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Wild-type (wt) vesicular stomatitis virus (VSV) strains stimulate plasmacytoid dendritic cells (pDC) through
Toll-like receptor 7 (TLR7) and its adaptor molecule, MyD88. Granulocyte-macrophage colony-stimulating
factor-derived DC (G-DC), which do not express TLR7, are unresponsive to wt VSV due to inhibition of cellular
gene expression by the matrix (M) protein. In contrast to its recombinant wt (rwt) counterpart, an M protein
mutant of VSV, rM51R-M virus, stimulates maturation of G-DC independently of MyD88. These results
suggest that, as in the case of G-DC, rM51R-M virus may stimulate pDC by mechanisms distinct from that by
rwt virus. Studies presented here demonstrate that both rwt and rM51R-M viruses induced maturation of
TLR7-positive DC derived by culture in the presence of Flt3L (F-DC), with the subsequent expression of type
I interferon (IFN). F-DC are a mixture of myeloid (CD11b�) and plasmacytoid (B220�) DC, both of which
respond to TLR7 ligands. Separated CD11b� and B220� F-DC responded to both rwt and rM51R-M viruses.
Both viruses were also defective at inhibiting host gene expression in F-DC, including the expression of genes
involved in the antiviral response. The data from F-DC generated from IFN receptor knockout mice demon-
strated that the maturation of F-DC induced by rwt virus was dependent on the type I IFN response, while
maturation induced by rM51R-M virus was partially dependent on this molecule. Therefore, activation of the
type I IFN pathway appears to be important for not only inducing an antiviral response but also for stimulating
maturation of F-DC upon virus infection. Importantly, F-DC from TLR7 and MyD88 knockout mice did not
undergo maturation in response to rwt virus, while maturation induced by rM51R-M virus was largely
independent of both molecules. These results indicate that although both viruses induce F-DC maturation,
F-DC detect and respond to rM51R-M virus by means that are distinct from rwt virus. Specifically, this mutant
virus appears capable of inducing DC maturation in a wide variety of DC subsets through TLR-dependent and
independent mechanisms.

Dendritic cells (DC), the most potent antigen-presenting
cells, play a key role in the induction of adaptive immune
responses to a variety of different pathogens (reviewed in ref-
erence 15). DC have been categorized into several subsets with
distinct phenotypes and functional capacities (31). Resident
DC identified in the secondary lymphoid tissues can be divided
into conventional (or myeloid) DC (consisting of cells express-
ing CD11c and combinations of CD8� and/or CD11b�) and a
CD11c� B220� subset that has been referred to as plasmacy-
toid DC (pDC) or interferon (IFN)-producing cells. These
subsets can also be generated in vitro by culturing bone mar-
row cells in the presence of Flt3L (referred to here as F-DC).
Shortman and Naik also describe an inflammatory DC subset
that is recruited in vivo upon infection (31). DC with corre-
sponding phenotypic and functional characteristics to inflam-
matory DC can also be generated upon culture of mouse bone
marrow in the presence of granulocyte-macrophage colony-
stimulating factor (GM-CSF) (these DC are referred to here as
G-DC). These DC subsets respond to different sets of stimuli

and play distinct roles in innate and adaptive immunity in vivo.
The goal of the experiments presented here was to determine
the differences in responsiveness of F-DC versus G-DC to
vesicular stomatitis virus (VSV).

Studies have shown that pDC often play important roles in
the innate response to virus infection. For example, pDC are
the major type I IFN-producing cell type in mice infected with
wild-type (wt) VSV (6). Although the role of pDC in antiviral
immunity in vivo is controversial, it is believed that pDC are
generally less effective than myeloid DC (mDC) in the direct
activation of T cells (8). In addition to their known role as
sources of type I IFN to stimulate mDC to prime T cells, pDC
provide initial CD40L signals to mDC to promote their ability
to present antigen to CD4� and CD8� T cells (39). In fact,
studies indicate that cooperation between subtypes is impor-
tant for immunity against a variety of pathogens (30).

DC are known to recognize the presence of many invading
organisms via receptors belonging to the Toll-like receptor
(TLR) family (reviewed in references 22 and 38). TLRs are
important for the recognition of pathogen-specific molecular
patterns derived from both viral and bacterial species. Engage-
ment of a TLR by a pathogen initiates signal transduction
events, leading to the induction of inflammatory cytokines and
costimulatory molecules by DC (reviewed in reference 32).
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Although TLR signaling is differentially regulated in a TLR-
specific manner, many TLR transduce signals through the
adaptor protein MyD88. TLR7, a MyD88-dependent TLR, is
required for responsiveness to wt VSV as well as another
negative-strand RNA virus, influenza virus, by pDC (11, 29).

We have previously reported that wt VSV suppresses mat-
uration of G-DC due to inhibition of host gene expression by
the wt matrix (M) protein (1). In contrast, an oncolytic M
protein mutant of VSV, rM51R-M virus, stimulates the matu-
ration of G-DC independently of MyD88. rM51R-M virus con-
tains an methionine to arginine substitution at position 51 of
the M protein. This mutation renders the virus defective in the
ability to inhibit host gene expression but does not compromise
the expression of viral genes or the production of infectious
progeny (4, 21). Because of its inability to shut off host gene
expression, rM51R-M virus induces the expression of genes
involved in antiviral responses, including the type I IFN re-
sponse, in infected cells (4). Therefore, induction of the IFN
pathway by M protein mutant VSV most likely provides an
activating signal for G-DC. These results led us to postulate
that, as in the case of G-DC, rM51R-M virus may stimulate
pDC by a mechanism distinct from that by wt virus.

In the experiments presented here, we tested the ability of
rM51R-M virus to induce the maturation of F-DC compared
to its isogenic recombinant wt counterpart, rwt virus. Both rwt
and rM51R-M viruses induced maturation of F-DC, as indi-
cated by an increase in the expression of the DC costimulatory
molecules CD40, CD80, and CD86, with the subsequent ex-
pression of type I IFN. Separated CD11b� and B220� F-DC
underwent maturation in response to both rwt and rM51R-M
viruses. Both viruses were also defective at inhibiting host gene
expression in F-DC, including the expression of genes involved
in the antiviral response. The data from F-DC generated from
IFN-� receptor knockout (IFNAR�/�) mice demonstrated
that the maturation of F-DC by rwt virus was dependent on the
type I IFN response, while maturation by rM51R-M virus was
only partially dependent on this molecule. Furthermore,
whereas F-DC maturation induced by rwt virus was dependent
on TLR7 and MyD88, maturation induced by rM51R-M virus
was largely independent of MyD88 and TLR7. These results
indicate that although both viruses induce F-DC maturation,
F-DC detect and respond to rM51R-M virus by means that are
distinct from rwt virus.

MATERIALS AND METHODS

Mice. C57/BL6 mice were purchased from the Jackson Laboratory (Bar Har-
bor, ME). MyD88�/� mice were kindly provided by D. Golenbock (University
of Massachusetts), with the permission of S. Akira. IFN receptor-negative
(IFNAR�/�) mice were a generous gift of S. Mizel (Wake Forest University),
with the permission of C. Schindler (Columbia University). TLR7�/� mice were
provided by R. Flavell (Yale University). All mice were maintained and bred in
the animal facility at Wake Forest University School of Medicine.

Cells and viruses. (i) DC propagation. G-DC were generated as previously
described (17). Briefly, bone marrow was removed from the tibias and femurs of
8- to 10-week-old mice. After red cell lysis and washing, progenitor cells (5 �
105/ml) were resuspended and plated in RPMI containing 10% fetal calf serum
supplemented with 20 ng of GM-CSF/ml (without antibiotics) for 6 days. F-DC
were generated from mouse bone marrow as previously described (14). Progen-
itor cells (1.2 � 106/ml), obtained as described above, were resuspended and
plated in RPMI containing 10% fetal calf serum supplemented with 100 ng of
Flt3L/ml for 9 days.

(ii) Separation of CD11b� and B220� cells. CD11b� and B220� cells were
separated from F-DC using the MACS separation method (Miltenyi Biotec) with
some modifications. Briefly, F-DC were incubated with B220 MicroBeads for 15
min at 4°C, washed, and placed over a MACS column inside the magnetic field
of a MACS separator. The column was rinsed with MACS buffer, and B220�

cells (CD11b� cells) were eluted and collected. B220� cells were collected by
elution through the column with MACS buffer in the absence of a magnetic field.
The CD11b� cells were run through a second MACS column to remove any
contaminating B220� cells. Cells were counted and resuspended in RPMI con-
taining 10% fetal calf serum. An aliquot of each subset was taken for staining
with CD11b or B220 antibodies to check purity of cells after selection.

(iii) Virus growth and preparation. The recombinant viruses, rwt and
rM51R-M, were isolated from infectious VSV cDNA clones, and virus stocks
were prepared as described previously (21). Briefly, viruses were grown on BHK
cell monolayers. Supernatants containing progeny virions were harvested, ti-
trated, and stored at �80°C. To rule out the possibility of endotoxin contami-
nation in the stocks, DC were treated with supernatants from parallel cultures of
uninfected BHK monolayers, and costimulatory molecule expression and cyto-
kine levels were measured.

Reagents. Recombinant mouse GM-CSF and human Flt3L were purchased
from Invitrogen (Camarillo, CA). Fluorescence-labeled antibodies to mouse cell
surface antigens (CD40-phycoerythrin [CD40-PE; clone 3/23], CD80-PE [clone
16-10A1], CD86-PE [clone GL1], CD11c-allophycocyanin [CD11c-APC; clone
HL3], CD11b-APC [clone M1/70], B220-APC [CD45R/B220-APC; clone RA3-
6B2], recombinant immunoglobulin G-PE [rIgG-PE], and rIgG-APC) were pur-
chased from BD Biosciences/Pharmingen (San Diego, CA). For use as TLR
agonists, lipopolysaccharide (LPS) from Salmonella enterica serovar Minnesota
was purchased from Sigma (St. Louis, MO) and used at a concentration of 100
to 300 ng/ml; poly(I-C) (used at 25 �g/ml) and loxoribine (Lox; used at 200 �M)
were purchased from InvivoGen (San Diego, CA).

Viral infection of DC. F-DC or G-DC, cultured as described above, were
harvested, plated in 48-well plates at a density of 5 � 105/well, and infected with
either rwt or rM51R-M virus at the indicated multiplicity of infection (MOI) for
1 h in a small volume. The volume was then restored to 1 ml, and the cells were
cultured for an additional 23 h to allow time for maturation.

Measurement of costimulatory molecule and cytokine expression by DC after
viral infection. F-DC (or CD11b� or B220� subsets) were plated in 48-well
plates at a density of 5 � 105 DC/ml in antibiotic-free medium. The cells were
then infected with virus at the indicated MOIs or treated with the indicated TLR
agonist and then incubated for 24 h. Culture supernatants were removed, and the
presence of interleukin-6 (IL-6) and IL-12 p40 was measured by using OptiEIA
kits (BD Pharmingen). Type I IFN in the supernatants was measured by a
bioassay or using an IFN-� enzyme-linked immunosorbent assay (ELISA) kit
(PBL). The cells were harvested and stained with PE-conjugated antibodies to
murine CD40, CD80, and CD86. Nonspecific background staining was assessed
using isotype control antibodies (rat IgG-PE for CD40, CD80, and CD86). DC
were costained with antibodies to CD11c or to CD11b and B220 to enable
analysis of costimulatory molecules expressed by the distinct DC populations. In
addition, dead cells were excluded from analysis based on forward- and side-
scatter gating.

IFN assays. (i) IFN bioassay. To determine the IFN activity produced by cells
infected with wt and mutant viruses, supernatants (500 �l) were collected from
F-DC infected with rwt or rM51R-M virus or treated with poly(I-C) or Lox for
24 h. The bioassay was carried out as previously described (1). Briefly, infectious
virus was inactivated by acid treatment (pH 2), the acid was neutralized, and
serial dilutions were incubated overnight with L929 cells in 96-well plates at 37°C.
To construct a standard dose-response curve, cells were incubated with serial
fivefold dilutions of IFN (universal type I IFN; PBL Biomedical Laboratories,
New Brunswick, NJ). The samples were aspirated, and cells were challenged with
wt VSV at an MOI of 5 PFU/cell in 100 �l of medium. Controls included cells
infected with VSV alone and cells that were not challenged with VSV. Cells were
incubated overnight at 37°C, the medium was aspirated, and the cells were fixed
with 95% ethanol. Cells were then stained with a 0.1% crystal violet solution in
methanol. The absorbance was read at 550 nm on an ELISA reader. IFN levels
of �500 IU/ml were detectable by this bioassay.

(ii) IFN-� ELISA. IFN-� levels in the supernatants of infected or treated DC
were determined by using a VeriKine Mouse Interferon Beta ELISA kit (PBL
Biomedical Laboratories) according to the manufacturer’s directions.

35S radiolabeling of infected cells. To analyze protein synthesis during virus
infections, G-DC and F-DC (5 � 105 cells) were infected with rwt or rM51R-M
virus at an MOI of 10 PFU/cell in RPMI containing 10% fetal bovine serum
(FBS). At different times postinfection, cells were labeled with a 15-min pulse of
[35S]methionine (100 �Ci/ml) in a total volume of 0.3 ml of methionine-free
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medium. Cells were washed with phosphate-buffered saline and harvested in
radioimmunoprecipitation assay buffer (0.15 M NaCl, 1% deoxycholate, 1%
Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 10 mM Tris [pH 7.4]). Ex-
tracts normalized for protein levels (detected by the Lowry protein assay) were
electrophoresed by SDS–10% polyacrylamide gel electrophoresis (PAGE) and
were analyzed by phosphorescence imaging as described previously (21).

Growth curves. G-DC and F-DC were infected with rwt or rM51R-M viruses
in six-well dishes at the indicated MOIs in RPMI containing 10% FBS. Cells
were washed at 1 h postinfection and recultured in 3 ml of fresh medium. At 24 h
postinfection, 100 �l of medium was removed from each dish and stored at
�70°C. The yields of virus were determined by plaque assays on BHK cells and
were expressed as PFU/ml.

Microarray analysis. Cells were infected with rwt or rM51R-M viruses at an
MOI of 1 PFU/cell in RPMI containing 10% FBS. At 6 h postinfection, cells were
harvested, and total RNA was isolated by using TRIzol reagent (Invitrogen).
Each RNA sample was processed according the manufacturer’s protocol (Af-
fymetrix) and hybridized to the Affymetrix Mouse Genome MOE 430A array
representing 14,000 well-characterized mouse genes. Each chip was scaled to a
target intensity of 500, normalized to the 100 control probe sets present on each
chip, and then expressed as a ratio to the nonspecific background on a per-gene
basis. Analysis of data was carried out by using Affymetrix Data Mining Tool
software (Affymetrix).

RESULTS

wt and M protein mutant viruses induce maturation of
Flt3L DC. We have previously demonstrated that rwt virus kills
myeloid-like bone marrow-derived G-DC, while rM51R-M vi-
rus stimulates the maturation of these cells (1). The difference
in response to these two viruses is due to the inhibition of host
gene expression by wt M protein, while the mutant M protein
is defective in the inhibition of host gene expression. In con-
trast to G-DC, it has been demonstrated by studies from other
groups that pDC produce type I IFN in response to both wt
and M protein mutant viruses (29, 37), suggesting that these
cells are protected from the shutoff of host gene expression and
killing by wt VSV. To determine whether pDC undergo mat-
uration in response to both wt and mutant viruses, we tested
the effect of these viruses on the expression of costimulatory
molecules on DC generated from murine bone marrow cells
cultured in the presence of Flt3L. These culture conditions
give rise to two populations of DC resembling those found
resident in the spleen, including B220� pDC, as well as
CD11b� conventional DC. Both of these DC populations re-
spond to the TLR7 agonist loxirubine (lox) and are also effec-
tive producers of type 1 IFN (data not shown).

F-DC were infected with either rwt or rM51R-M viruses at
different MOIs. Cells treated with LPS or the TLR7 agonist,
Lox, served as positive controls, while untreated, immature DC
served as a negative control. At 24 h, cells were harvested and
stained with antibodies to the costimulatory molecules CD40,
CD80, and CD86. Cells were costained with the DC cell sur-
face marker CD11c, and flow cytometry was performed to
determine the cell surface expression of CD40, CD80, and
CD86 on the CD11c� cells. The data were quantitated by
determining the fold increase in costimulatory molecule ex-
pression on infected or treated cells compared to untreated,
immature DC. Our results demonstrate that both rwt and
rM51R-M viruses enhanced cell surface expression of CD40,
CD80, and CD86 in a dose-dependent manner (Fig. 1). Spe-
cifically, we observed an �5-fold increase in CD40 expression,
a 4-fold increase in CD80 expression, and a 20-fold increase in
CD86 expression in F-DC upon infection with 1 PFU of rwt
virus/cell (Fig. 1A, B and C, respectively). Increases in costimu-

latory molecule expression were slightly greater in rM51R-M
virus-infected cells than on those infected with rwt virus, espe-
cially in the case of CD86 (Fig. 1C). However, in contrast to
our previous findings in G-DC, in which only the rM51R-M
virus induced costimulatory molecule expression, the F-DC
responded strongly to both viruses by upregulating the expres-
sion of CD40, CD80, and CD86.

To determine how the infection of F-DC with VSV affects
the production of cytokines, supernatants from VSV-infected
F-DC were collected 24 h after treatment. The secretion of
IL-12p40 and IL-6 was measured by ELISA, and the produc-
tion of type I IFN was determined by an IFN bioassay. The
data were normalized to the percentage of viable cells in the
culture. Interestingly, our results indicate that neither IL-
12p40 nor IL-6 (Fig. 1D and E, respectively) was induced by
infection with either rwt or rM51R-M viruses, whereas each of
the positive controls—LPS, Lox, and the TLR9 agonist CpG—
induced secretion of these cytokines. However, both viruses
stimulated production of type I IFN (Fig. 1F) to levels com-
parable to that obtained with Lox. These data indicate that
both wt and mutant viruses induce the maturation of F-DC.

Both B220� and CD11b� populations in F-DC respond to
wt and M protein mutant viruses. As stated previously, treat-
ment of murine bone marrow with Flt3L generates two distinct
subsets of DC. As illustrated in the left panel of Fig. 2A, at day
9 of culture ca. 60% of the cells were CD11b� B220�, resem-
bling conventional DC, and ca. 40% of the cells were CD11b�

B220�, correlating with pDC. To determine how both subsets
of cells responded to infection with each virus, we monitored
the expression of costimulatory molecules in combination with
the subset markers CD11b or B220 after infection. As controls,
cells were also treated with the TLR agonists LPS and Lox.
The level of expression of CD80 on each gated population is
depicted in the right panels of Fig. 2A. In general, the level of
expression of CD40, CD80, and CD86 on the B220� cells was
markedly lower than that of the CD11b� cells in both resting
and stimulated conditions (Fig. 2B, C, and D, respectively). We
observed that in both populations there was an increase in
the expression of costimulatory molecules after infection with
either rwt or rM51R-M virus, although the response to
rM51R-M virus was stronger. Although the relative level of
expression of costimulatory molecules was much higher in the
CD11b� than in the B220� cells after infection, the back-
ground or nonstimulated level of expression was also higher on
the CD11b� cells. Thus, we also calculated the relative fold
increase in costimulatory molecule expression for each cell
type over its unstimulated background (Fig. 2, right panels of
B, C, and D). This analysis revealed that the B220� DC
showed comparable fold upregulation of CD86 as the CD11b�

cells, but their fold upregulation of CD80 and CD40 was
weaker than the CD11b� DC. These data argue that the high
level of costimulatory molecule expression observed in the
mixed population was primarily due to the CD11b� cells. In
terms of patterns of response to stimulation, we observed a
strong upregulation of CD86 in both populations in response
to Lox, but a more robust increase in response to LPS in
CD11b� than in B220� cells. This finding is consistent with
previous findings that CD11b� DC express higher levels of
TLR4 than the B220� cells (18).

To determine whether the results obtained in Fig. 2 reflect the
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responses of the individual subsets to virus infection, CD11b� and
B220� subsets were separated from F-DC, and each population
was infected with rwt or rM51R-M viruses or treated with LPS or
Lox, as described above. After infection or treatment, the expres-
sion of costimulatory molecules was determined in combination
with the subset markers CD11b or B220 (Fig. 3). From our sep-
aration method, we obtained CD11b� and B220� populations
with �90% purity (Fig. 3A). As in the mixed population, the level
of expression of CD40, CD80, and CD86 on the separated B220�

cells was lower than that of the separated CD11b� cells under all
conditions (Fig. 3B, C, and D, respectively, left panels). We also
observed an increase in the levels of costimulatory molecule ex-
pression in both populations in response to the TLR agonists, Lox

and LPS. Although both cell types responded to rwt and
rM51R-M viruses, the magnitude of the response was not as great
as that observed in the mixed population, especially in the case of
rwt virus. When we calculated the fold increase in costimulatory
molecule expression versus untreated cells (Fig. 3B, C, and D,
right panels), the data revealed that upon infection with both rwt
and rM51R-M viruses, the B220� cells showed comparable fold
upregulation of CD80 and CD86 as the CD11b� DC, while their
level of expression of CD40 was lower than in the CD11b� DC.
We observed a strong upregulation of CD40, CD80, and CD86 in
both populations in response to Lox but, as seen in the mixed
population, the levels of these molecules in response to LPS was
greater in CD11b� cells than in B220� cells. Overall, these results

FIG. 1. wt and M protein mutant viruses induce maturation of F-DC. F-DC were infected with rwt or rM51R-M virus at multiplicities of 0.01,
0.1, and 1 PFU/cell or were treated with LPS, Lox, or pI-C. At 24 h postinfection or posttreatment, the cell surface expression of CD40, CD80,
and CD86 was measured by flow cytometry. The geometric mean fluorescence of each sample was determined and used to quantitate the increase
in CD40 (A), CD80 (B), and CD86 (C) expression over that in untreated cells (NT). Culture supernatants from infected or treated cells were
collected and the presence of IL-12 p40 (D) and IL-6 (E) was measured by ELISA. The data are expressed in pg of cytokine secreted/ml into the
supernatant. (F) Type I IFN in the supernatant was measured by a bioassay based on the reduction of VSV cytopathic effects. The IFN
concentration (in IU/ml) was quantitated by comparing the results to those in cells incubated with serial dilutions of an IFN standard. The data
were normalized to the percentage of viable cells and are the means 	 the standard errors for three experiments.
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indicate that the separated B220� and CD11b� subsets respond
to VSV and to stimulation with Lox and LPS in a manner that is
similar to that observed in the mixed population. In addition, the
cross talk between the two subsets in the mixed cultures appears

to enhance the maturation of both populations. Due to the sim-
ilarity in responses between the mixed and separated populations
we chose, in subsequent experiments, to further analyze the re-
sponse of the mixed F-DC population to VSV.

FIG. 2. B220� and CD11b� populations in F-DC respond to rwt and rM51R-M viruses. F-DC were infected with rwt or rM51R-M virus at a
multiplicity of 1 PFU/cell or treated with Lox or LPS for 24 h. After infection, the expression of costimulatory molecules was measured in combination
with the subset markers CD11b or B220 by flow cytometry. The level of expression of CD80 on each gated population is depicted in the histograms shown
in panel A. The cell surface expression of CD40 (B), CD80 (C), and CD86 (D) in each sample is shown as the geometric mean fluorescence (left side)
and as the increase in costimulatory molecule expression over that in untreated cells (NT) (right side). The data are the means 	 the standard errors
for three experiments.
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F-DC are resistant to shutoff of host protein synthesis by wt
and M protein mutant VSV. Our earlier observations in G-DC
indicated that the ability of rM51R-M virus to induce matura-
tion of virus-infected cells is related to its reduced ability to
inhibit host gene expression (1). To determine the rates of
protein synthesis in F-DC compared to G-DC infected with wt
and mutant viruses, cells were infected at an MOI of 10
PFU/ml and pulse-labeled with [35S]methionine for 15 min at

different times postinfection. Proteins were solubilized, and
equivalent amounts of protein were subjected to SDS-PAGE
and phosphorescence imaging. Representative images are
shown in Fig. 4A. The positions of the viral proteins are indi-
cated to the left in the images. As observed previously, rwt
virus effectively inhibited host translation in G-DC over time
compared to mock-infected cells. This is clearly seen in the
regions of the gel that are devoid of viral proteins. However,

FIG. 3. Separated B220� and CD11b� populations in F-DC respond to rwt and rM51R-M viruses. The B220� and CD11b� populations in
F-DC were separated and infected with rwt or rM51R-M virus at an MOI of 1 PFU/cell or treated with Lox or LPS for 24 h. After infection, the
expression of costimulatory molecules was measured in combination with the subset markers CD11b or B220 by flow cytometry. The efficiency of
separation of the CD11b� and B220� DC populations is shown in panel A. The cell surface expression of CD40 (B), CD80 (C), and CD86 (D) in
each sample is shown as the geometric mean fluorescence (left side) and is representative of two individual experiments. The increase in
costimulatory molecule expression over that in untreated cells (NT) was quantitated (right side). The data are the means 	 the standard deviations
for two experiments.

VOL. 83, 2009 MUTANT VSV STIMULATES TLR7-POSITIVE AND -NEGATIVE DC 2967



rM51R-M virus was less effective at shutting off host protein
synthesis. In contrast to results obtained in G-DC, F-DC were
relatively resistant to shutoff of host protein synthesis by both
rwt and rM51R-M viruses. Host protein synthesis in infected
cells at different times postinfection was quantitated from im-
ages similar to that shown in Fig. 4A. The data in Fig. 4B are
shown as percentages of the values for the mock-infected con-
trol. rwt virus effectively inhibited G-DC translation at early
times postinfection, whereas host protein synthesis in F-DC
infected with this virus was not markedly inhibited at 8 h
postinfection and was still 40 to 60% that of the control at 24 h.
F-DC were also more resistant than G-DC to shutoff of host
protein synthesis by rM51R-M virus. Based on these data, we
can conclude that both wt and M protein mutant viruses ef-
fectively stimulate the maturation of F-DC, most likely due to
their inability to shut off host gene expression in these cells.

F-DC are equally permissive for rwt and rM51R-M viruses.
To determine whether F-DC were permissive to infection with
rwt and rM51R-M viruses, yields of progeny virus were deter-
mined by a plaque assay, and titers were compared to those in
VSV-infected G-DC. G-DC infected with rwt virus at an MOI
of 10 PFU/cell produced progeny virus at �106 PFU/ml by 8 h
postinfection (Fig. 5A). Virus titers from cells infected with
rM51R-M virus were consistently 1 to 2 logs lower than those
in G-DC infected with rwt virus. As observed previously, these
results indicate that G-DC are more susceptible to infection
with rwt virus than with rM51R-M virus. However, at the lower
MOI (0.1 PFU/cell), both viruses were attenuated for growth
in G-DC and produced progeny virus at 104 PFU/ml.

In contrast to G-DC, F-DC were equally permissive for both
rwt and rM51R-M viruses at an MOI of 10 PFU/cell (Fig. 5B).

FIG. 4. F-DC are more resistant to shutoff of host gene expression by VSV than G-DC. G-DC and F-DC were infected with rwt or rM51R-M
virus at an MOI of 10 PFU/cell or were mock infected as a control. At different times postinfection, cells were labeled with a 15-min pulse of
[35S]methionine (100 �Ci/ml) and harvested. Lysates were subjected to SDS-PAGE, and labeled proteins were quantitated by phosphorimaging.
(A) Representative images from analysis of rwt and rM51R-M virus-infected G-DC and F-DC. (B) Host protein synthesis was determined from
images similar to that shown in panel A for regions of the gel devoid of viral proteins. The results are shown as percentages of the mock-infected
control value and are the means 	 the standard errors of three independent experiments.

FIG. 5. Viral growth analysis in DC. G-DC (A) or F-DC (B) were
infected with rwt or rM51R-M virus at MOIs of 10 and 0.1 PFU/cell.
At different times postinfection, supernatants were collected to deter-
mine the amounts of progeny virus by a plaque assay. The data are the
means of two to three experiments. (C) Virus titers in F-DC and the
B220� and CD11b� subsets. B220� and CD11b� cells were separated
and infected with rwt or rM51R-M viruses at an MOI of 1 PFU/cell.
Virus titers were determined at 24 h postinfection and compared to
those obtained in the mixed F-DC culture. The data are the means 	
the standard deviations for two experiments.
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However, while titers were maintained at 106 PFU/ml in
rM51R-M virus-infected F-DC at later times postinfection,
supernatants of cells infected with rwt virus displayed decreas-
ing titers. Further studies indicated that this was due to a loss
in viability in rwt virus-infected cells at later time points (data
not shown). At the lower MOI, both viruses grew to similar
titers and results were very similar to those observed in VSV-
infected G-DC. These data indicate that both rwt and
rM51R-M viruses grow with similar kinetics in F-DC.

To determine which population in F-DC is the major pro-
ducer of viral progeny upon infection with rwt or rM51R-M
virus, the B220� and CD11b� subsets were separated and
infected at an MOI of 1 PFU/ml. Virus titers were determined
at 24 h postinfection, and the results were compared to titers
obtained from the mixed population (Fig. 5C). As observed in
Fig. 5B, F-DC (mixed population) infected with either rwt or
rM51R-M viruses produced similar levels of progeny virus.
Furthermore, there was no difference between the mixed and
the B220� and CD11b� subsets in their ability to support the
growth of rwt or rM51R-M virus by 24 h. Together with the
data obtained in Fig. 3, we can conclude that the B220� and
CD11b� populations are equally permissive and responsive to
rwt and rM51R-M viruses.

F-DC respond to wt and M protein mutant viruses by up-
regulating expression of genes in the type I IFN pathway. A
consequence of the inhibition of host gene expression by wt
VSV is the suppression of the host antiviral response (4).
Therefore, F-DC resistance to both wt and mutant VSV may
be due to the inability of these viruses to block the type I IFN
response in infected cells. This hypothesis was tested by mi-
croarray analysis of mRNAs encoding antiviral proteins ex-
pressed in mock-infected or in rwt- and rM51R-M virus-in-
fected G-DC and F-DC. Cells were mock infected or VSV
infected for 6 h, an early time of infection allowing analysis of
the initial response of cells to virus infection. Total RNA was
isolated, and the expression of mRNAs for more than 33,000
characterized genes was analyzed. In order to generate an
analysis that was not biased toward a particular pathway, all
mRNAs detected in either G-DC or F-DC were tested for
statistical association with a data set of canonical pathways
using Ingenuity Pathways Analysis software. In this analysis, 80
different signaling pathways were evaluated for the fraction of
genes associated with each pathway in the database that were
differentially expressed (either up- or downregulated) and for
the statistical probability that the effect on the pathway would
be due to random chance. The data were analyzed as the ratio
of expression of each gene in VSV-infected cells versus mock-
infected cells (rwt/mock or rM51R-M/mock), with the criteria
for whether a gene was differentially expressed set at a ratio of
�4.0 or ��4.0. These criteria included the average number of
differentially expressed genes recommended by the software
(�500 out of �6,000 eligible for pathway analysis) and ex-
cluded nearly all genes whose expression was not significantly
different in repeated experiments.

The signaling pathways statistically associated with the dif-
ference in gene expression between VSV-infected cells and
mock-infected cells in G-DC (Fig. 6A) and F-DC (Fig. 6B)
were sorted according to the statistical significance of the as-
sociation shown on the y axis (dark blue bars; the dashed line
shows P 
 0.05). Also shown on the alternative y axis is the

fraction of genes associated with each pathway in the database
that were differentially expressed (yellow line). In G-DC in-
fected with rM51R-M virus (Fig. 6A), the IFN signaling path-
way had the highest fraction of differentially expressed genes
(8/29 
 0.28) and a high level of statistical significance [P 

7.65 � 10�9, �log(P) 
 8.12]. In fact, each of the differentially
expressed genes associated with this pathway was upregulated.
These included STAT1 and STAT2, transcription factors in the
type I IFN signaling pathway, and OAS1, an IFN-responsive
antiviral gene. Similar results were obtained in F-DC infected
with both rwt and rM51R-M viruses (Fig. 6B). In contrast,
genes in the type I IFN pathway were not significantly altered
in G-DC infected with rwt virus (note the difference in scale).
These results indicate that G-DC infected with rM51R-M virus
and F-DC infected with both viruses respond by activating the
antiviral IFN signaling pathway, whereas rwt virus-infected
G-DC are unable to mount an antiviral response, most likely
due to suppression of host gene expression by wt M protein.

Figure 6C shows data for specific genes in the type I IFN
pathway whose expression was significantly altered (P � 0.05)
upon infection with rwt or rM51R-M viruses compared to
mock-infected cells. In G-DC, rM51R-M virus upregulated
expression of genes in the IFN signaling pathways (i.e., NF-�B,
STAT1, and STAT2) to higher levels than those observed by
rwt virus. Furthermore, rM51R-M virus also promoted expres-
sion of a number of IFN-inducible genes, including OAS2,
Mx1, and PKR, while expression of these antiviral genes in rwt
virus-infected G-DC was not detected above the signal from
mock-infected cells. These results are consistent with the ob-
servation that rwt virus suppresses the host antiviral response
in G-DC as a result of inhibition of host gene expression (Fig.
4), while rM51R-M virus promotes this response. However, in
F-DC, both viruses enhanced the expression of genes in the
type I IFN pathway over mock-infected cells. In fact, in some
cases, F-DC infected with rwt virus expressed these genes at
levels higher than those observed in rM51R-M virus-infected
cells (i.e., OAS2 and PKR).

Figure 6D shows the expression of IFN-� and �genes as the
ratio in rM51R-M-infected cells to rwt-infected cells (these
mRNAs were not detected in mock-infected cells). Interest-
ingly, both viruses induced expression of IFN-� and -� genes in
G-DC. However, the levels of stimulation of several IFN-�
genes and the IFN-� gene were substantially greater in
rM51R-M virus-infected G-DC than in cells infected with rwt
virus. In contrast, both viruses induced expression of these
genes to similar levels in F-DC. These results are consistent
with our data indicating that F-DC respond to both rwt and
rM51R-M viruses by mounting an antiviral response, further
suggesting that the activation of the type I IFN pathway is
important for VSV-induced maturation of F-DC.

Maturation of Flt3L DC by VSV is largely dependent on the
type I IFN response. Our data indicate that the type I IFN
response pathway is a major arm of the response elicited by
both rwt and rM51R-M viruses in these DC. To directly de-
termine the requirement for signaling through the type I IFN
receptor in the maturation of F-DC induced by rwt and
rM51R-M viruses, we compared the response of these cells
lacking this molecule (IFNAR�/�) to that of wt F-DC upon
infection with VSV (Fig. 7). As expected, the expression of
CD40, CD80, and CD86 induced by both Lox and poly(I-C)
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FIG. 6. Analysis of mRNA expression in VSV-infected G-DC and F-DC. Microarray analysis of rwt and rM51R-M virus-infected cells was performed and
mRNA levels were analyzed by Ingenuity Pathway Analysis software (A and B). Results, indicated by dark blue bars, for genes that were expressed differentially
between rwt or rM51R-M virus-infected cells and mock-infected cells in G-DC (A) and F-DC (B) were analyzed for association with any of 80 canonical
pathways and are sorted according to their statistical significance of association (P � 0.05, indicated by the red line). An alternate axis (yellow line) shows the
fraction of genes associated with each pathway in the database that were differentially expressed between VSV-infected and mock-infected cells. (C) Genes in
the IFN signaling pathway. Genes in red were overexpressed in VSV-infected cells relative to mock-infected cells. Genes in yellow were present in similar levels
in VSV-infected and mock-infected cells, while genes in green were expressed at higher levels in mock-infected cells relative to VSV-infected cells. (D) Expression
of IFN-� and IFN-� genes in virus-infected cells.
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was strongly inhibited in the absence of the type I IFN receptor
(Fig. 7A, B, and C, respectively). The induction of costimula-
tory molecules CD40 and CD86 by rwt virus was completely
ablated in IFNAR�/� F-DC. However, in rM51R-M virus-
infected F-DC, the upregulation of CD40 and CD86 was only
partially reduced in the IFNAR�/� F-DC, while CD80 expres-
sion was slightly enhanced. These data indicate that while the
expression of costimulatory molecules induced by rM51R-M
virus is not completely dependent on the type I IFN response,
the response of F-DC to rwt virus is almost entirely dependent
on this molecule.

Differential requirement for MyD88 and TLR7 in the re-
sponse of F-DC to rM51R-M or rwt viruses. Our results thus
far demonstrate that both rwt and rM51R-M viruses stimulate
the maturation of F-DC. Other studies have demonstrated that
recognition of wt VSV by pDC is mediated by TLR7, a
MyD88-dependent TLR. To test whether the maturation of
F-DC by both viruses was dependent on MyD88 and TLR7,
F-DC from MyD88�/� and TLR7�/� mice were infected with
wt and mutant viruses and costimulatory molecule expression

was compared to that of wt DC (Fig. 8). As expected, the
response to Lox, a TLR7-dependent stimulus, was completely
ablated in the MyD88�/� (Fig. 8A to C) and TLR7�/� (Fig.
8D to F) DC. However, the response to poly(I-C), a MyD88-
independent stimulus, was not greatly affected in the absence
of MyD88 (Fig. 8A to C), and LPS, a TLR4 agonist, was not
significantly affected in the absence of TLR7 (Fig. 8D to F). In
rwt virus-infected F-DC, we observed that the induction of
CD40 and CD86 was completely ablated in the absence of both
molecules. However, the upregulation of these costimulatory
molecules stimulated by rM51R-M virus was not affected by
the loss of MyD88 and was only partially diminished in
TLR7�/� cells. We also examined the requirement for TLR7
in expression of IFN-� induced by both viruses (Fig. 8G).
Similar to the costimulatory molecule data, we observed that
the IFN-� induced by the TLR7 agonist, Lox, was completely
abolished in the absence of TLR7. However, IFN-� induced by
the rwt virus was diminished by about half while that induced
by the rM51R-M was not significantly diminished in the ab-
sence of TLR7. These data suggest that there may be alterna-
tive pathways for the induction of type I IFN by VSV in the
absence of TLR7 in these cells. Taken together, these data
indicate that the response to rwt virus in F-DC is mediated
through a TLR7-MyD88-dependent pathway. This may explain
why G-DC, which are nonresponsive to TLR7 agonists, fail to
mature upon infection with rwt virus. In contrast to rwt virus,
rM51R-M virus induces maturation of F-DC in a manner that
does not require MyD88 or TLR7. These results suggest that
rwt and rM51R-M viruses use distinct mechanisms to induce
maturation of F-DC.

One possible mechanism by which rM51R-M virus may stim-
ulate F-DC in the absence of MyD88 or TLR7 is through
stimulation of CD11b� cells in a MyD88-independent manner,
leading to the subsequent activation of B220� cells in the
mixed culture. To determine the individual responses of the
B220� versus CD11b� subsets in MyD88�/� F-DC, these sub-
sets were separated by magnetic labeling and infected with rwt
or rM51R-M viruses or treated with Lox or poly(I-C). Co-
stimulatory molecule expression was determined and ex-
pressed as the fold increase in CD40, CD80, and CD86 expres-
sion over the unstimulated background in the mixed
population (Fig. 9A, B, and C, respectively, left panels), and
the separated B220� and CD11b� DC (right panels). As ex-
pected, the response to Lox was ablated in each population, as
was the response to rwt virus. Furthermore, the upregulation
of costimulatory molecule expression upon treatment with
poly(I-C) was greatest in the CD11b� DC in either the mixed
or separated cultures. Similarly, upon infection with rM51R-M
virus, we observed a robust increase in expression of costimu-
latory molecules, especially CD40 and CD86, in the CD11b�

population, whereas the response of B220� to rM51R-M virus
was significantly lower in each subset regardless of whether
they were mixed or separated. The low response of MyD88�/�

B220� cells to rM51R-M virus was in contrast to the response
obtained in wt B220� cells (Fig. 3). These data indicate that
rM51R-M virus stimulates MyD88�/� F-DC through activa-
tion of CD11b� cells and that while there appears to be co-
operation between DC subsets in the wt cultures, this cross talk
is not MyD88 dependent.

To determine which population supports virus replication,

FIG. 7. Expression of costimulatory molecules on IFNR�/� F-DC
by rwt and rM51R-M virus. F-DC derived from wt or IFNR�/� mice
were infected with rwt and rM51R-M virus and treated with Lox or
poly(I-C) for 24 h. The cell surface expression of CD40 (A), CD80 (B),
and CD86 (C) was determined by flow cytometry. The data represent
the means 	 the standard errors of three experiments.
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supernatants of rwt versus rM51R-M virus-infected cells
were collected for determination of virus titers. Interest-
ingly, the mixed and the B220� and CD11b� subsets were
equally permissive for rwt and rM51R-M viruses in the ab-
sence of MyD88 as indicated by similar virus titers at 24 h
postinfection (Fig. 9D). Therefore, we can conclude that
regardless of their response to virus infection, there is no

difference in the ability of the different F-DC subsets to
support rwt or rM51R-M virus replication.

DISCUSSION

Our data highlight the extent to which viral suppressors of
host responses can modify the response of DC to virus infec-

FIG. 8. Response of MyD88�/� and TLR7�/� F-DC to rwt and rM51R-M virus. F-DC generated from wt and MyD88�/� (A) or TLR7�/�

(B) mice were infected with VSV at MOIs of 0.1 and 1 PFU/cell and treated with Lox, LPS, or poly(I-C) for 24 h. The cell surface expression of
CD40 (A and D), CD80 (B and E), and CD86 (C and F) was determined by flow cytometry. The data represent the means 	 the standard errors
of three experiments. (G) IFN-� production in the supernatants of wt versus TLR7�/� F-DC.
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tion. In the case of VSV, the M protein is the primary sup-
pressor of host antiviral responses (4, 33). The suppression of
host responses by M protein is due to a general shutoff of host
gene expression at the level of transcription, nuclear-cytoplas-
mic transport, and translation (4, 33). Although the mechanism
by which M protein inhibits host gene expression is not com-
pletely clear, it appears to involve interaction of M protein with

host nuclear factors such as Rae1 and Nup98 (12, 35). In
contrast to wt M protein, M51R mutant M protein is defective
in its ability to inhibit host gene expression (7, 13). As a result,
rM51R-M virus is a potent inducer of antiviral responses in
infected cells, while rwt virus suppresses host antiviral re-
sponses in most cell types. As shown here, the inability of
rM51R-M virus to suppress host responses has a profound

FIG. 9. CD11b� cells from MyD88�/� F-DC respond to rM51R-M virus. The B220� and CD11b� populations in MyD88�/� F-DC were
separated and infected with rwt or rM51R-M virus at an MOI of 1 PFU/cell or treated with Lox or poly(I-C) for 24 h. After infection, the expression
of costimulatory molecules was measured by flow cytometry. The increase in CD40 (A), CD80 (B), and CD86 (C) expression over that in untreated
cells (NT) was quantitated for the mixed population (left side) and the separated B220� and CD11b� subsets (right side). The data are the
means 	 the standard deviations for two experiments. (D) Virus titers in mixed and separated MyD88�/� F-DC. B220� and CD11b� cells from
MyD88�/� F-DC were separated and infected with rwt or rM51R-M viruses at an MOI of 1 PFU/cell. Virus titers were determined at 24 h
postinfection and compared to those obtained in the mixed MyD88�/� F-DC culture. The data are the means 	 the standard deviations for two
experiments.
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effect on the response of DC to virus infection, both in terms
of the DC subsets which are able to respond, as well as the
pathways by which these responses are initiated. Specifically,
rM51R-M virus induces maturation in a broader range of DC
subsets than rwt virus, including both G-DC and F-DC, while
rwt virus induces maturation of F-DC, but not G-DC (Fig. 1).
Likewise, rM51R-M virus induces DC maturation by both
TLR7-dependent and TLR7-independent pathways, while the
response to rwt is primarily dependent on TLR7 (Fig. 8).

The data presented here indicate that, unlike our previous
findings with G-DC, F-DC possess the machinery required to
recognize and respond to the wt virus by undergoing matura-
tion. These results are consistent with previous reports dem-
onstrating the ability of pDC to respond to infection with wt
VSV both in cell culture and in vivo (6, 29, 37). The difference
between F-DC and G-DC is due in part to the delay in the
inhibition of host gene expression in F-DC (Fig. 4), which
allows these cells to respond to virus infection by upregulating
antiviral genes (Fig. 6). Two pieces of evidence suggest that the
expression of TLR7 by F-DC is the key to their response to
VSV. First, in contrast to G-DC, F-DC respond to the TLR7
agonist, Lox, by upregulating costimulatory molecules and type
I IFN (Fig. 1). Second, in the absence of TLR7 or its signaling
adaptor, MyD88, rwt virus failed to induce maturation of F-DC
(Fig. 8). These results are similar to studies indicating that
TLR7/MyD88 signaling by pDC is required for responsiveness
to wt VSV, as well as another negative-stranded RNA virus,
influenza virus (11, 29). In contrast to virus with wt M protein,
the M protein mutant virus, rM51R-M virus, induced costimu-
latory molecule expression in F-DC regardless of their expres-
sion of MyD88 and partially in the absence of TLR7. Similarly,
rM51R-M virus was able to stimulate production of type I IFN
in the absence of TLR7. These results indicate that this virus is
detected by other sensors in F-DC, leading to the activation of the
type I IFN signaling pathway. Likely candidates are members of
the RNA helicase family, such as retinoic acid-inducible gene I
(RIG-I), which regulates virus-induced antiviral immunity by the
activation of IRF-3 and NF-�B and the enhanced production of
type I IFN (16, 40). Although studies have suggested that the
production of type I IFN by pDC can occur independently of
RIG-I (19), it is possible that rM51R-M virus stimulates F-DC
primarily through this signaling pathway.

Although most of the response of F-DC to M protein mutant
virus was independent of TLR7, we did observe a decrease in
CD86 levels in TLR7�/� F-DC in response to rM51R-M virus.
However, there was no effect of lack of MyD88 in the CD86
response to this virus. The elimination of MyD88 effectively
cuts off signaling through several TLRs, as well as IL-1/IL-18R,
and thus has more effects on signaling than the elimination of
TLR7 alone. Thus, a likely explanation is that the potential for
compensatory mechanisms may be greater in MyD88�/� cells
than in TLR7�/� cells.

We have shown that the main response of F-DC to virus
infection is the upregulation of expression of genes in the type
I IFN pathway (Fig. 6). Additional pathways also showed some
significance, but only 10% of their genes were affected at most.
Furthermore, we found that IFNAR�/� DC failed to upregu-
late costimulatory molecule expression in response to infection
with rwt virus. Thus, activation of the type I IFN pathway is
important not only for stimulating an antiviral response but

also for inducing the maturation of F-DC upon virus infection.
However, we observed that, in the absence of a type I IFN
response, F-DC were partially responsive to rM51R-M virus.
Thus, rM51R-M virus stimulates expression of costimulatory
molecule genes independently of type I IFN signaling. How-
ever, it is likely that full maturation of F-DC by this virus,
including the ability to activate T cells, may require intact IFN
signaling. In fact, numerous studies have indicated that type I
IFN has important stimulatory effects on the adaptive immune
response, including the induction of CD8� T-cell responses by
cross-priming (25, 27). Although DC represent one direct tar-
get of type I IFN (23, 25), it is clear that this cytokine enhances
cross-priming through effects on other cell types as well. For
example, studies have indicated that optimal induction of
cross-priming was dependent on the direct stimulation of T
cells by IFN-�/� (20, 24). Type I IFN has also been shown to
augment antibody responses (26). Therefore, type I IFN is a
potent stimulator of adaptive immunity through effects on DC,
T cells, and B cells.

M protein mutant viruses, such as rM51R-M virus, are
promising candidates as vaccine vectors for the delivery of
foreign antigens and as oncolytic viruses for antitumor thera-
pies because they offer the promise of more effectively activat-
ing DC as means of initiating antigen- or tumor-specific T-cell
responses. We have recently shown that rM51R-M virus in-
duces strong antibody responses in vivo without causing dis-
ease, thus demonstrating the potential of viruses that stimulate
innate immunity as successful delivery vehicles for target anti-
gens (3). Furthermore, M protein mutant viruses have been
shown to selectively and effectively kill tumor cells in vivo
without causing disease in normal tissues (2, 33). In some
cases, this may be due to enhanced induction of antitumor
immunity as a result of virus infection within the tumor (10).
Although the combination of immune cell and viral infection
within the tumor has the potential to prime antitumor immune
responses, host responses may severely limit viral replication and
tumor cell infection, thus limiting anticancer efficacy (9). There-
fore, despite the promising results of virus-based cancer therapies,
it will be necessary to improve methods of delivery and utilize
therapeutic combinations for the effective treatment of cancers.
Results similar to those obtained from M protein mutant VSV
have been obtained with modified vaccinia virus Ankara, a highly
attenuated vaccinia virus strain that is being studied as a replica-
tion-deficient vaccine vector against various infections and tumor
diseases (36). Modified vaccinia virus Ankara induces type I IFN
production in F-DC through TLR-dependent and independent
mechanisms, indicating that, although attenuated, such viruses
possess the capacity to potently stimulate DC to induce robust
immune responses.

Our in vitro results demonstrate that wt VSV is more limited
than rM51R-M virus in its ability to stimulate different DC
populations. Nevertheless, wt VSV strains induce potent T-cell
responses in vivo (5, 41). Adoptive-transfer studies indicate
that by releasing small amounts of VSV particles within local
lymphoid tissues, mDC rapidly induce anti-VSV and T-cell
responses (28). In addition, CD8� T-cell activation by VSV-
derived antigens has been shown to occur in DC-rich regions of
lymph nodes (34). It is possible that wt VSV activates these
T-cell-stimulatory DC indirectly via bystander activity upon
activation of TLR7� pDC (i.e., through IFN produced by
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VSV-responsive pDC). Future studies will seek to determine
the mechanisms by which wt and mutant VSVs induce DC
maturation and how different DC subsets cooperate in vivo to
activate T cells.
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