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Viruses typically elicit potent adaptive immune responses, and live-virus-based vaccines are among the most
efficient human vaccines known. The mechanisms by which viruses stimulate adaptive immune responses are
not fully understood, but activation of innate immune signaling pathways in the early phase of the infection
may be of importance. In addition to stimulating immune responses to viral antigens expressed in infected
cells, viruses can also provide adjuvant signals to coimmunized protein antigens. Using recombinant Semliki
Forest virus (rSFV)-based vaccines, we show that rSFV potently enhanced antibody responses against coim-
munized protein antigens in the absence of other exogenously added adjuvants. Elicitation of antibody
responses against both virus-encoded antigens and coimmunized protein antigens was independent of the
signaling via Toll-like receptors (TLRs) previously implicated in antiviral responses. In contrast, the adjuvant
effect of rSFV on coimmunized protein was completely abolished in mice lacking the alpha/beta interferon
(IFN-o/B) receptor (IFN-AR1), demonstrating that IFN-«/B signaling was critical for mediating this effect.
Antibody responses directed against virus-encoded antigens were intact in IFN-AR1~/~ mice, suggesting that
other signals are sufficient to drive immune responses against virally encoded antigens. These data provide a
basis for the adjuvant effect of rSFV and show that different signals are required to stimulate antibody
responses to virally encoded antigens and to antigens administered as purified protein vaccines, together with

viral particles.

Viruses and live-virus-based vaccines are generally potent
stimulators of adaptive immunity. Activation of early innate
immune pathways by viruses may contribute to the generation
of adaptive immune responses during virus infection, but the
mechanisms behind this remain poorly defined. Many viruses
have evolved strategies to interfere with innate immune path-
ways, which may affect both the immediate control of the
infection and the ability of the host to mount adaptive immune
responses to the virus. A better understanding of the interplay
between the innate and adaptive immune systems in the con-
text of different virus infections is therefore valuable.

A number of viruses have been exploited as vaccine vectors
due to their capacities to stimulate strong adaptive immune
responses against heterologous antigens (4, 14, 27, 56, 61). This
strategy has been explored in the field of human immunode-
ficiency virus type 1 (HIV-1) vaccine development, where tra-
ditional vaccine approaches have failed or are not suitable for
safety reasons. Most recombinant viral vaccines stimulate Th1-
biased responses, which drive CD8*-T-cell-mediated immu-
nity efficiently (55), while protein-based vaccines, depending
on the adjuvant used, generally stimulate Th2-biased immune
responses that primarily drive antibody responses (24, 63). A
successful vaccine against pathogens such as HIV-1 will likely
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require the elicitation of both cellular and humoral immune
responses, and strategies that can achieve this are therefore
desired. In addition to their ability to stimulate strong immune
responses against virus-encoded antigens, live viruses and vi-
rus-based vaccines have been shown to provide an adjuvant
effect on coimmunized protein antigens (7, 9, 15, 31, 52). How-
ever, it is not clear if the signals that provide adjuvant activity
on the coimmunized protein antigen are the same as those that
drive immune responses against virus-encoded antigens. Well-
characterized recombinant viruses expressing model antigens
are useful tools to address these questions.

There are several possible ways by which viruses can activate
adjuvant signals. Many viruses induce cell death, which in turn
can lead to leakage of cytoplasmic components into the extra-
cellular environment, where they act as efficient danger signals
(59). For example, it has been shown that monosodium urate
crystals released from apoptotic cells provide an adjuvant ef-
fect on the adaptive immune response (60). Also, structural
components of viruses can activate innate immune signaling
pathways, which may contribute to shaping the adaptive im-
mune response. An important class of molecules for induction
of innate immune signals is the Toll-like receptors (TLRs).
TLRs are pattern recognition receptors expressed in a cell-
type-specific manner, allowing sensitive detection of incoming
pathogens. Viruses may be recognized via their glycoproteins
by cell surface-expressed TLRs (6, 12, 36), or they may be
detected after uptake, degradation, and exposure of viral ge-
nomes to TLRs present in endosomal compartments (8). Spe-
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cifically, viral single-stranded RNA has been shown to be a
ligand for TLR7/8 (16, 26, 45), and unmethylated double-
stranded DNA (dsDNA), including bacterial CpG motifs,
binds to TLRY (35, 44). Recognition of viral genomes by
TLR7/8/9 has been reported to be a function of plasmacytoid
dendritic cells (DCs). TLR3 has also been implicated in viral
recognition. This was originally based on the finding that TLR3
binds polyinosine-poly(C) (pI-C) (2), a synthetic analogue of
dsRNA and a frequently used mimic of viral replication by-
products. However, a role for TLR3 in protective immunity
against viruses has not been found (8, 19, 57), except in studies
using mouse cytomegalovirus (66). Activation of TLR3 leads to
activation of NF-kB and IFN regulatory factor 3 via a TRIF-
dependent pathway (17), while signaling via TLR7/8/9 depends
on signaling via a pathway that requires myeloid differentiation
factor 88 (MyD88). TLR ligands, including pI-C, CpG, and
synthetic TLR7/8 agonists, are potent modulators of DC func-
tion and effective adjuvants for eliciting adaptive immune re-
sponses (13, 18, 50, 58, 69, 70).

In this study, we investigated the adjuvant properties of
one-cycle recombinant Semliki Forest virus (rSFV) particles.
SFV is a positive-strand RNA virus of the alphavirus genus and
a frequently used model virus and vaccine vehicle (5, 22, 28, 41,
46, 64). We demonstrate that rSFV provided a potent adjuvant
effect on coimmunized protein antigen both in rabbits and in
mice. The adjuvant effect was intact in mice lacking MyD8&8
and in mice lacking TLR3. Both TLR3 ™/~ and MyD88 '~
mice were also fully capable of raising antibody responses
against virus-encoded antigen. Thus, our results show that the
previously described requirement for MyDS8S8 signaling for the
induction of B-cell responses (51) can be overcome by viral
infection. In contrast, the adjuvant effect of rfSFV on coimmu-
nized protein antigen was completely abolished in mice lacking
the IFN-o/B receptor (IFN-AR1 /"), demonstrating that the
adjuvant effect on coimmunized protein antigens was depen-
dent on IFN-o/B signaling. Interestingly, the antibody response
against virus-encoded antigens was independent of IFN-o/
signaling, demonstrating that other signals are sufficient to
stimulate immune responses to antigens expressed in virus-
infected cells. These data highlight a clear difference in the
requirements for eliciting antibodies to virally encoded anti-
gens and to antigens administered as purified protein antigen,
together with viral particles.

MATERIALS AND METHODS

Cells, recombinant viruses, and protein antigens. BHK-21 cells (ATCC) were
cultured in Glasgow minimal essential medium supplemented with 5% fetal calf
serum (FCS), 10 mM HEPES, 10% tryptose phosphate, and L-glutamine, peni-
cillin, and streptomycin (Invitrogen, Carlsbad, California). Murine DCs (mDCs)
were generated as previously described (23). Briefly, bone marrow cells were
isolated from femurs and tibiae, and the red blood cells were lysed. The cells
were plated at 3 X 10°/ml in DC medium (RPMI 1640 supplemented with 10%
FCS, L-glutamine, penicillin, streptomycin, 1 mM sodium pyruvate, 0.02 M
HEPES, and 50 pM 2-mercaptoethanol) supplemented with 50 ng/ml of murine
granulocyte-macrophage colony-stimulating factor (PeproTech, London, United
Kingdom) and harvested at day 6. Primary mouse embryo fibroblasts (MEFs),
obtained from 12- to 13-day-old C57BL/6 fetuses, and 1.929 cells (ATCC) were
cultured in Dulbecco’s modified Eagle’s medium (Sigma, St. Louis, MO) sup-
plemented with 10% FCS, L-glutamine, penicillin, and streptomycin.

Single-round infectious rSFV encoding B-galactosidase (B-Gal) (rSFV-LacZ)
or influenza virus nucleoprotein (rSFV-NP) were generated as previously de-
scribed (62). The titers of the viral stocks were determined according to standard
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methods (33). UV inactivation was performed using an Amersham UV cross-
linker as previously described (28) at 2,000 pJ/cm? for 1 min to generate the
mildly UV-inactivated virus (UV'-rSFV-NP) or 20,000 pJ/cm? for 30 min for the
harshly UV-inactivated virus (UV"-rSFV-NP). Wild-type (wt) SFV type 4 for use
in the bioassay for murine IFN-a/B (see below) was generated from the infec-
tious SFV c¢cDNA clone (42). Purified trimeric YU2gp140(—/GCN4) HIV-1 en-
velope glycoprotein (Env), used in the rabbit immunizations, and YU2gp120,
used in the HIV-1 Env enzyme-linked immunosorbent assay (ELISA), were kind
gifts from Yuxing Li and Richard Wyatt at the Vaccine Research Center, NIH.
The expression and purification of these proteins have been described previously
(24). The B-Gal protein used in the mouse immunizations and in the B-Gal
ELISA was purchased from Roche.

Animals. MyD88 '~ mice (1), TLR3™/~ mice (2), IFN-AR1~/~ mice (49),
CD4 '~ mice (54), and their respective wt controls were kept and bred under
pathogen-free conditions at the animal facilities at the Department of Microbi-
ology, Tumor and Cell Biology, Karolinska Institute, and the Swedish Institute
for Infectious Disease Control. New Zealand White rabbits, approximately
3-month-old females, were purchased from HB Lidkopings Kaninfarm (Lidko-
ping, Sweden). All animal experiments were approved by the Committee for
Animal Ethics in Stockholm, Sweden, and performed according to given guide-
lines.

Immunizations. Rabbits (two per group) were immunized two times, with 4
weeks between immunizations, with 25 pg purified HIV-1 Env protein either in
0.5 ml phosphate-buffered saline (PBS) containing 5 X 107 IU rSFV-LacZ or in
0.5 ml PBS. The injections were split between five sites intradermally, two sites
intramuscularly, and one site subcutaneously (s.c.). Two control rabbits were
immunized with 5 X 107 TU rSFV-LacZ using the same immunization routes.
The rabbits were bled 10 days after the second immunization. Mice were immu-
nized using s.c. administration of 100 wl containing 10 or 15 wug B-Gal protein
alone in PBS or mixed with 10° to 107 IU rSFV particles, as described in the
respective figure legends. Intravenous (i.v.) inoculation of rSFV particles used
for immunization experiments or for in vivo IFN-o/B measurements were per-
formed as previously described (28).

ELISA. For detecting anti-B-Gal antibodies, ELISA plates (Immunosorp,
Nunc, Denmark) were coated with 50 pl per well of 1-pwg/ml recombinant 3-Gal
protein (Roche) in carbonate buffer at 4°C overnight. For detection of anti-NP
antibodies, the plates were coated with a lysate of rSFV-NP-infected cells. The
rSFV-infected cells were lysed 24 h postinfection using a lysis buffer containing
1% NP-40 and protease inhibitors in a volume corresponding to 2 X 10° cells/ml.
The lysate was diluted 1:200 in carbonate buffer, and the plates were coated at
4°C overnight. For detecting antibodies against HIV-1 Env, the plates were
coated with 100 ng of insect cell-produced YU2gp120, as previously described
(25), in 100 I PBS per well at 4°C overnight. The plates were then incubated for
1 h at 37°C with blocking buffer (PBS containing 15% dry milk and 2% FCS).
Sera were diluted in blocking buffer and were incubated in the plates for 2 h at
room temperature (RT). Plates coated with comparable lysates from cells in-
fected with rSFV encoding influenza hemagglutinin did not give rise to any signal
when incubated with sera from mice immunized with rSFV-NP, showing that the
ELISA was specific for NP and not for the nonstructural proteins of rSFV. After
the plates were washed (PBS plus 0.2% Tween 20), horseradish peroxidase-
conjugated anti-mouse immunoglobulin G (IgG), anti-mouse-IgG1, anti-mouse
1gG2a (Southern Biotech, Birmingham, AL), or anti-rabbit IgG (Sigma) anti-
body, diluted 1/5,000, was added to the wells. After 1 h of incubation at RT, the
plates were washed, and 100 wl fast o-phenylenediamine dihydrochloride sub-
strate (Sigma) was then added for detection of bound antibodies. The optical
density (OD) at 450 nm was read using an ELISA reader.

IFN-y ELISPOT. IFN-vy enzyme-linked immunspot (ELISPOT) analysis was
performed on freshly isolated splenocytes as follows. ELITP10SSP plates (Milli-
pore Co.) were coated with anti-IFN-y antibodies (AN18; MabTech, Stockholm,
Sweden) in PBS overnight at 4°C. The plates were washed five times with PBS,
followed by incubation with complete medium for 2 h at 37°C to block the plates.
Spleen cells from individual mice were added at 2 X 10° cells/well in quadrupli-
cate against stimuli of interest: medium alone, 2 pg/ml concanavalin A (Sigma),
and 2 pg/ml of NP H-2Db peptide (ASNENMETM; Prolmmune Limited,
Oxford, United Kingdom). After 20 h of incubation in 5% CO, at 37°C, the
plates were washed six times with PBS-Tween (0.05%). Thereafter a biotinylated
anti-IFN-y antibody, R4-6A2 (MabTech), was added, and the plates were incu-
bated for 2 h at RT. After the plates were washed as described above, an
avidin-peroxidase complex (ABC kit; Vector Laboratories) was prepared accord-
ing to the manufacturer’s instructions and added to each well. The plates were
incubated for 1 h at RT and were then washed six times with PBS. AEC substrate
(Sigma) was prepared according to the manufacturer’s instructions and added to
the wells. The enzymatic reaction was stopped after 4 min by washing the plates



7102 HIDMARK ET AL.

A rSFV particles
Protein-based + i

antigen
Anti-HIV-1 Env ELISA

& Env + rSFV
T+ Env
& Naive

OD 450 nm

00 ~

i % 2. @ 2,
< B 3 S ’Ia%
fold serum dilution
0.8 Anti-B-gal ELISA
0.6 8- [-gal + rSFV
E o pgal
o & Naive
wn
Q2 044
o
o
024
0.0
B B B B B B
g ¥ s -
)
fold serum dilution
Anti-pB-gal subtype ratios
10
=) p-gal + rSFV
=
o
. -
2 X
=
e
o
> o1 | I
1
®
o B-gal
oot J

FIG. 1. 1SFV confers an adjuvant effect on antibody responses
against coimmunized protein. (A) Cartoon illustrating the experimen-
tal system. The adjuvant effect of rSFV was investigated by mixing
recombinant protein antigens with single-round infectious rSFV par-
ticles, and antibody responses against the protein antigens were mea-
sured. (B) Rabbits (two per group) were immunized with a mixture of
purified HIV-1 envelope glycoprotein (Env) and 5 X 107 IU rSFV, or
twice with 25 pg Env alone. The rabbits were prebled before immu-
nization (Naive). Sera from immunized rabbits were drawn 10 days
after the final immunization, and antibodies against Env were analyzed
by fivefold serial dilutions starting at a 50-fold dilution. Data from
individual rabbits are shown. (C) SV129 mice were immunized s.c. a
single time with 107 IU rSFV-NP mixed with 15 pg 8-Gal protein (n =
7) or with 15 g B-Gal protein alone (n = 3). Sera from immunized
mice were drawn 12 days after the immunization, and pB-Gal-specific
IgG was analyzed by threefold serial dilutions starting at a 50-fold
dilution. Mean titers from each group are shown. The error bars
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in water. The spots were counted using an ELISPOT reader (Axioplan 2 Imag-
ing; Zeiss) and expressed as the number of spots per 10° splenocytes.

Bioassay for murine IFN-o/f. A bioassay was employed to determine the total
amount of active type I IFN (28). Briefly, flat-bottom 96-well plates were seeded
with 1.929 cells, and the following day, twofold serially diluted samples or IFN-o/B
standard (NIAID, NIH; Gu02-901-511) was added to the cells. After overnight
incubation, the cells were infected with SFV type 4. Mitochondrial dehydroge-
nase activity was assayed at 2 days after infection, using 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrazolium bromide according to the instructions in Sigma kit CGD-1.
The absorbance was read at 570 nm and normalized against 630 nm in a micro-
plate reader (Elx 800 UV; BIO-TEK Instruments, Winooski, Vermont). The
data were converted to IU by comparing the samples to the murine IFN-o/B
standard (NIAID, NIH).

Apoptosis measurements and DC stimulations. MEFs were mock infected or
infected with rSFV-LacZ particles using a multiplicity of infection of 20 and left
in culture for 16 h. The cells were harvested and stained with Annexin V-fluorescein
isothiocyanate (FITC) (BD Biosciences PharMingen, San Jose, California) and
propidium iodide (PI), and apoptosis induction was monitored by flow cytom-
etry. The mDCs were set up at 1 X 10° in 500 pl of DC medium for stimulation
with pI-C (Sigma), rSFV particles, or rSFV-infected MEFs as described in the
figure legends. The cells were harvested and analyzed 20 h poststimulation. The
phenotypes and activation statuses of the cells were determined by staining
them with anti-CD11¢-PE, anti-CD11b-APC, and anti-CD40-FITC monoclonal
antibodies (PharMingen). Flow cytometric analysis was performed using a
FACSCalibur instrument (Becton Dickinson).

RESULTS

Virus particles provide an adjuvant effect on coimmunized
protein antigens. Previous studies have suggested that viral
infection or virus-based vaccines can stimulate immune re-
sponses against a concurrently administrated unrelated protein
(7,9, 15, 31, 52). To investigate if rSFV exhibited an intrinsic
adjuvant effect, we performed a series of immunization exper-
iments in small animals using single-round infectious rSFV
particles mixed with protein-based antigen (Fig. 1A). We first
immunized rabbits with viral particles mixed with recombinant
purified HIV-1 envelope glycoprotein YU2gp140(—/GCN4)
(Env) or with Env glycoprotein alone. We found that the an-
tibody response against Env was markedly increased if the
protein was coimmunized with rSFV particles (Fig. 1B). Thus,
rSFV provides an adjuvant effect on the production of specific
antibodies against a coimmunized HIV-1 Env antigen.

To investigate the mechanism by which rSFV provides an
adjuvant effect, the subsequent experiments were performed in
mice. We first immunized SV129 mice with recombinant 3-Gal
protein mixed with rSFV-NP or with B-Gal protein alone. In
agreement with the results obtained in rabbits, coadministra-
tion of virus particles with recombinant 3-Gal protein elicited
higher levels of antibodies against B-Gal than the responses
obtained after immunization with 3-Gal alone (Fig. 1C). An-
tibody responses against rSFV-encoded antigens are generally
Th1 biased (5, 21, 22), and we therefore investigated if coad-
ministration of rfSFV skewed the antibody response against the
coimmunized protein toward a Thl response. We found that
the ratio of IgG1 (Th2) to IgG2a (Thl) was inverted when
B-Gal was administered alone compared to when it was mixed

represent standard deviations. (D) IgG2a:IgG1 ratios in sera from the
immunized mice were calculated by dividing the IgG2a with the IgG1
OD values for each individual mouse. Mean values are shown. The
protein antigen is underlined.
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FIG. 2. Signaling via MyD88 or TLR3 is not required for the adjuvant effect of rSFV. (A) MyD88 /~ (n = 6) and TLR3 /™ (n = 7) mice and
their respective wt control strains (n = 7 each) were immunized s.c. a single time with 107 IU rSFV-NP particles mixed with 15 pg B-Gal protein
or with 15 g B-gal protein alone (n = 3). Sera were drawn 12 days after the immunization, and IgG responses against the coimmunized protein
(B-Gal; left) and the virus-encoded antigen (NP; right) were measured using threefold serial dilutions of the sera starting at a 50-fold dilution.
Mean OD values from each group are shown. The error bars represent standard deviations. (B) IFN-y ELISPOT analysis was performed on
splenocytes from the immunized MyD88 '~ (top) and TLR3 ™/~ (bottom) mice and their respective wt controls. Mean ELISPOT values from
quadruplicate wells, stimulated with NP peptide, are shown. Cytokine-producing cells are shown as spot-forming units (SFU)/10° cells. Mean values
for the groups are indicated by the bars. The protein antigen is underlined, and the mouse strain is italic.

with rSFV, suggesting that rfSFV promoted a Thl response
(Fig. 1D).

The adjuvant effect of rSFV particles is not dependent on
MyD88 or TLR3. A number of studies have suggested that
signaling via TLR3 or TLR7/8 promotes adaptive immune
responses during infection with RNA viruses (10, 30, 58, 72),
while other studies have shown that signaling via TLRs is not
required for the establishment of adaptive immune responses
during RNA virus infection (19, 43). To investigate if the
adjuvant activity of rfSFV particles was dependent on signaling
via TLRs, MyD88 '~ and TLR3™/~ mice were immunized
with B-Gal protein mixed with rfSFV-NP particles or with
B-Gal protein alone. Immune responses against both the virus-
encoded antigen and the coimmunized protein antigen were
measured. We found that the adjuvant effect provided by rSFV
on coimmunized B-Gal protein was intact in both MyD88 ™/~
mice and TLR3 ™/~ mice (Fig. 2A, left). Moreover, the IgG
response against the virus-encoded NP was also intact in the
MyD88 '~ and TLR3 ™/~ mice (Fig 2A, right), demonstrating
that signaling via these pathways was not required to generate
antibody responses against virus-encoded antigens.

We also investigated the cellular response against the virus-
encoded antigen in MyD88/~ and TLR3 /~ mice. Signaling via
MyDS88 and TLR3 has been suggested to play a role in the in-
duction of T-cell responses against virus-encoded antigens (10, 58,
72). However, by using an NP-specific IFN-y ELISPOT assay and
restimulation of splenocytes with a major histocompatibility com-
plex class class I-restricted NP peptide, we detected similar num-

bers of IFN-y-secreting cells in MyD88 '~ and TLR3 ™/~ mice
and in their respective wt controls (Fig. 2B). Thus, neither the
humoral nor the cellular immune response induced by rSFV
immunization was compromised in the MyD88 /" or the
TLR3™/~ mice.

IFN-o/$3 is required for the adjuvant effect of rSFV on co-
immunized protein antigen. To determine if the adjuvant ef-
fect of ISFV depended on locally acting signals or if it could act
at distant sites, groups of SV129 wt mice were immunized
either with a mixture of B-Gal protein and rSFV-NP particles
(s.c.) or with purified B-Gal protein (s.c.) and with rfSFV-NP
particles (i.v.) at the same time. As in the previous experi-
ments, a control group of mice was also immunized (s.c.) with
B-Gal protein alone. The results demonstrated that coadmin-
istration of r1SFV particles and B-Gal protein to the same local
site gave the strongest adjuvant effect. However, an adjuvant
effect was also observed when the virus and the protein were
injected via different routes (Fig. 3). This led us to ask if the
adjuvant effect of rSFV was mediated by soluble molecules,
such as type I interferons (IFN-o/B). We have previously
shown that rSFV induces high levels of IFN-o/B at early time
points after injection into mice (28), and other investigators
have shown that IFN-o/B can provide potent adjuvant activity
and enhance immune responses against protein antigens (18,
38, 53).

To investigate if virus-induced IFN-o/B mediated the adju-
vant effect of rSFV, mice lacking a functional IFN-o/B receptor
(IFN-AR17/") were employed. Wt SV129 and IFN-AR1 "/~
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FIG. 3. Viral particles provide an adjuvant effect to protein antigen
administered via a different route. To determine if rSFV particles
stimulated an adjuvant effect that could act at distant sites, B6 wt mice
(n = 5) were immunized s.c. with 10 wg B-Gal protein mixed with 107
IU rSFV-NP particles or with 10 pg B-Gal protein administered s.c.
and 107 TU rSFV-NP particles administered i.v. Control mice were
immunized s.c. with 10 pg B-Gal protein alone. Sera were drawn 12
days after immunizations, and B-Gal-specific IgG levels were deter-
mined using fivefold serial dilutions starting at a 50-fold dilution. The
differences in OD values between the animals that received B-Gal
alone s.c. and those that in addition received rSFV-NP iv. were sta-
tistically significant (P < 0.05) for four consecutive serial dilutions. The
error bars represent standard deviations.

mice were immunized with recombinant 3-Gal protein mixed
with rSFV-NP particles or with recombinant B-Gal protein
alone. In agreement with our previous observations, the levels
of anti-pB-Gal specific IgG in wt mice were significantly en-
hanced when the protein was coimmunized with rSFV particles
compared to when the protein was administered in PBS alone.
In contrast, the adjuvant effect of rSFV particles on B-Gal was
completely absent in the IFN-AR1/~ mice, using a dose of
10° TU rSFV particles (Fig. 4A) and, in separate experiments,
a 10-fold-higher dose of rSFV (data not shown). Since the
adjuvant effect of rSFV could be observed only in animals with
the ability to respond to IFN-a/B, we conclude that IFN-a/B
signaling is required for the adjuvant effect of rfSFV on coim-
munized protein antigen. In contrast, the antibody responses
against the virus-encoded NP antigen were similar in the IFN-
AR17/~ mice and the wt control mice (Fig. 4B). Thus, there
was a distinct difference in the requirements for IFN-o/p sig-
naling for the response elicited against the virus-encoded
antigen and that elicited against the coimmunized protein
antigen.

In our previous work, we showed that MyD88 ™/~ mice pro-
duced normal levels of IFN-a/B after rSFV immunization (28).
Since the adjuvant effects of SFV particles on coimmunized
protein were similar in wt, MyD88/~, and TLR3 '~ mice, we
asked if TLR3 ™/~ mice were capable of producing IFN-o/B in
response to rSFV inoculation. Signaling via TLR3 by the syn-
thetic double-stranded RNA analogue pI-C is known to lead to
IFN-o/B production (17), but it is less clear if TLR3 is gener-
ally required for induction of IFN-a/B by viruses (29, 43). To
investigate if the TLR3 ™/~ mice produced IFN-a/p in response
to rSFV, we injected wt and TLR3 ™/~ mice iv. with rSFV
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FIG. 4. IFN-o/p receptor signaling is required for the adjuvant
effect of rSFV on coimmunized protein. SV129 wt mice (n = 8) and
IFN-AR1~'~ mice (n = 9) were immunized with 10° IU of rSFV-NP
mixed with 10 pg B-Gal protein each or with 10 pg B-Gal protein alone
(n = 3 for each strain). Sera drawn 12 days after the immunization
were analyzed for total (A) B-Gal-specific IgG and (B) NP-specific
IgG. All samples were analyzed using threefold serial dilutions starting
at a 50-fold dilution. The protein antigen is underlined, and the mouse
strain is italic. The error bars represent standard deviations.

particles and analyzed the sera at 6 h after injection. The
results demonstrated that rSFV stimulated high IFN-«/B levels
in both wt and TLR3™/~ mice, and there was no significant
difference in the amplitudes of the responses (Fig. SA). This is
consistent with the majority of virus-stimulated IFN-a/p being
induced via a TLR3-independent cytosolic pathway, such as
that mediated by retinoic acid-inducible gene I (RIG-I) (34, 47,
71), and with the observation that the adjuvant effect of rSFV
is intact in both MyD88 /= and TLR3 ™/~ mice (Fig. 2). To
investigate if the adjuvant effect of rSFV required RNA rep-
lication or if viral induction of IFN-o/B was sufficient, we used
rSFV subjected to different doses of UV light. We have pre-
viously described a mild UV treatment resulting in an RNA
replication-defective but not entry-defective virus (UV'-rSFV)
(28) that induces about 10-fold-lower levels of IFN-a/f than
rSFV in vivo. A harsher UV treatment resulted in a virus that
was both replication defective and entry defective (UV"-rSFV)
and which does not induce any detectable IFN-o/B (data not
shown). We found that RNA replication was not required for
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FIG. 5. IFN-o/ levels in sera of rSFV-infected wt and TLR3 ™/~
mice and adjuvant effects of viruses that induce different levels of
IFN-a/B. (A) In vivo IFN-a/B levels were measured to determine if
TLR3™/~ mice retained the capacity to produce IFN-o/B in response
to 1SFV infection. IFN-o/B levels in sera from individual wt and
TLR3™/~ mice at 6 h after injection with 107 IU rSFV particles were
measured using a bioassay. Data from individual mice are shown, and
the bars indicate mean values. (B) The dose dependence of the adju-
vant effect of IFN-a/p was determined by coimmunizing 3-Gal protein
with 107 IU rSFV that had been subjected to different doses of UV
treatment. Mildly UV-inactivated rSFV (UV’ rSFV-NP) has previ-
ously been shown to induce lower levels IFN-o/B than rSFV-NP, while
harshly UV-inactivated rSFV-NP (UV” rSFV-NP) does not induce any
detectable IFN-a/B. Sera were drawn 12 days after the immunizations,
and B-Gal-specific IgG levels were determined using fivefold serial
dilutions starting at a 50-fold dilution. The differences in OD values
between UV’ rSFV-NP and UV" rSFV-NP were statistically significant
(P < 0.01) for six consecutive serial dilutions. The error bars represent
standard deviations.

an adjuvant effect of the viruses on the coimmunized protein
but that the adjuvant effect correlated with the ability to induce
IFN-o/B. Coimmunization with rSFV stimulated the highest
levels of B-Gal antibodies, followed by UV'-rSFV and finally
UV"rSFV (Fig. 5B).

Humoral immune responses against rSFV-encoded antigens
are intact in the absence of IFN-a/f signaling. For a more
thorough analysis of the induction of the antibody response
against virus-encoded antigens in mice lacking the ability to
respond to IFN-o/B, we immunized IFN-AR1~/~ mice with
rSFV particles encoding B-Gal (rSFV-LacZ), the same antigen
that was administered in the form of protein in the previous
experiments. The first experiment confirmed the observation
that IFN-a/B signaling is not required for induction of IgG
against a virus-encoded antigen (Fig. 6A). We also investigated
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FIG. 6. Antibody responses against virus-encoded antigens are not
defective in the absence of IFN-a/B signaling. (A) SV129 wt mice (n =
5) and IFN-AR1~/~ mice (n = 5) were immunized once with 10° U of
rSFV-LacZ. After 14 days, total anti-B-Gal specific IgG levels were
determined using fivefold serial dilutions starting at a 50-fold dilution.
The error bars represent standard deviations. (B) IgG2a:IgG1 ratio
between SV129 and IFN-AR1™/~ mice from the sample shown in
panel A. (C) SV129 (n = 4) and IFN-AR1™/~ (n = 4) mice were
immunized twice with 10° IU of rSFV-LacZ, 4 weeks apart. Total
anti-B-Gal-specific IgG levels were measured in sera 14 days after the
first immunization (Prime) and 14 days (Boost) and 20 weeks (long
term [LT]) after the second immunization. Endpoint titers for each
individual mouse are shown. Geometric means are indicated. The
protein antigen is underlined, and the mouse strain is italic.

if the IgG2a:IgG1 ratio differed in sera from wt and IFN-
AR17/~-immunized mice. We found that the ratios were very
similar in wt and IFN-AR1~/~ mice, suggesting that IFN-o/f
signaling is not critical for the generation of Thl-biased im-
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and against the virus-encoded antigen (NP). Wt and CD4~/~ mice
were immunized with a mixture of 10° IU rSFV-NP particles and 10 pg
B-Gal protein. Total anti-B-Gal or NP-specific IgG responses were
determined using threefold serial dilutions of the respective sera start-
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mune responses to the rSFV-encoded antigen (Fig. 6B). In an
independent experiment, we asked if the long-term antibody
responses stimulated by two consecutive rSFV-LacZ immuni-
zations (given 2 weeks apart) were of the same amplitude in wt
and IFN-AR1~/~ mice. Total anti-B-Gal IgG was measured 14
days after the first (prime) and second (boost) immunization,
and long-term antibody responses were measured 20 weeks
after the second immunization (Fig. 6C). No defect in the
anti-B-Gal IgG response was observed in IFN-AR1™/~ mice
compared to wt mice at either time point. These results con-
firm that IFN-o/B-independent adjuvant signals are induced in
virus-infected cells and that these signals are sufficient to pro-
mote humoral immune responses against virus-encoded anti-
gens in this system.

Activation of bone marrow-derived dendritic cells by rSFV
and rSFV-infected cells is dependent on IFN-«/p signaling. To
attempt to understand why antibody responses against virus-
encoded antigens are IFN-o/B independent while antibody re-
sponses against coadministered protein are strictly IFN-o/B
dependent, we first asked if CD4*-T-cell help was required for
the response. For most viral infections, including during SFV-
based immunizations, T-cell help is required for the elicitation
of humoral immunity (67), while some virus infections can
induce antibodies independently of T-cell help (40, 54, 65).
The ordered structure of the viral antigens and innate immune
signals induced during infection are thought to contribute to
the elicitation of T-cell-independent antibody production. To
investigate if the elicitation of antibody responses against
rSFV-encoded NP and coadministered 3-Gal protein were de-
pendent on CD4"-T-cell help, we used mice lacking the CD4
molecule (CD4~/~ mice). We found that IgG responses
against both virus-encoded NP and coadministered B-Gal were
critically dependent on the presence of functional CD4* T
cells (Fig. 7A).

Given the important role of DCs in priming naive CD4" T
cells, we next asked if virus-infected cells could activate DCs
in an IFN-o/B-independent manner. Activation of DCs by
dsRNA replication intermediates leaking out of dying infected
cells could represent one possibility by which immune re-
sponses against virus-encoded antigens are stimulated in the
absence of IFN-«/B signaling. To investigate this, bone mar-
row-derived DCs from wt SV129 mice and IFN-AR1~/~ mice
were exposed to different concentrations of pI-C (a mimic of
dsRNA), to cell-free rSFV particles, or to virus-infected apop-

ing at 50-fold dilutions. The error bars represent standard deviations.
(B) Apoptosis induction in rSFV-infected and uninfected MEFs was
analyzed by flow cytometry using forward scatter (FCS) and side scat-
ter (SCS) analyses (left) and Annexin V-FITC and PI staining (right;
ungated cells) at 16 h postinfection. The apoptotic population was
Annexin V positive and PI dim. (C) CD40 expression on bone marrow-
derived mDCs from SV129 and IFN-AR1 /" mice. Bone marrow-
derived DCs (10° per stimulation) were incubated as indicated with 50
wg, 5 pg, or 0.5 pg of pI-C; with rSFV particles at a multiplicity of
infection of 20; or with 5 X 10° rSFV-infected MEFs. CD40 expression
was analyzed by flow cytometry after 20 h of incubation. CD40 expres-
sion on CD11c and CD11b double-positive cells is shown. Unstimu-
lated cells are shown as filled histograms and stimulated cells as over-
laid empty histograms. The protein antigen is underlined, and the
mouse strain is italic.
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totic MEFs. The MEFs were infected with 1SFV 8 hours prior
to addition to the DC cultures, and the cells were cocultured
for 20 h. During this time, a large proportion of the infected
cells undergo apoptosis, as shown by an Annexin V-positive,
PI-dim population in the infected MEF culture (Fig. 7B), at
which time viral dsSRNA should be abundant in these cells. The
results show that CD40 was markedly upregulated in response
to high doses of pI-C (50 pg/ml), and this response was ob-
served, although reduced, in DCs lacking IFN-AR1 compared
to wt DCs (Fig. 7C, top row). The upregulation of CD40 in
response to pI-C was completely dependent on IFN-o/B as the
dose of pI-C was decreased (Fig. 7C, second and third rows
from top). Similar data were obtained when CD86 surface
expression levels were analyzed (results not shown). It has
been shown that cell-associated pI-C is a more potent inducer
of interleukin 6 (IL-6) than cell-free pI-C (58). It was therefore
possible that rSFV-infected MEFs containing dsRNA replica-
tion intermediates would behave like the high dose of pI-C and
be less dependent on IFN-a/B for upregulation of CD40. How-
ever, when DCs were cocultivated with rSFV-LacZ-infected
MEFs, only DCs with an intact IFN-o/f signaling pathway
upregulated expression of CD40 (Fig. 7C, bottom row). Cell-
free rSFV particles also stimulated DCs to upregulate CD40 in
an IFN-a/B-dependent manner (Fig. 7C, fourth row from top).
While these data do not explain the IFN-o/B-independent re-
sponses observed against virus-encoded antigens in vivo, they
provide a mechanism for the IFN-o/B-dependent adjuvant ef-
fect of rSFV on coadministered protein antigens.

DISCUSSION

In this study, we investigated the mechanisms by which a
model virus stimulates adjuvant activity on adaptive immune
responses. We found that rSFV particles potently enhanced
antibody responses against coimmunized subunit protein anti-
gen in the absence of other exogenously added adjuvants and
that this effect was IFN-o/ dependent. Coimmunized rSFV
promoted the production of IgG2a, consistent with the fact
that IFN-« is a strongly Thl-inducing cytokine (20). Virus-
induced Thl-biased adjuvant effects have also been observed
after coadministration of poxviruses with the commercial pro-
tein-based hepatitis B surface antigen Engerix-B (31) or with
purified HIV-1 envelope glycoproteins (7). Similarly, it has
been shown that the Oka varicella vaccine provides Th1-dom-
inant adjuvant signals to the hepatitis B surface antigen during
coimmunization (52) and that influenza virus infection con-
verted a nonimmunogenic (tolerogenic) coadministered pro-
tein to an immunogenic antigen (9). In the last study, virus
infection resulted in DC activation and priming of IL-2- and
IFN-y-producing T cells with specificity for both the viral an-
tigens and the unrelated coadministered protein antigen. Col-
lectively, these studies suggest that a Thl-inducing environ-
ment is a general consequence of virus infection and that this
can promote antibody responses against unrelated antigens
that are present in the surroundings.

The rSFV system used in this study is based on suicidal,
one-cycle virus particles that are packaged using a helper sys-
tem (62). These particles are capable of mediating only a single
round of infection, providing a well-defined system to address
these questions. SFV is a potent inducer of IFN-o/B (3, 11, 28),
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and so far, no mechanism for specifically suppressing IFN-o/3
induction during SFV infection has been reported. We have
previously shown that suicidal rSFV particles induce a rapid
and transient IFN-o/f response in mice, which is easily de-
tected in serum at 4 to 6 h after immunization (28). Here we
show that both rSFV and UV-inactivated rSFV particles ex-
hibited an adjuvant effect on coimmunized protein. This is
consistent with studies using inactivated pseudo-rabies virus
particles that exhibited adjuvant effects in the absence of viral
replication (15) and with our previous observations that UV-
inactivated, entry-competent rSFV particles are capable of in-
ducing an IFN-«/B response (28). In contrast, a recent study by
Thompson et al. demonstrating an adjuvant effect of Venezu-
elan equine encephalitis virus (VEE) on coimmunized protein
antigen (68) showed that the effect was abolished upon UV
treatment of the virus. It is possible that this reflects differences
in how harshly the virus was inactivated, since our data suggest
that only entry-competent UV-treated rSFV maintains the
ability to induce IFN-o/B (28). Whether the systemic and mu-
cosal adjuvant effect on coimmunized proteins reported for
VEE is mediated by IFN-a/B remains to be determined, as this
was not investigated in the study by Thompson et al. (68). It
will also be interesting to determine if, similarly to VEE, rfSFV
can promote mucosal immune responses against coimmunized
protein antigens and whether there are mechanistic differences
between the adjuvant effects of SFV and VEE.

In immunization studies using protein antigens and various
TLR ligands, it was recently suggested that CD4"-T-cell-de-
pendent antibody responses require activation of TLRs on B
cells (51). The adjuvant effect of rSFV on coimmunized pro-
tein was not compromised in mice lacking the adapter protein
MyDS8S8 (required for signaling via all TLRs except TLR3 and
TLR4) or in mice deficient for TLR3. This is consistent with
the fact that both MyD88 '~ and TLR3™/~ mice produced
normal levels of IFN-a/B in response to rSFV infection (28)
(Fig. 5A). It is also consistent with the recent demonstration
that induction of IFN-«/B by RNA viruses in most cell types is
mediated by the cytosolic receptor RIG-I and is independent
of TLRs (34, 47). We suggest that IFN-a/B are important
mediators of the adjuvant effects of many TLR ligands (18)
and that in a viral system, the requirement for TLR signaling
can be overcome by the ability of viruses to induce IFN-a/B
through alternative pathways (34, 71). Neither MyD88 /™ nor
TLR3™/~ mice were defective in immune responses against
virus-encoded antigen. This observation differs from a previous
report, in which MyD88 was required for induction of T-cell
responses against a different antigen encoded by rSFV (9).
Also, previous studies have shown that TLR3 can mediate
cross-presentation of viral antigens (58). However, in those
experiments, mice were immunized with virus-infected Vero
cells (of monkey origin) rather than with infectious rSFV par-
ticles to overcome any effects of virus-induced IFN-o/B (58).
This approach was taken because IFN-o/f alone has been
shown to be sufficient to promote cross-presentation (37). We
found that the TLR3 ™/~ mice produced IFN-o/ levels similar
to those of wild-type mice upon injection with rSFV (Fig. 5A).
Furthermore, in the presence of an active IFN-«a/B-signaling
pathway, the elicitation of cellular and humoral immune re-
sponses against virus-encoded antigens was not compromised
in the TLR3™/~ mice (Fig. 2).
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The IFN-o/B-dependent adjuvant effect of rSFV on coad-
ministered protein is consistent with results reported with other
adjuvants. For example, the adjuvant activities of Freund’s
complete adjuvant and of several TLR ligands are at least
partially dependent on IFN-o/B (18, 38). IFN-o/B are potent
modulators of DC function, and treatment with IFN-o/B in
vitro leads to upregulation of CD40 cell surface expressed on
DCs (29, 48). Our results suggest that IFN-o/B induced by
rSFV activates DCs that have taken up antigen, locally or at
distant sites, enhancing antibody responses against coadminis-
tered protein in a CD4"-T-cell dependent manner. It is pos-
sible that IFN-a/B also has a direct effect on other cells that
contributes to the elicitation of antibody responses in this sys-
tem. Studies of the human system have shown that IFN-o/f,
together with IL-6, affects B cells, leading to their differentia-
tion into antibody-producing plasma cells (32). The impor-
tance of IFN-a/B signaling directly to B and T cells was re-
cently investigated in a series of elegant experiments in wt mice
using adoptive transfer of T or B cells selectively defective for
IFN-o/B signaling (39). These studies established that the di-
rect action of IFN-a/B on both T and B cells is important
during the generation of an immune response. Interestingly, it
has been shown that SFV infection activates mouse lympho-
cytes in a non-antigen-specific, IFN-a/B-dependent manner,
resulting in upregulation of CD69 and CD86 on both T and B
cells (3). This was suggested to bring the cells into a semiacti-
vated state, which may lower the threshold for antigen-medi-
ated activation and thereby facilitate the generation of adap-
tive immune responses. Thus, IFN-o/B likely modulate the
immune responses at several levels, including direct effects on
T and B cells.

In our study, we found that the induction of antibody re-
sponses against the rSFV-encoded antigens was not dependent
on IFN-a/p signaling. This demonstrates that the mechanisms
by which humoral immune responses are induced in this co-
immunization system can be divided into an IFN-«/B-depen-
dent and an IFN-o/B-independent component. While virus-
induced IFN-o/B provides a critical adjuvant signal for the
coimmunized protein antigens, virus-encoded antigens benefit
from additional, IFN-o/B-independent adjuvant signals. One
explanation is that viral dsRNA replication intermediates re-
leased from infected cells can stimulate DCs. However, in our
in vitro system, rSFV-infected apoptotic MEFs induced matu-
ration of DCs in an IFN-o/B-dependent manner. It is possible
that the concentration of dsRNA was not sufficiently high in
our in vitro coculture system, since only high concentrations of
pI-C induced IFN-o/B-independent maturation of DCs (Fig.
7C). Alternatively, viral or cellular components other than
dsRNA that are not appropriately modeled in this in vitro
system could be responsible for the IFN-a/B-independent ad-
juvant effect. It would be interesting to determine if the IFN-
o/B-independent adjuvant effect of rSFV requires de novo
synthesis of antigen in the infected cell or if a mere association
of the antigen with the infected cell is sufficient.

This study is an important step forward in understanding the
pathways mediating the adjuvant effects of viral vaccines. The
recombinant virus system used here allowed us to indepen-
dently analyze antibody responses against both coadministered
protein and virus-encoded antigens. We demonstrate that vi-
rus-induced IFN-a/B can act as a potent adjuvant, suggesting
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that small-molecule compounds that induce IFN-a/f or re-
combinant IFN-«/B itself could be developed as effective ad-
juvants. The ability of viruses to stimulate humoral responses
against coimmunized protein subunit antigens could be ex-
ploited in the development of effective vaccine regimens to
stimulate both potent cellular and humoral immune responses.
This may be relevant for development of vaccines against
pathogens where both arms of the adaptive immune response
need to be mobilized.
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