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Inhibition of host-directed gene expression by the matrix (M) protein of vesicular stomatitis virus (VSV) effectively blocks host
antiviral responses, promotes virus replication, and disables the host cell. However, dendritic cells (DC) have the capacity to re-
sist these effects and remain functional during VSV infection. Here, the mechanisms of DC resistance to M protein and their
subsequent maturation were addressed. Flt3L-derived murine bone marrow dendritic cells (FDC), which phenotypically resem-
ble resident splenic DC, continued to synthesize cellular proteins and matured during single-cycle (high-multiplicity) and multi-
cycle (low-multiplicity) infection with VSV. Granulocyte-macrophage colony-stimulating factor (GM-CSF)-derived myeloid DC
(GDC), which are susceptible to M protein effects, were nevertheless capable of maturing, but the response was delayed and oc-
curred only during multicycle infection. FDC resistance was manifested early and was type I interferon (IFN) receptor (IFNAR)
and MyD88 independent, but sustained resistance required IFNAR. MyD88-dependent signaling contributed to FDC maturation
during single-cycle infection but was dispensable during multicycle infection. Similar to FDC, splenic DC were capable of matur-
ing in vivo during the first 24 h of infection with VSV, and neither Toll-like receptor 7 (TLR7) nor MyD88 was required. We con-
clude that FDC resistance to M protein is controlled by an intrinsic, MyD88-independent mechanism that operates early in in-
fection and is augmented later in infection by type I IFN. In contrast, while GDC are not intrinsically resistant, they can acquire
resistance during multicycle infection. In vivo, splenic DC resist the inhibitory effects of VSV, and as in multicycle FDC infec-
tion, MyD88-independent signaling events control their maturation.

Suppression and evasion of antiviral immune responses are
strategies that viruses use to promote their replication in the

host organism. Vesicular stomatitis virus (VSV), a prototypic neg-
ative-strand RNA virus, utilizes the dual function viral matrix (M)
protein to suppress the host response. M protein is a structural
protein, but it also suppresses host antiviral responses by inhibit-
ing host-directed gene expression. M protein induces global inhi-
bition of host gene expression at the levels of transcription, nucle-
ar-cytoplasmic RNA transport, and translation (reviewed in
reference 1). This activity of M protein effectively inhibits the
synthesis of most cellular proteins, including type I interferon
(IFN) and other antiviral gene products (2, 3), thus promoting
virus replication. M protein mutations that inactivate its ability to
suppress host responses without affecting virus assembly or repli-
cation (4) attenuate VSV pathogenicity in vivo (5, 6).

Immunocompetent animals mount an effective immune re-
sponse against VSV (7–10), giving rise to the prediction that some
innate immune cell types are relatively resistant to the suppressive
effects of M protein. We and others have shown that dendritic cells
(DC) derived from murine bone marrow in the presence of Flt3L
continue to synthesize cellular proteins, produce type I IFN, and
retain function during infection with VSV (11, 12). DC are a phe-
notypically and functionally heterogeneous group of innate im-
mune cells that are indispensable for the activation of an adaptive
immune response. DC utilize surface and intracellular pattern
recognition receptors to detect the presence of pathogens. The
triggering of pattern recognition receptors, such as Toll-like re-
ceptors (TLR), induces DC maturation, a complex gene expres-

sion program that promotes the activation of antigen-specific na-
ive T cells and polarizes the adaptive immune response toward the
activation of effector cells that are appropriate for elimination of
the pathogen (13–15).

In light of the critical role of DC in activating a neutralizing
antiviral response, the goal of the experiments presented here was
to address the mechanisms by which DC manage to resist the
inhibitory effects of M protein and remain functional for the ac-
tivation of an immune response. For these studies, we utilized two
well-characterized primary murine DC culture systems (16–18)
that model four of the major DC subtypes (19). The cultivation of
DC from murine bone marrow in the presence of Flt3L (referred
to here as FDC) gives rise to DC that resemble the three resident
splenic DC subtypes, i.e., myeloid (CD11c� CD11b�) and non-
myeloid (CD11c� CD8�) conventional DC and plasmacytoid
(CD11c� B220�) DC. DC cultured in the presence of granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) (referred
to here as GDC) resemble monocyte-derived myeloid DC
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(CD11c� CD11b�) that migrate from blood and bone marrow
into inflammatory sites. We have previously demonstrated that
both FDC and GDC become infected to a similar extent with VSV,
but FDC are relatively resistant to VSV-induced inhibition of host
gene expression compared to GDC. Consequently, FDC mature in
response to high- and low-multiplicity infection with wild-type
(wt) VSV over the course of 24 h (11). In contrast, over the same
time course, GDC fail to mature but rather succumb to wt-VSV
infection (20).

In innate immune cells, the binding of viral proteins and nu-
cleic acids to pattern recognition receptors drives the expression
of antiviral and proinflammatory genes. The products of these
genes not only orchestrate the activation of an adaptive immune
response but also inhibit virus replication (21). An important
component of this response is driven by the maturation of plas-
macytoid DC (pDC), which leads to the production of high levels
of type I IFN (22, 23). The maturation of murine pDC in response
to VSV depends on Toll-like receptor 7 (TLR7) (24), which is
coupled to intracellular signaling pathways through the adapter
protein MyD88 (25). Similarly, our previous data indicate that
MyD88 and TLR7, as well as type I IFN receptor (IFNAR), con-
tribute to the maturation of FDC in response to wt VSV (11).
Thus, we hypothesized that TLR7 and/or MyD88 signaling would
control DC resistance to the inhibitory effects of VSV M protein.
However, the data presented here indicate that MyD88-indepen-
dent events largely control resistance and the maturation of FDC
and splenic DC in response to wt-VSV infection. In addition, we
found that GDC, which are not intrinsically resistant to the effects
of M protein, are nevertheless capable of maturing by an acquired
resistance mechanism that is only apparent when the cells en-
counter virus at low multiplicity, as would occur during infection
in vivo.

MATERIALS AND METHODS
Mice and viruses. C57BL/6 mice were purchased from Frederick Cancer
Research Facility/Charles River, Frederick, MD. MyD88�/� mice (26)
were obtained from D. Golenbock (University of Massachusetts) with the
permission of S. Akira. TLR7�/� mice (24) were obtained from R. Flavell
(Yale University). P14 transgenic mice, which produce T cells with recep-
tors specific for lymphocytic choriomeningitis virus (LCMV) H-2Db-re-
stricted peptide, gp33-41 (27), were a kind gift from J. Grayson, Wake
Forest School of Medicine. Mice were maintained and bred in the Wake
Forest School of Medicine vivarium according to approved IACUC pro-
tocols. The study has complied with all relevant federal guidelines and
institutional policies related to animal care and use. Stocks of recombi-
nant wild-type VSV and recombinant M protein mutant M51R VSV (a
mutant with Arg substituted for Met at position 51 of the M protein) were
prepared and their titers were determined by infection of BHK cells as
described previously (20).

Antibodies and reagents. Phycoerythrin (PE) or allophycocyanin
(APC)-labeled hamster and rat antibodies against murine DC surface
markers were purchased from BD Biosciences (San Jose, CA) and in-
cluded CD11c (clone HL3), CD40 (clone 3/23), CD80 (clone 16-10A1),
CD86 (clone GL1), CD8� (clone 53-6.7), CD11b (clone M1/70), and
CD45R/B220 (clone RA3-6B2). Species- and isotype-matched control
IgGs were from the same source. Monoclonal anti-VSV M protein
(23H12) and N protein (10G4) antibodies have been described previously
(28). Monoclonal anti-�-actin antibody was from Sigma. The synthetic
TLR7 agonist loxoribine was obtained from InvivoGen (San Diego, CA).

VSV infection in vivo. Eight- to 20-week-old C57BL/6, MyD88�/�, or
TLR7�/� mice (both on C57BL/6 background) were inoculated intrave-
nously with 1 � 108 PFU of wt or M51R VSV. Twenty-four hours later, the

mice were sacrificed and spleens were harvested. Single-cell suspensions
of red blood cell-depleted splenocytes were stained with fluorescent anti-
bodies to detect total DC (CD11c� cells) and DC of the 3 resident sub-
types (CD8�, CD11b�, and B220� cells). Maturation after in vivo infec-
tion was assessed as described below for DC infected in culture.

Preparation of murine bone marrow-derived DC. Bone marrow-de-
rived DC were prepared according to standard protocols (16, 18). Briefly,
bone marrow flushed from femurs and tibias was depleted of red blood
cells and seeded in 24-well (GDC) or 6-well (FDC) dishes in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS), glutamine,
and 2-mercaptoethanol (DC medium). For GDC, cells were seeded at 5 �
105/ml in DC medium containing 10 ng/ml recombinant murine GM-
CSF (produced in baculovirus, a gift from S. Mizel, Wake Forest School of
Medicine). Cells were fed at days 2, 4, and 5 and harvested on day 6. For
FDC, cells were seeded at 1.5 � 106 to 2.0 � 106/ml in DC medium
containing 150 ng/ml recombinant human Flt3L (Invitrogen), fed on day
3, and harvested on day 8 or 9. For both culture systems, the nonadherent
and loosely adherent cells were collected for experiments, leaving behind
firmly adherent macrophages (16, 29).

VSV infection of cultured DC and measurement of maturation. DC
were seeded in DC medium without growth factor at 5 � 105/well in
48-well dishes. VSV was added at multiplicities of 10, 1.0, and 0.1 PFU/
cell, and the cells were incubated at 37°C with 5% CO2 for 24 or 48 h.
Maturation was measured by staining the cells for the T cell costimulatory
molecule CD86, using a fluorescently labeled antibody. For staining of
intracellular VSV M and N proteins, infected cells were fixed and perme-
abilized (catalog number 554714 Cytofix/Cytoperm; BD) and then incu-
bated with monoclonal anti-M protein (23H12) or anti-N protein (10G4)
antibody, followed by rabbit anti-mouse IgG conjugated to AF568 (Invit-
rogen). Fluorescence data were acquired using a BD FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA) and analyzed using FlowJo
software (Tree Star, Inc., Ashland, OR). For all experiments, live cells were
analyzed by gating based on forward and side scatter properties. Fluores-
cence-positive/-negative gates were set based on nonspecific staining of
cells with fluorescently labeled isotype-matched control IgGs.

Immunoblotting. DC were infected with VSV at a multiplicity of in-
fection (MOI) of 10, and cell lysates were prepared at 4, 8, and 12 h
postinfection. Briefly, cells were washed and incubated for 10 min on ice
in lysis buffer (0.15 M NaCl, 1% sodium deoxycholate, 1% Triton X-100,
10 mM Tris, pH 7.4) containing protease inhibitors (protease inhibitor
cocktail set 1; Calbiochem). Cleared lysates were analyzed for protein
content (Bio-Rad), and equivalent amounts of protein per sample were
subject to SDS-PAGE, followed by blotting to polyvinylidene difluoride
(PVDF) membrane. Membranes were blocked and probed with mono-
clonal anti-VSV M protein antibody 23H12 (1:5,000), followed by goat
anti-mouse IgG– horseradish peroxidase. For detection, membranes were
incubated with chemiluminescent substrate (SuperSignal West Dura;
Thermo Scientific) and subjected to autoradiography. Membranes were
stripped and reprobed with monoclonal anti-�-actin antibody (Sigma).
The integrated pixel intensities of M protein bands were quantified using
ImageQuant software, and the values were normalized using the pixel
densities of actin bands as the reference.

[35S]methionine radiolabeling of infected cells. To measure the rate
of protein synthesis during virus infection, GDC and FDC (2 � 106 cells/
well in 6-well dishes) were infected with wt VSV at an MOI of 10 in DC
medium. At the indicated times, the cells were washed once and incubated
for 10 min in methionine-free medium containing 3% dialyzed FBS and
then pulse labeled for 15 min with [35S]methionine (100 �Ci/ml) in a total
volume of 0.25 ml of the same medium. Cells were then washed several
times with phosphate-buffered saline (PBS), and lysates were prepared
according to the immunoblotting protocol. Equivalent amounts of pro-
tein from each lysate were loaded to 10% SDS polyacrylamide gels, sub-
jected to electrophoresis, and analyzed by phosphorescence imaging as
described previously (30). Host protein synthesis was quantitated using
ImageQuant software by measuring pixel intensities in regions of the gel
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that were devoid of viral protein bands. The results are expressed as the
percentage of host protein synthesis in virus-infected samples compared
to that in mock-infected samples.

T cell proliferation and activation assay. To determine if virus-in-
fected FDC were capable of presenting antigen, wt FDC were infected with
VSV (MOI of 10) to induce maturation. Twenty-four hours after infec-
tion, H-2Db-restricted LCMV gp33 peptide (KAVYNFATC) and naive
CD8� T cells from P14 transgenic mice (27) were added for an additional
72 h. T cells were purified from the spleens of P14 mice by negative selec-
tion using a CD8� T cell isolation kit II (order number 130-095-236;
Miltenyi Biotec) and labeled with carboxyfluorescein succinimidyl ester
(CFSE) (catalog number C1157; Invitrogen) according to established
methods (31). The DC/T cell ratio was 1:5. After 72 h, the cells were
restimulated with 1 �g/ml gp33 peptide for 5 h. T cell proliferation was
evaluated by measuring the dilution of the CFSE label (31), and T cell
activation was measured by intracellular cytokine staining for gamma
interferon (IFN-�). The data were acquired using a BD FACSCanto 2 flow
cytometer and analyzed with FlowJo software.

Statistical analysis. All results are reported as the means � standard
deviations (SD) from at least 3 independent experiments; P values were
calculated using the unpaired Student’s t test.

RESULTS
Flt3L DC phenotype and infection with VSV. Murine bone mar-
row cells cultured in the presence of Flt3L produce three major
subsets of DC that are similar to DC resident in the spleen: my-
eloid conventional DC (cDC), nonmyeloid cDC, and plasmacy-
toid DC (pDC) (17). The cells derived from the cultures used in
the current study were analyzed for surface markers to confirm the
presence of the 3 subtypes. As shown in Fig. 1a, immunofluores-
cence and flow cytometry analysis indicated that the cultures were
comprised of the three major DC subsets in proportions similar to
those reported in the literature for this culture method (17, 29). To
confirm that VSV infects FDC, they were stained for intracellular
VSV M and N proteins 12 h after infection at a multiplicity of 10
(Fig. 1b). As shown by the solid-line graphs in Fig. 1b, FDC ex-
pressed viral antigens but at low levels compared to their expres-
sion in the permissive cell type BHK, in which high levels of viral

proteins were detected. These results are in agreement with our
previous studies, in which the viral titers produced by both pDC
and cDC purified from FDC were 3 orders of magnitude lower
than the titers produced by fibroblasts and epithelial cells (11, 30).
In addition, these results are in agreement with a published report
demonstrating that DC derived from Flt3L cultures become in-
fected with VSV but produce modest levels of viral proteins (12).

Type I IFN feedback through IFNAR is not required for FDC
resistance to M protein at early times but promotes resistance at
late times postinfection. FDC are resistant to inhibition of cellu-
lar protein synthesis and produce type I IFN in response to VSV.
In contrast, GDC are susceptible to VSV-induced inhibition and
produce little to no IFN (11, 20). Type I IFN is critical for the host
response to VSV (10), and feedback amplification of the response
via the type I IFN receptor (IFNAR) is necessary for CD86 pro-
duction by FDC infected with wt VSV (11). This raised the ques-
tion of the role of type I IFN feedback amplification in the resis-
tance of FDC to inhibition of host gene expression by wt VSV. To
address this question, FDC were prepared from IFNAR�/� mice.
Phenotyping by surface marker staining indicated that IFNAR�/�

FDC were comprised of 64% � 1.5% (mean � SD) myeloid DC,
6% � 1% pDC, and 30% � 2% nonmyeloid DC (n 	 3). There-
fore, compared to wt FDC, the IFNAR�/� bone marrow cultures
yielded significantly more myeloid cDC and fewer pDC than the
wt (P 
 0.01 compared to wt FDC for both DC subtypes).

Wild-type and IFNAR�/� FDC were infected with wt VSV at
an MOI of 10 (single-cycle infection). The cells were pulse labeled
with [35S]methionine at various times during infection, and the
rate of protein synthesis was analyzed by SDS-PAGE and phos-
phorimaging. For comparison, GDC, which were shown previ-
ously to be susceptible to protein synthesis inhibition by VSV (20),
were infected and labeled under the same conditions. Figure 2a
depicts a representative gel in which equivalent amounts of pro-
tein lysates from mock- and virus-infected FDC were loaded per
lane. In Fig. 2b, the integrated pixel intensity measurements of
host protein bands from three separate experiments are plotted as

FIG 1 Phenotype of Flt3L DC (FDC) and infection with wt VSV. (a) FDC cultured as described in Materials and Methods were stained for cell surface markers
to determine DC subtype composition. Total DC were defined as CD11c� cells, myeloid cDC were defined as CD11c� CD11bhigh, pDC were defined as CD11c�

B220� CD11blow/�, and nonmyeloid cDC were defined as CD11c� CD11blow/� B220�. Results are expressed as percentage of each cell type in the culture
(mean � SD; n 	 7). (b) Graphs depicting mock-infected FDC (gray shaded areas) and wt-VSV-infected FDC (solid lines). At 12 h, the cells were stained for
intracellular VSV M and N proteins by 2-step immunofluorescence. Results for BHK cells infected and stained in the same manner are depicted as a positive
control. Data for one of 2 independent experiments with similar results are shown.
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the percentages of protein synthesis in mock-infected cells. As
shown in Fig. 2a and b, wt FDC were resistant to the inhibitory
effects of M protein, as indicated by a consistent rate of protein
synthesis across the population of cells over the 12-h infection
period (gray bars). This is in agreement with our previously pub-
lished data, in which all three DC subtypes present in FDC cul-
tures are shown to have the capacity to resist protein synthesis
inhibition by M protein and mature in response to infection with
VSV (11). There was no difference between the rate of host protein
synthesis in wt and IFNAR�/� DC at 4 h postinfection (P 	 0.47).
However, by 8 h and 12 h postinfection, the rate of host protein
synthesis in IFNAR-deficient FDC was reduced relative to the rate
in wt FDC (P 	 0.006 and 0.001, respectively). In comparison, in
GDC, VSV inhibited protein synthesis starting at 4 h postinfec-
tion, and the rate of synthesis continued to decrease throughout
the 12-h time course (Fig. 2c and d). Together, these experiments
indicate that type I IFN feedback amplification through IFNAR is
not required for the early resistance of FDC to the effects of wt
VSV but that it contributes to resistance at late times postinfec-
tion.

Both GDC and FDC become productively infected with VSV
(11). However, although M protein was detected in some experi-
ments (Fig. 2a, arrow), the synthesis of viral proteins (L, G, N, P,
and M) was not reproducibly detected above the background of

host protein synthesis by this analysis (Fig. 2 a and c) (11). This is
in contrast to the results for L929 murine fibroblasts (Fig. 2e) and
other nonimmune cell types (32, 33), in which viral proteins were
prominent during the latter stages of infection. These results sug-
gest that DC are less permissive for VSV than nonimmune cells, in
that they provide a less-favorable environment for the production
of viral proteins.

M protein levels are similar in FDC and GDC. The results in
Fig. 2 indicate that FDC are able to resist the effects of M protein
early after infection with high-dose VSV (MOI of 10) and that
early resistance does not depend on IFNAR. A possible explana-
tion for the resistance of FDC relative to that of GDC is that M
protein does not accumulate as early or as effectively in FDC as in
GDC. Such an effect could be due to a lag in M protein production
or a higher turnover rate in FDC. To address this possibility, FDC
and GDC were infected with wt VSV at an MOI of 10, and M
protein levels were measured at 4, 8, and 12 h postinfection by
Western blot analysis (Fig. 3a). The results are expressed as the
ratio of pixel intensities (GDC/FDC, both normalized to actin), in
which 1.0 represents equivalency (Fig. 3b). As shown in Fig. 3, the
ratio of M protein levels in GDC and FDC at all 3 time points was
approximately 1.0, with experimental variation of less than 2-fold.
Therefore, M protein accumulated to similar levels in the two DC
types, further substantiating previous data demonstrating that

FIG 2 Type I IFN receptor controls late but not early resistance of FDC to M protein-mediated inhibition of host gene protein synthesis. The rates of host protein
synthesis were measured in wt and IFNAR�/� FDC after infection with wt VSV. Wild-type and IFNAR�/� FDC were infected with wt VSV (MOI of 10) and pulse
labeled with [35S]methionine at the indicated times postinfection, and the rates of host protein synthesis were evaluated by gel electrophoresis, phosphorimaging,
and densitometry. (a) Representative gel containing lysates from wt and IFNAR�/� FDC. Arrow indicates M protein. (b) Cumulative results expressed as
percentages of synthesis in the mock-infected control. Data represent means � SD from at least 3 independent experiments per group. P values for IFNAR�/�

FDC compared to wt FDC are as follows: *, P 	 0.467; **, P 	 0.006; ***, P 	 0.001. (c) Protein synthesis in wt GDC. (d) Cumulative results from multiple
experiments. Host protein synthesis is expressed as percentage of the synthesis in the mock-infected control. (e) Protein synthesis in L929 cells; viral proteins are
indicated with arrows.
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FDC and GDC become infected with wt VSV to a similar extent
(11) and yet respond quite differently to the infection. The same
analysis indicated that M protein levels did not vary by more than
2-fold over the course of infection in IFNAR�/� and wt FDC (Fig.
3c and d). Collectively, these results indicate that differential ac-
cumulation of M protein is not likely to explain the resistance or
susceptibility of DC subtypes to the inhibitory effects of wt VSV.

Resistance of FDC to inhibitory effects of M protein is inde-
pendent of MyD88. TLR7/MyD88-dependent signaling regulates
the production of type I IFN by pDC in response to VSV (24).
Given the role of IFN at later times postinfection, the role of
MyD88 in the resistance of FDC to M protein was addressed. FDC
were prepared from MyD88�/� mice and determined to have a
composition of DC subtypes similar to that in wt FDC (45% � 8%
myeloid cDC, 39% � 5% nonmyeloid cDC, and 17% � 4% pDC;
n 	 3). Wild-type and MyD88�/� FDC were infected with VSV at
an MOI of 10 and analyzed by metabolic labeling. As shown in Fig.
4a and b, there was no difference in the rate of host protein syn-
thesis in MyD88�/� FDC compared to the rate in wt FDC over the
course of a 12-h infection (P � 0.1, all time points), indicating that
the resistance of FDC to the inhibitory effects of wt VSV is MyD88
independent.

The maturation of FDC in response to wt VSV is partially
dependent on MyD88. The data in Fig. 4 indicate that MyD88 is
not required for DC resistance to the effects of M protein. We next
addressed the role of MyD88 in DC maturation, the functional
outcome of resistance, by measuring the levels of CD86 on the
surface of infected cells. Wild-type or MyD88�/� FDC were in-
fected with VSV at multiplicities of 10, 1.0, and 0.1 PFU/cell. An
MOI of 10 results in a single-cycle infection, and an MOI of 0.1
results in multicycle infection. In the latter case, only a small per-
centage of cells are infected initially, and additional cells become
infected as a result of viral spread, as for the dynamics of infection
in vivo. Figure 5a and b depict representative graphs of CD86
expression, and Fig. 5c and d show the cumulative results of mul-
tiple experiments expressed as fold increases in the CD86 mean

fluorescence intensity (MFI) over the CD86 MFI in mock-infected
cells. At an MOI of 10, wt VSV induced robust CD86 expression in
wt FDC by 24 h postinfection (Fig. 5a and c), consistent with their
capacity to resist M protein-mediated inhibition of host gene ex-
pression (Fig. 2). In MyD88�/� cells, CD86 expression was re-
duced relative to the level in wt cells (P 	 0.012). The biphasic
expression curve indicated that a subpopulation of cells utilized a
MyD88-dependent pathway to mature during single-cycle infec-
tion (Fig. 5a). In contrast, the response at an MOI of 0.1 was
similar in the presence and absence of MyD88 signaling (Fig. 5a
and c). At the intermediate MOI of 1.0, CD86 expression was
reduced in MyD88�/� FDC compared to its expression in wt
FDC, but the difference did not reach statistical significance (Fig.
5a and c) (P 	 0.1). M51R VSV is severely defective for inhibition
of host-directed gene expression, due to a single amino acid sub-
stitution in the M protein (2). The maturation of FDC in response

FIG 3 VSV M protein accumulates to similar levels in FDC and GDC. FDC and GDC were infected with wt VSV at an MOI of 10. (a) Lysates were prepared at
the indicated time points postinfection and subjected to immunoblotting using monoclonal anti-VSV M protein antibody. Blots were stripped, and actin was
probed as an internal reference to normalize pixel intensities at each time point. (b) Results are expressed as the ratios of M protein integrated pixel intensities
from infected GDC and infected FDC. (c) Lysates were prepared and processed from infected wt and IFNAR�/� FDC as described for panel a. (d) M protein levels
expressed as ratios of the levels in IFNAR�/� and wt cells. For immunoblots, 1 of 3 experiments with similar results is shown, and for bar graphs, the means �
SD from 3 independent experiments are shown.

FIG 4 MyD88 does not control resistance of FDC to inhibition of host-di-
rected protein synthesis by wt VSV. Wild-type and MyD88�/� FDC were
infected with wt VSV (MOI of 10) and analyzed as described in the legend to
Fig. 2. (a) Representative gel containing lysates from wt and MyD88�/� FDC.
(b) Cumulative results from multiple experiments. Host protein synthesis is
expressed as percentages of synthesis in the mock-infected control. Data rep-
resent means � SD from 4 experiments per group. P � 0.10 for wt FDC versus
MyD88�/� FDC at all time points.
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to M51R VSV was robust and was somewhat greater than that in
response to wt VSV (Fig. 5c and d; note the different scales). As we
have reported previously (11), in contrast to the maturation in-
duced by wt VSV, the maturation induced by M51R VSV was
independent of MyD88 regardless of the MOI (Fig. 5b and d). As
a further control, there was no response to the synthetic TLR7
agonist loxoribine (lox) in the absence of MyD88 (Fig. 5b and d).
Collectively, these results demonstrate that a subpopulation of
cells in FDC cultures is capable of engaging a MyD88-dependent
signaling pathway to increase the expression of CD86 when the
viral load is high. However, when the initial viral load is low, FDC
are capable of increasing their expression of CD86 using a
MyD88-independent pathway.

FDC infected with wt VSV are competent to induce T cell
proliferation and activation. To measure the functional effects of
maturation induced in wt-VSV-infected FDC, the cells were tested
for their ability to induce the proliferation and activation of naive
CD8� T cells. For these experiments, CD8� T cells were isolated
from the spleens of P14 transgenic mice, labeled with CFSE, and
cultured with wt-VSV-infected or mock-infected FDC in the pres-
ence or absence of LCMV gp33-41 peptide. After 72 h, prolifera-
tion and activation were measured by flow cytometry analysis of
CFSE dilution and IFN-� expression, respectively. As shown pre-
viously for GDC (20), mock-infected FDC contained a subpopu-

lation of CD86� cells that induced a background level of T cell
activation, but the extent of CD86 expression was dramatically
increased following VSV infection (Fig. 6a). VSV-matured DC
induced T cell proliferation, as indicated by the abundant pres-
ence of weakly fluorescent T cells in the cultures that received
peptide (Fig. 6b; note the shift to left), whereas mock-infected DC
were much less effective at inducing antigen-specific T cell prolif-
eration (Fig. 6b, compare histograms for cultures with peptide).
Furthermore, VSV-matured FDC were capable of activating T
cells, as indicated by the production of IFN-� (Fig. 6c). Similar to
the proliferation results, VSV-infected FDC activated significantly
more T cells to produce IFN-� than did mock-infected cells. Col-
lectively, these results indicate that FDC remain functional for T
cell activation during wt-VSV infection and further support the
conclusion that they are resistant to the inhibitory effects of VSV
on host gene expression.

M protein-sensitive GDC are capable of maturing but only
during multicycle infection. Further evidence that DC utilize
TLR7-independent signaling pathway(s) to mature when they en-
counter VSV at low multiplicity was obtained in experiments with
GDC, which do not express TLR7 at levels sufficient to respond to
synthetic TLR7 agonists (20, 34). Cellular protein synthesis is in-
hibited in GDC infected with wt VSV (Fig. 2), and consequently,
the cells fail to mature during 24 h of infection with wt virus but

FIG 5 FDC maturation in response to wt VSV is partially dependent on MyD88. FDC prepared from wt or MyD88�/� mice were infected with wt or M51R VSV
at the indicated MOI. Controls were mock treated or treated with 1 mM loxoribine (lox). Maturation of the total DC population (�90% CD11c�) gated on live
cells was evaluated by flow cytometry after staining for CD86. (a) Representative histograms from wt-VSV-infected cells. Top, wt FDC; bottom, MyD88�/� FDC.
(b) Representative histograms from M51R VSV-infected or lox-treated cells. Top, wt FDC; bottom, MyD88�/� DC. (c and d) Cumulative data from multiple
experiments showing fold increases in CD86 MFI for wt-VSV-infected cells, M51R VSV-infected cells, or lox-treated cells. Mock-infected FDC did not
significantly increase CD86 expression over the course of the 24-h culture period relative to levels expressed at start of culture (data not shown).
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mature robustly in response to M51R VSV (Fig. 7a) (20). How-
ever, we found that GDC were capable of maturing over the course
of a 48-h infection period when infected with wt VSV at low mul-
tiplicity, as measured by the percentages of cells expressing CD86
and by CD86 MFI (Fig. 7b). The results of three independent
experiments, shown in Fig. 7c, demonstrate enhanced CD86 ex-

pression in GDC cultured for 48 h compared to the CD86 expres-
sion in GDC cultured for 24 h. Although the MOI at which the
CD86 response peaked varied in individual experiments, VSV in
the dose range of 0.1 to 2.5 PFU/cell induced maturation (Fig. 7c).
These results indicate that GDC are capable of maturing by a
TLR7-independent mechanism that is delayed and is only ac-

FIG 6 VSV-infected FDC are capable of inducing CD8� T cell proliferation and activation. (a) FDC used as antigen-presenting cells. The cells were cultured for
24 h without virus (mock infected) or with wt VSV (MOI of 10), and maturation was measured by surface staining for CD11c and CD86. The number in each
quadrant of the dot plots indicates the percentage of positive cells in the gate. (b) Mock- or virus-infected FDC were cultured for an additional 72 h with LCMV
H-2Db-restricted gp33 peptide (KAVYNFATC) and CFSE-labeled CD8� T cells from P14 transgenic mice. T cell proliferation and activation were measured by
flow cytometry. Histograms depict proliferation of T cells cultured with wt-VSV-infected FDC or mock-infected FDC � gp33 peptide as indicated. The data are
from 1 of 3 experiments with similar results. (c) CD8� T cell activation in response to gp33 peptide presented by mock-infected or VSV-infected FDC. Results
are expressed as percentages of IFN-�� T cells (mean � SD; n 	 3 VSV infected, n 	 2 mock infected).

FIG 7 GDC acquire the ability to mature under conditions of multicycle infection and extended culture period. (a) GDC were infected with wt or M51R VSV
at the indicated MOI, and CD86 expression was measured at 24 h postinfection by flow cytometry. Shaded areas show data for mock-infected cells. (b)
Representative graphs depicting CD86 fluorescence 48 h after infection of GDC with wt VSV at the indicated MOI; the percentage of CD86� cells (gated on rat
IgG isotype control stain) and MFI are indicated in each panel. (c) GDC were infected with wt VSV at the indicated MOI, and CD86 expression was measured
at 24 h and 48 h postinfection. Results from 3 independent experiments, expressed as fold increases in CD86 MFI over values in mock-infected cells, are shown.
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quired upon encounter with wt VSV during low-multiplicity in-
fection.

Together, our data indicate that the fate and functional out-
come of DC infection with wt VSV depends on both the DC sub-
type and the MOI. In GDC, a high MOI leads to cell death (20),
whereas FDC under the same conditions mature and become
competent to present antigen to naive T cells. At low multiplicities
of infection, similar to infection in vivo, both FDC and GDC are
capable of maturing in response to wt VSV by a mechanism that
does not require signaling through TLR7 or MyD88.

VSV induces DC maturation in the absence of TLR7 or
MyD88 in vivo. The results reported above demonstrate that
MyD88 is not required for FDC resistance to M protein and their
subsequent maturation in vitro. We next tested the role of MyD88
and TLR7 in the in vivo DC response using mice with specific
deletions of each gene. Wild-type, MyD88�/�, and TLR7�/� mice
were infected with either wt VSV or M51R VSV. At 24 h postin-
fection, splenocytes were isolated and the levels of T cell costimu-
latory molecules were measured by flow cytometry to evaluate DC

maturation. Total splenic DC were analyzed for the expression of
CD40, CD80, and CD86 by gating on CD11c� cells (Fig. 8a). As
reported previously for FDC (11), the most-dramatic increases in
the expression of costimulatory molecules on splenic DC were in
the levels of CD86. The representative histograms of CD86 expres-
sion shown in Fig. 8a indicate that wt DC matured in response to
wt VSV. Furthermore, the responses were similar in magnitude in
MyD88�/� and TLR7�/� DC (Fig. 8a, top). In addition, the extent
of DC maturation in response to wt VSV was similar to that in
response to M51R VSV (Fig. 8a, bottom).

Specific DC subtypes were analyzed by gating on CD11c and
markers that distinguish the three resident splenic DC types, my-
eloid DC (CD11b�), plasmacytoid DC (B220�), and nonmyeloid,
CD8� DC (CD11b� CD8�). The results from multiple experi-
ments, expressed as the fold change in induction of CD86 expres-
sion over that in mock-infected mice, are shown in Fig. 8b. DC of
all three subtypes from all three genotypes of mice increased their
surface expression of CD86 to a similar extent in response to wt
VSV. In each case, the cells responded equally well to infection

FIG 8 Murine splenic DC maturation after in vivo infection with VSV is MyD88 and TLR7 independent. Wild-type, MyD88�/�, or TLR7�/� mice were infected
intravenously with wt VSV or M51R VSV. At 24 h postinfection, splenocytes were harvested and splenic DC maturation was measured by immunofluorescence
staining for CD11c and T cell costimulatory molecules followed by flow cytometry. (a) Representative graphs of live splenocytes gated on CD11c to identify total
DC and analyzed for CD86 expression to identify DC that had matured. Top, wt VSV; bottom, M51R VSV; shaded, mock infected; solid line, virus infected. (b)
Cumulative data from multiple experiments expressed as fold increases in CD86 geometric MFI over values from mock-infected mice. Live splenocytes were
gated on CD11c and DC subset marker CD8 (CD8�, nonmyeloid DC), CD11b (myeloid DC), or B220 (pDC). Results represent means � SD; n 	 3 MyD88�/�

or n 	 6 wt or TLR7�/� mice per group.
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with wt and M51R VSV. Similar results were obtained when the
expression levels of CD40 and CD80 were analyzed (data not
shown). Therefore, resident splenic DC of all three subtypes ma-
tured in response to wt VSV, and there was no evidence of the
inhibitory activity of M protein. Furthermore, DC maturation as
measured by T cell costimulatory molecule production did not
require signaling through TLR7 or MyD88. Collectively, these re-
sults indicate that, like FDC, splenic DC are capable of resisting the
inhibitory effects of wt VSV in vivo and that they respond to in-
fection using MyD88-independent signaling pathways. Since we
have not had success in detecting viral gene expression in splenic
DC populations (data not shown), it is likely that most of the
responding cells had acquired resistance indirectly by interacting
with a small number of initially infected cells.

DISCUSSION

VSV utilizes M protein to suppress host-directed gene expression.
This activity of M protein is highly effective in fibroblasts, epithe-
lial cells, and neurons, which are the target cells for VSV infection
in mouse models (1). The inhibitory activity of M protein is ap-
parent within the first several hours of infection with wt VSV (32,
33). In susceptible cells, the suppression of host protein synthesis
promotes robust virus replication and culminates in apoptotic cell
death (30, 35). However, DC derived from bone marrow in the
presence of Flt3L (FDC) are relatively resistant to the effects of M
protein (11). Here, we demonstrate that FDC resistance reflects
both intrinsic mechanisms that operate early after infection and
acquired mechanisms that operate later in infection. The latter are
mediated through the production of type I IFN and, likely, other
factors that act in an autocrine fashion in a single-cycle infection
and in a paracrine fashion in multicycle infection (Fig. 2). M pro-
tein-susceptible GDC are also able to mature by an acquired-re-
sistance mechanism but only during multicycle infection. Impor-
tantly, murine splenic DC, the in vivo counterparts of FDC,
survive and mature 24 h after intravenous inoculation with VSV.
This demonstrates in vivo resistance to the inhibitory effects of wt
VSV that allows DC to retain functions that are critical for the
initiation of adaptive immunity. Notably, we found that the DC
response to wt VSV was of similar magnitude to the response to M
protein mutant M51R VSV, which does not effectively inhibit host
gene expression. Therefore, our study is the first to show that DC
of the types found in the spleen are minimally affected in vivo by
the inhibitory activities of VSV M protein on host gene expression
that are readily apparent in nonimmune cells (32, 33). Similar
resistance mechanisms may be present in some subtypes of mac-
rophages, which, along with DC, are among the earliest respond-
ers to virus infection (36). That DC remain functional during the
early stages of in vivo infection with VSV is consistent with the
well-documented ability of immunocompetent hosts to mount an
immune response that effectively neutralizes VSV (7–10, 36).

We hypothesized that FDC resistance to inhibition by wt VSV
would involve signaling through TLR7 or, perhaps, TLR13, both
of which are MyD88-dependent sensors of VSV (24, 37). How-
ever, there was no difference in the ability of wt and MyD88�/�

FDC to synthesize cellular proteins following infection with wt
VSV. Therefore, the resistance of FDC to the inhibitory effects of
M protein is independent of TLR7, TLR13, and other known TLRs
that depend on MyD88. Although this study does not address the
role in resistance of TLR3, a MyD88-independent TLR (38), the

available evidence indicates that TLR3 has minimal involvement
in the host response to VSV (7, 39).

FDC resistance to wt VSV required IFNAR, but only late in
infection (�8 h), a time point at which IFN feedback amplifica-
tion of antiviral gene expression would be expected to be fully
engaged (40). Early in infection (4 h), the rate of cellular protein
synthesis in IFNAR�/� cells was comparable to that in wt cells.
Thus, the ability of FDC to resist the inhibitory effects of wt VSV
early in infection provides a window of opportunity for the cells to
produce type I IFN and initiate a maturation response. FDC,
which are resistant, go on to mature (11), while GDC, which are
susceptible, do not mature during single-cycle infection (20). We
predicted that the absence of TLR7 and/or MyD88 in vivo would
decrease DC maturation in the spleen. Our previous study dem-
onstrated that MyD88-dependent signaling contributes to FDC
maturation in response to wt VSV (11). TLR7 is necessary for type
I IFN production by plasmacytoid DC (pDC) in response to VSV
infection ex vivo (24), and pDC are major IFN-producing cells
during VSV infection in vivo (41). Since type I IFN promotes the
maturation of conventional (nonplasmacytoid) DC (40, 42), de-
creased IFN production by pDC in VSV-infected TLR7�/� and
MyD88�/� mice could have a negative impact on DC maturation
in the spleen. However, the data presented here demonstrate that
in vivo maturation of splenic DC did not depend on TLR7 or
MyD88 (Fig. 8). Similarly, when cultured FDC encountered VSV
under multicycle infection conditions, as would be expected to
occur in vivo, maturation did not depend on MyD88. These results
strongly suggest that signals mediated by sensors other than TLR
control early splenic DC responses to wt VSV.

Consistent with these findings, others have reported that type I
IFN production and restriction of peripheral virus replication af-
ter intravenous infection with wt VSV did not depend on MyD88
(7). Nevertheless, MyD88 is critical for preventing death by viral
spread to the central nervous system, due in part to the MyD88-
dependent recruitment of monocytic cells that restrict VSV repli-
cation to the periphery (7). In our study, MyD88 contributed to
the ability of FDC to increase CD86 expression when the cells
encountered high viral loads (an MOI of 10, at which every cell is
infected initially). In MyD88-deficient FDC, the resulting biphasic
distribution of CD86 expression (Fig. 5) suggests that a subset of
cells in FDC cultures utilized MyD88 signaling to mature in re-
sponse to high doses of virus. Similarly, there may be cells in the
periphery in which the involvement of TLR7 and MyD88 in in vivo
responses to VSV is necessary to prevent viral invasion of the
central nervous system. However, in the spleen, all 3 major subsets
of splenic DC, including pDC (CD11c� B220� cells), myeloid DC
(CD11c� CD11b�), and nonmyeloid CD8� DC (CD11c�

CD11b�), increased their expression of CD86, CD40, and CD80
by 24 h after infection with VSV regardless of the presence or
absence of MyD88. Therefore, during viral infection in vivo, when
splenic cells would be expected to encounter VSV at low infectious
doses, MyD88-independent signaling pathways promoted DC
maturation.

These experiments also revealed that GDC, which are suscep-
tible to the inhibitory effects of M protein, can acquire resistance
during wt-VSV infection. Neither high nor low infectious doses of
VSV induced maturation of GDC over the course of a 24-h infec-
tion period (Fig. 7) (20). However, during multicycle infection, a
subpopulation of GDC was capable of maturing over the course of
a 48-h time period. Maturation under these circumstances likely
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reflects priming of uninfected cells by type I IFN, other antiviral
cytokines, and/or dead cell material released into the local milieu
by cells that became infected initially. Priming mediated by type I
IFN endows cells (of all types) that have yet to become infected
with the ability to perpetuate and amplify the systemic antiviral
response when they eventually confront virus (40). Priming by-
products of infected cells may additionally confer upon unin-
fected GDC the capacity to mature. This was proposed as a mech-
anism by which myeloid DC could contribute to anti-VSV
immune responses despite an overall cytolytic effect in single-
cycle infections (43). Similar mechanisms have been demon-
strated for human monocyte-derived DC, which acquired the
ability to control Newcastle disease virus (NDV) infection and an
enhanced capacity to mature in response to products released
from NDV-infected DC (44). Likewise, pretreatment of human
GDC with type I IFN confers the ability to mature in response to
infection with influenza virus, which otherwise suppresses DC
responses (45). We are currently addressing the role of type I IFN
and apoptotic material in the maturation of GDC after low-dose
virus infection and extended culture. It is possible that the initia-
tion of maturation in response to the ingestion of infected-cell
material (as opposed to live virus particles) is delayed, explaining
why maturation was evident at 48 h but not 24 h after multicycle
infection with VSV. In any case, the ability of GDC to mature in
response to wt VSV under multicycle infection conditions may
not be mediated by type I IFN alone, because priming of GDC
with a broad dose range of type I IFN prior to infection did not
confer upon these cells the capacity to mature (data not shown).

M protein-mediated suppression of host-directed gene expres-
sion and similar mechanisms used by other viruses to suppress the
antiviral response are barriers that the host must overcome in
order to generate a virus-neutralizing immune response. DC
function must be preserved during infection in order for the host
to initiate an adaptive immune response. This study indicates that
wt-VSV-infected FDC retain their ability to undergo the complex
gene expression program that leads to their maturation and con-
fers the ability to induce T cell proliferation and activation. The
data further indicate that FDC have both intrinsic and acquired
mechanisms of resistance to the inhibitory effects of VSV M pro-
tein. With regard to DC resistance in vivo, the current study does
not address which splenocyte subtypes are directly infected by
VSV after inoculation by the intravenous route. Therefore, it is not
possible make conclusions about which cell types are responsible
for in vivo DC resistance. Because viral infection in vivo proceeds
via multiple cycles of infection, splenic DC resistance to the effects
of M protein (Fig. 8) is very likely acquired by signals received
from locally infected cells. However, our in vitro experiments in-
dicate that FDC continue to synthesize protein at a normal rate
after high-multiplicity infection with VSV, suggesting that splenic
DC may also have an intrinsic resistance to M protein. The only
known cellular target for VSV M protein that has been identified is
the protein Rae1, which is involved in the M protein-induced
inhibition of host transcription and mRNA transport (33, 46). We
found no difference between FDC and GDC in the overall cellular
levels of Rae1 (M. M. Westcott and D. S. Lyles, unpublished data),
leaving open the question of the mechanism of intrinsic resis-
tance. Resistance in FDC may involve proteins akin to HIV restric-
tion factors, such as SAMHD1 and APOBEC3, that limit the abil-
ity of HIV to complete its life cycle in macrophages and other cell
types (47). Identification of the pathways that control M protein

resistance in DC should broaden our understanding of how the
mammalian host has adapted to cope with viral pathogens that use
immune-suppressive tactics to promote their replication.
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