninfected
cells was counted at 24 h p.i. for use in normalizing secretion levels to the value
obtained for 10° cells.

T-cell-activation assay. Immature DC were mock infected or infected at an
MOI of 5 with SV5 viruses. In some samples, LPS (200 ng/ml; Invivogen, San
Diego, CA) or flagellin (5 ng/ml) was added at 7 h p.i. as described previously (3).
At 22 h p.i., samples were irradiated (3,000 rads), and 2.5 X 10* DC were
cultured with 2.5 X 10° allogeneic responder T cells. Mixed cultures were incu-
bated for 3 days in 96-well round-bottom plates in a total volume of 200 pl/well
of complete culture medium at 37°C in 5% CO,. Cells were harvested and
stimulated with or without 5 X 10° DC in the presence of Golgi-plug (BD
Biosciences) for 5 h. Cells were then stained with CD8 and CD4 antibodies,
followed by fixation, permeabilization, and intracellular staining with anti-IFN-y
antibodies. Flow cytometry was used to measure intracellular IFN-y levels in
CD8" and CD4™ T cells. Student’s ¢ test was used to determine significance
between samples. No differences between results obtained with and without DC
restimulation were seen.
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FIG. 1. Recombinant SV5 expressing flagellin. (A) The SV5 genome structure is shown schematically as negative-sense RNA, with an
additional gene (GFP or flagellin) inserted between HN and L. The shaded box shows the shared N-terminal region of P and V protein, which
contains the six CPI— amino acid substitutions. le, leader; tr, trailer. (B) Flagellin expression. A549 cells were mock infected or infected at an MOI
of 5 with SV5-GFP or SV5-flagellin. At 20 h p.i., cell lysates were analyzed by Western blotting for P protein, flagellin, or cellular actin.
(C) Intracellular expression of flagellin. A549 cells that had been mock infected or infected with SV5-flagellin were permeabilized at 20 h p.i. and
stained with chicken antiflagellin antiserum as described in Materials and Methods. DAPI (4',6'-diamidino-2-phenylindole) staining was used to

visualize the nucleus.

RESULTS

Intracellular expression of flagellin from WT SV5. We
tested the hypothesis that expression of a TLR agonist in the
context of SV5-infected cells promotes more extensive cyto-
kine production and costimulatory molecule expression than
those seen with WT SV5. Bacterial flagellin was chosen as the
agonist for engineered expression, since it is a polypeptide and
its stimulatory effect in vitro is well characterized (21, 24, 35).
As shown schematically in Fig. 1A, a recombinant virus (SV5-
flagellin) was generated such that the GFP gene between HN
and L in the WT SV5-GFP genome was replaced with the open
reading frame for flagellin from S. enterica serovar Enteritidis.
The P/V-CPI— virus was used as a positive control, since we
showed previously that this mutant SV5 induces small in-
creases in DC maturation markers and cytokines and that
infected DC are capable of stimulating T cells in vitro (2).

As shown in the Western blot in Fig. 1B, high levels of
flagellin were expressed in A549 cells infected with SV5-flagel-
lin. Flagellin accumulated in the cytoplasm of A549 cells in-
fected with SV5-flagellin (Fig. 1C), consistent with the SV5-
expressed flagellin lacking a signal sequence for secretion. The
expression of flagellin from the SV5 genome had no apprecia-
ble effect on virus multistep or single-step growth kinetics (Fig.
2A and B), and virus yields from infected A549 cells were
similar to the yield seen with WT SV5-GFP and the P/V-CPI—
virus.

WT SV5-GFP is largely noncytopathic in human epithelial
cells (12, 44), while the P/V-CPI— induces high levels of ap-
optotic markers (19, 44). At late times after infection with
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FIG. 2. Growth and cytopathic effect of SV5-flagellin infection.
A549 cells were infected at an MOI of 0.05 (A) or 5 (B) with the
indicated viruses, and virus titers were determined at the indicated
times p.i.. Results are means for triplicate samples, and error bars
represent standard deviations from the means. (C and D) A549 cells
were mock infected or infected at an MOI of 10 with the indicated
viruses. Levels of cleaved caspase-3 and cell surface annexin V staining
were determined at 24 and 48 h p.i. as described in Materials and
Methods.
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FIG. 3. Release of flagellin and IL-6 from epithelial cells infected with SV5-flagellin. (A and B) IL-6 secretion. A549 cells were mock infected
or infected at an MOI of 5 (A) or 0.05 (B) with the indicated viruses. Levels of IL-6 released into the media at the indicated times p.i. were
determined by ELISA and were normalized to the value obtained for 10° cells. (C) A549 cells were infected at an MOI of 10 with the indicated
viruses, and levels of extracellular IFN-B were determined at 24 h p.i.. Results are means for triplicate samples, and error bars represent standard
deviations from the means. (D) Flagellin release. A549 cells were mock infected (lane M) or infected at an MOI of 10 with SV5-GFP (lanes S),
P/V-CPI— (lanes C), or SV5-flagellin (lanes SF). At 24 h p.i., media and cell lysates were isolated and analyzed by Western blotting with
antiflagellin antiserum as described in Materials and Methods. “Media,” total flagellin released from infected cells; “Intracellular,” one-eighth of

total cell lysate.

SV5-flagellin, A549 cells showed levels of cleaved caspase-3
(Fig. 2C) and cell surface annexin V staining (Fig. 2D) that
were only slightly higher than those seen with WT SV5-GFP
and well below those seen with P/V-CPI—. Thus, intracellular
expression of bacterial flagellin has little effect on SV5 growth
or on the noncytopathic nature of SV5 infections of epithelial
cells.

To determine if the flagellin-expressing virus induced proin-
flammatory cytokine secretion, A549 cells were infected at a
high MOI, and IL-6 released into the media at various times
p.i. was quantitated. As shown in Fig. 3A, infection with SV5-
GFP induced very little IL-6 secretion, whereas the P/V-CPI—
virus induced high levels of IL-6, as shown previously (46).
Cells infected with SV5-flagellin responded similarly to those
infected with P/V-CPI—, and high levels of IL-6 secretion were
detected as early as 16 h p.i.. After low-MOI infection, the
flagellin-expressing virus induced a level of IL-6 secretion sim-
ilar to that seen with the P/V-CPI— virus and much lower than
that seen with parental SV5-GFP (Fig. 3B). Final levels of IL-6
secretion after high- and low-MOI infections with SV5-flagel-
lin differed ~6-fold, which is within the variability typically
seen in our experiments with SV5-infected A549 cells (16, 46).
It is unlikely that this reflects differences in cytopathic effect or
virus growth, since these parameters were similar for SV5-GFP
and the flagellin-expressing viruses. However, this could reflect
differences in cell number, cell confluence, or time in culture.
The activation of beta interferon (IFN-B) secretion by SV5-

flagellin differed from activation of IL-6. This is evident in Fig.
3C, which shows that A549 cells infected with SV5-flagellin
secreted low levels of IFN-B8 compared to cells infected with
P/V-CPI— (44). Thus, SV5-directed expression of flagellin in
human epithelial cells induces high levels of IL-6 secretion
similar to P/V-CPI—, but IFN- secretion is low, similar to that
seen in cells infected with WT SV5-GFP.

Since flagellin promotes inflammatory responses through
binding to cell surface TLR5 (21, 45), the finding that SV5-
flagellin stimulated IL-6 secretion suggested that flagellin was
released from infected cells. To directly test this, A549 cells
were mock infected or infected at a high MOI with SV5-GFP,
P/V-CPI—, or SV5-flagellin. At 24 h p.i., media and cell lysates
were isolated and separately analyzed for levels of flagellin by
Western blotting. As shown in Fig. 3D, high levels of flagellin
were detected in lysates from cells infected with SV5-flagellin
(lanes SF) but not in control samples. Much lower levels of
flagellin were released from cells infected with SV5-flagellin,
consistent with the increased secretion of IL-6 induced by
these viruses. Quantitative Western blotting indicated that the
level of released flagellin at 24 h p.i. represented ~0.1% of the
accumulated intracellular levels (data not shown). The above
data obtained with A549 cells indicate that SV5-flagellin ex-
presses an intracellular form of flagellin that is released at
relatively low levels from infected cells. The most dramatic
effect of flagellin expression was seen in the case of IL-6 se-
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(C). Media were analyzed for their ability to stimulate release of TNF-a from RAW 264.7 control cells or RAW cells engineered to express human

TLRS, as described in Materials and Methods.

cretion, which was much higher than that induced by parental
SV5-GFP.

Biologically active flagellin is released from immature DC
infected with SV5-flagellin. To test the effect of SV5-mediated
flagellin expression on DC activation, PBMC-derived DC were
generated after in vitro culturing of CD14™ cells with IL-4 and
GM-CSF. These cells were operationally defined as immature
DC, using the widely accepted criteria of being CD11c*, ex-
pressing relatively low levels of the surface costimulatory mark-
ers CD80 and CD86, and producing low levels of proinflam-
matory cytokines (2, 3). As shown in Fig. 4A, the proportions
of DC infected with SV5-GFP and SV5-flagellin at an MOI of
5 were similar. Likewise, the kinetics and levels of viral protein
expression did not differ appreciably between DC infected with
SV5-GFP and SV5-flagellin (Fig. 4B).

Flagellin released from the infected DC was biologically
active (Fig. 4C and D). DC were mock infected or infected at
a high MOI with SV5-flagellin. At 4, 10, and 22 h p.i., cell
lysates were harvested for Western blot analysis, and extracel-
lular media were harvested to determine the biological activity
of released flagellin. As shown in Fig. 4C, DC infected with
SV5-flagellin accumulated intracellular flagellin with kinetics
matching that of the viral P protein. Medium from infected
cells was UV treated to inactivate virus and then tested for the

ability to induce cytokine secretion from noninfected reporter
cells. TLRS-negative RAW 264.7 cells or RAW 264.7 cells
engineered to express murine TLRS (45) were incubated with
medium samples for 4 h, and released TNF-a was quantitated
by ELISA. Media collected from DC infected with SV5-flagel-
lin showed an increased ability to induce TNF-« secretion in
cells expressing TLR-5 but not in matched control cells lacking
TLR-5 (Fig. 4D). These data indicate that biologically active
flagellin is released from DC infected with SV5-flagellin.
Cytokine secretion and costimulatory marker expression
following infection of DC with SV5-flagellin. To test the ability
of SV5-flagellin to activate DC, cells from three individual
donors were mock infected or infected at a high MOI with the
viruses indicated in Fig. 5. As a positive control, noninfected
cells were treated with LPS. Levels of secreted IL-6 (Fig. 5A to
C) and IL-12 p40 (Fig. 5D to F) at 22 h p.i. were determined
by ELISA. In confirmation of prior results, SV5-GFP was a
poor inducer of both IL-6 and IL-12, whereas P/V-CPI— in-
duced only slightly higher levels of these two cytokines (2).
Importantly, secretion of IL-6 and IL-12 was 5- to 20-fold
higher in the case of DC infected with SV5-flagellin. Cytokine
secretion was dependent on virus replication, since UV-inac-
tivated SV5-flagellin did not induce cytokine secretion (data
not shown). The flagellin-expressing virus also induced higher
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levels of IL-8 and TNF-a secretion than SV5-GFP and P/V-
CPI— (data not shown).

In contrast to the effect on cytokine induction, levels of cell
surface CD80 and CD86 were not substantially increased in the
case of DC infected with SV5-flagellin compared to parental
SV5-GFP (Fig. 6). The changes in cell surface CD80 (Fig. 6A)
and CD86 (Fig. 6B) in response to SV5-flagellin were lower
than that seen with DC infected with P/V-CPI—. We showed
previously that WT SVS5 is highly cytopathic for human DC in
vitro (2, 3). As shown in Fig. 6C and D, expression of flagellin
from the SV5 genome did not substantially change the levels of
apoptotic markers such as cleaved caspase-3 (Fig. 6C) or cell
surface annexin V staining (Fig. 6D) compared to infection
with parental SV5-GFP. Taken together, these data indicate
that expression of flagellin by WT SV5 can lead to increases
in secretion of immunomodulatory cytokines such as IL-6
and IL-12, but there was relatively little effect on cell surface
maturation markers compared to that seen with parental
SV5-GFP.

DC infected with flagellin-expressing virus are effective
stimulators of T-cell function. Mixed lymphocyte assays were
carried out to test the ability of DC infected with SV5-flagellin

to activate T cells. DC were mock infected or infected at a high
MOI with WT SV5-GFP, SV5-flagellin, or P/V-CPI-. As con-
trols, DC were also mock infected or infected with parental
SV5-GFP and then treated with or without exogenous LPS or
flagellin. At 22 h p.i., DC were cultured for 3 days with allo-
geneic responder T cells, and levels of intracellular IFN-y were
assayed by flow cytometry.

Figure 7A shows results from a representative experiment
measuring activation of CD8" T cells. DC treated with
either exogenous flagellin or LPS induced an ~6-fold in-
crease in the number of CD8"' T cells expressing IFN-y
(0.96 to ~6%). As expected, infection of DC with WT SV5
did not induce T-cell activation (2). Most importantly, DC
infected with SV5-flagellin showed an enhanced ability to
stimulate IFN-y production in CD8" T cells relative to DC
infected with parental SV5-GFP. Furthermore, the stimula-
tory effect was equivalent to or greater than that seen by
adding exogenous flagellin to SV5-infected DC. Infection
with the flagellin-expressing viruses also increased the abil-
ity of DC to stimulate TNF-a production from responding T
cells (not shown). As shown in Fig. 7B, DC infected with
SV5-flagellin induced a reproducible, statistically significant
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increase in total number of IFN-y-positive CD8" T cells
compared to DC infected with parental SV5-GFP.

Similar results were seen when activation of CD4™ T cells
was assayed in mixed lymphocyte reactions (Fig. 8). SV5-
flagellin was more effective than WT SV5 at activating DC to
stimulate CD4™ T cells (Fig. 8B), with more IFN-y-positive T
cells being activated than with SV5-infected DC. Taken to-
gether, our data indicate that the flagellin-expressing SV5 vi-
ruses are more effective than their corresponding parental
viruses at inducing DC cytokine secretion but induce relatively
little change in cell surface levels of CD80 and CDg86. Cell
surface levels of these costimulatory markers are nevertheless
sufficiently high to allow these infected DC to stimulate T cells
in vitro.

DISCUSSION

The development of robust adaptive immunity to viral in-
fections depends on appropriate innate responses at the time
of infection. Key among these responses is the activation of DC
(5, 38). Many viruses have evolved mechanisms to prevent DC
activation or to interfere with DC functions (28). Our previous
cell culture experiments showed that WT SVS is a poor acti-
vator of human DC in vitro and that these infected cells are not
effective at inducing T-cell functions (2, 3). Likewise, gene

expression for the P/V-CPI— mutant is highly restricted in
immature DC, and infected DC show only low-level increases
in cell surface maturation markers (2). Recent work has high-
lighted the potential for nonsegmented RNA viruses to serve
as vaccine vectors (reviewed in reference 10), including SV5
(37, 42) and our P/V-CPI— mutant (11). Here we tested the
hypothesis that the DC-stimulating capacity of SV5 would be
enhanced by providing a strong DC-activating signal in the
form of the TLRS agonist flagellin. Our results clearly dem-
onstrate that DC infected with flagellin-expressing virus are
induced to become more effective activators of T-cell function
than DC infected with the parental SV5.

A main determinant for selection of flagellin as the DC-
activating TLR ligand was the need to express a polypeptide
agonist from the viral genome, which would be impractical with
nonprotein TLRs such as CpG DNA or lipid conjugates. Ex-
pression of flagellin from the viral genome would have the
advantage in vaccination protocols that the TLR agonist is
provided “at the right place at the right time” to stimulate DC
maturation. In addition, flagellin has strong immunostimula-
tory properties, and previous work has shown that flagellin can
act as a potent adjuvant to promote adaptive responses to
selected antigens from human pathogens (6, 23, 24, 25, 31). We
engineered SV5 to express an intracellular form of flagellin,
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since attempts to express flagellin containing a conventional
signal sequence for secretion were unsuccessful (data not
shown). Intracellular expression was predicted to result in re-
lease of flagellin by cells undergoing low levels of apoptosis.
We showed previously that only ~2% of WT SV5-infected

A549 cells show signs of apoptosis (44), and as expected, our
results here show that relatively low levels of flagellin were
released by human lung epithelial cells infected with SV5-
flagellin. Release may also involve nonapoptotic pathways,
such as necrosis or autophagy. While there are cellular path-
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ways by which intracellular flagellin can be detected (39), the
findings that flagellin released from infected cells is biologically
active and that flagellin binds to cell surface TLRS with high
affinity (34) support the proposal that flagellin released from
infected DC is responsible for activating DC.

We have operationally defined our cultured DC as immature
on the basis that they express relatively low levels of surface
costimulatory markers and secreted proinflammatory cyto-

kines (2, 3). It is important to note that although DC cultured
in vitro with IL-4 and GM-CSF express a baseline level of cell
surface CD80, CD86, and CD40, it is widely accepted that an
elevation in the expression of these markers is a hallmark of
DC maturation. SV5-flagellin induced DC to secrete large
amounts of IL-6 and IL-12, which is not seen with DC
infected with the P/V-CPI— virus or WT SV5. By contrast,
the level of cell surface maturation markers on infected DC
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was not substantially increased by infection with SV5-flagel-
lin. Nevertheless, this surface level of costimulatory proteins
was at a sufficient level to allow SV5-flagellin-infected DC to
markedly enhance activation of T cells in vitro compared to
DC infected with the parental SV5. Consistent with a pre-
vious proposal (41), it may be that the ability of our SV5
vectors to induce cytokine secretion from DC is a more
important parameter in determining the effectiveness of DC
in stimulating T cells than is the relative change in matura-
tion markers. This would suggest a model whereby activa-
tion of T-cell function by DC infected with SV5-flagellin is
driven by low levels of costimulatory markers but high levels
of cytokines such as IL-12.

Our results with the expression of a TLRS ligand provide
proof-of-principle for engineering viruses to be more effective
inducers of DC activation and function. Flagellin was a highly
effective ligand for testing our hypothesis that viral expression
of a TLR agonist could overcome the inherent nonstimulatory
properties of a WT SV5 infection. Other TLR ligands may
function similarly to flagellin in the context of an SV5 infec-
tion, including the viral glycoproteins from MeV and CMYV,
which activate TLR2 (7, 13), or the RSV F protein, which
activates TLR4 (29). Our previous results showed that treat-
ment of SV5-infected immature DC with exogenous TLR2 and
TLR4 agonists can increase maturation marker expression but
can also override cell death signals normally seen in the case of
WT-SV5-infected DC (3). While expression of foreign ligands
for TLR2 or TLR4 from the SV5 genome may result in less
apoptosis of activated DC, it remains to be determined
whether these changes in DC survival have an effect on their
ability to activate T-cell function.

In engineering flagellin-expressing viruses, the timing of
TLR agonist expression may be a critical factor for balancing
activation of infected DC and the induction of an antiviral
response that could prevent viral infection. This was evident in
our previous work where infected DC responded well to exog-
enous TLR agonists that were added after 7 h of infection
when STAT1 was degraded, but earlier stimulation resulted in
a restricted infection (3). In this regard, our strategy of ex-
pressing an intracellular form of flagellin may have advantages
over incorporating a TLR agonist into the SV5 envelope. The
latter approach may result in a virus that induces an abortive
infection of DC, since antiviral responses can be induced as a
consequence of interactions of the incoming virion particle
with cell surface receptors.

Nonsegmented negative-strand viruses have been engineered
to increase their immunogenicity through expression of genes
encoding selected cytokines, such as IFN-vy, IL-2, and GM-CSF
(reviewed in reference 10). In many cases, these cytokine-
expressing viruses elicit altered immune responses in vivo.
With the flagellin-expressing SV5, we present an alternative
approach that elicits a broad cytokine response in infected DC
through expression of a potent inducer of TLR signaling path-
ways. Our results with SV5 may be applicable to other patho-
genic viruses, for which it has been proposed that overcoming
virus-induced impairment of DC activation could contribute
to development of safer and more effective vaccines (3, 18,
32, 40).
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