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ABSTRACT

Dendritic cells (DCs) are the most efficient antigen-presenting cells, playing a key role in the adaptive immune responses to viral infec-
tions. Our studies demonstrate that wild-type (wt) rabies virus (RABV) does not activate DCs. Adoptive transfer of DCs primed with
wt RABV did not activate DCs, stimulate virus neutralizing antibodies (VNA), or protect recipients against challenge. However, adop-
tive transfer of DCs primed with laboratory-attenuated RABV resulted in DC activation, production of VNA, and protection against
challenge. In vitro studies with recombinant RABV (laboratory-attenuated RABV expressing the glycoprotein or the phosphoprotein
from wt RABV) demonstrate that DC activation is dependent on the glycoprotein and involves the IPS-1 pathway. Furthermore, bind-
ing to and entry into DCs by wt RABV is severely blocked, and the copy number of de novo-synthesized leader RNA was two logs lower
in DCs infected with the wt than in DCs treated with laboratory-attenuated RABV. However, transient transfection of DCs with syn-
thesized leader RNA from either wt or attenuated RABV is capable of activating DCs in a dose-dependent manner. Thus, the inability
of wt RABV to activate DCs correlates with its low level of the de novo-synthesized leader RNA.

IMPORTANCE

Rabies remains a public health threat, with more than 55,000 fatalities each year around the world. Since DCs play a key role in
the adaptive immune responses to viral infections, we investigated the ability of rabies virus (RABV) to activate DCs. It was
found that the adoptive transfer of DCs primed with wt RABV did not activate DCs, stimulate VNA, or protect mice against le-
thal challenge. However, laboratory-attenuated RABV mediates the activation of DCs via the IPS-1 pathway and is glycoprotein
dependent. We further show that wt RABV evades DC-mediated immune activation by inefficient binding/entry into DCs and as
a result of a reduced level of de novo-synthesized leader RNA. These findings may have important implications in the develop-
ment of efficient rabies vaccines.

Despite the fact that rabies is one of the oldest human infec-
tious diseases, it continues to present a public health threat by

causing more than 55,000 human deaths every year around the
globe (1). Its causative agent, rabies virus (RABV), belongs to the
Rhabdoviridae family, and its genome encodes five structural pro-
teins in the order of nucleoprotein (N), phosphoprotein (P), ma-
trix protein (M), glycoprotein (G), and RNA-dependent RNA
polymerase (RdRp; also termed large protein [L]) (2). Among
these, RABV G is the only viral protein that is glycosylated and
exposed on the surface of the virion (3). RABV G is responsible for
binding to neurospecific receptors, such as the acetylcholine re-
ceptor and neural cell adhesion molecule (NCAM), for invasion
into the nervous system (4, 5). Moreover, RABV G is the only
protein capable of inducing virus-neutralizing antibodies (VNA)
that are protective against rabies (6–8).

It has been known for a long time that most of the human
rabies patients (�70%) do not develop VNA at the time of death
(9). The inability of wild-type (wt) RABV to induce VNA re-
sponses also has been reported in other animal species, such as
mice (10), dogs (11), and skunks (12). On the other hand, exper-
imental infection with laboratory-attenuated RABV induces VNA
responses in laboratory animals (10, 13–17). Although the mech-
anism(s) by which different RABVs induce different VNA re-
sponses are unknown, recent studies (18–21) indicate that labo-
ratory-attenuated RABV activates, while wt RABV evades, the

host innate immune responses, particularly interferon (IFN) and
chemokines, in the central nervous system (CNS).

Innate immune genes, such as chemokines, have been cloned
into RABV vectors to enhance the immune responses (10, 14, 15,
22). It was found that the overexpression of these innate immune
genes stimulated higher levels of VNA production and provided
better protection by activating more dendritic cells (DCs) than the
parental virus (10, 15) (14, 17). DCs are the most efficient antigen-
presenting cells (APC), which play a key role in both innate and
adaptive immune responses to viral infections (23–25). Immature
DCs reside in almost all peripheral tissues as sentinels of the im-
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mune system. Once encountering infectious antigens, DCs begin
to mature and lose their ability to take up antigens (26, 27).
During their maturation, DCs undergo significant phenotypic
changes by upregulation of major histocompatibility complex
class II (MHC-II) and costimulatory molecules, such as CD40,
CD80, and CD86 (28). It has been shown that infection with lab-
oratory-attenuated but not wt RABV leads to strong activation of
NF-�B and maturation of DCs (28). It has been reported that
RABV activates DCs and induces the production of type I IFN in
an IPS-1-dependent manner (29). Most likely it is the viral leader
RNA that triggers IFN production in the infected cells (30). How-
ever, these studies were performed with laboratory-attenuated
RABV.

In the present study, activation of DCs and induction of pro-
tective immune responses were investigated after infection with
wt and laboratory-attenuated RABV. It was found that wt RABV
does not induce efficient DC activation. Adoptive transfer of DCs
primed with wt RABV did not activate DCs, stimulate VNA, or
protect mice against lethal challenge. However, laboratory-atten-
uated RABV activated DCs via the IPS-1 pathway and is G depen-
dent. Further investigation indicated that wt RABV is inefficient in
binding and entry into DCs; consequently, the level of de novo-
synthesized leader RNA is limited.

MATERIALS AND METHODS
Mice. BALB/c mice were purchased from Harlan Sprague-Dawley Inc.
B6/129-Mavstm1Zjc/J (IPS-1�/�) mice and B6129SF2/J (IPS-1�/�) mice
were purchased from Jackson Laboratory and housed under specific-
pathogen-free conditions in biosafety level 2 containment.

Ethics statement. This study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals from the NIH (31). All animal experiments were carried out as
approved by the Institutional Animal Care and Use Committee, Univer-
sity of Georgia, on 11 July 2012 (AUP A2012 05-007). All efforts were
made to minimize animal suffering. The Research Animal Resources unit
in the University of Georgia is fully accredited by the Association of As-
sessment and Accreditation of Laboratory Animal Care International
(AAALAC-I). The registration number from the U.S. Department of
Agriculture, Animal and Plant Health Inspection Service, Animal Care, is
USDA APHIS-AC. We have an assurance on file with the NIH-Office of
Laboratory Animal Welfare (NIH-OLAW) and are in compliance with the
PHS policy on humane care and use of laboratory animals and the 8th
edition of the Guide for the Care and Use of Laboratory Animals (31).

Cells and viruses. Mouse neuroblastoma (NA) cells were maintained
in RPMI 1640 medium (Mediatech, Herndon, VA) supplemented with
10% fetal bovine serum (FBS) (Gibco, Grand Island, NY). BSR cells, a
cloned cell line derived from BHK-21 cells, were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM; Mediatech, Herndon, VA) con-
taining 10% FBS. Myeloid DCs were generated as previously described
(32). Briefly, bone marrow was removed from tibias and femur bones of
BALB/c mice. Following lysis of red blood cells, progenitor cells were
plated in RPMI 1640 medium (Invitrogen, USA) supplemented with 10%
FBS, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, and 20
ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF;
Biosource, Camarillo, CA) in 6-well plates at 4 � 106/well. Cells were
supplemented with fresh DC culture medium every other day. On day 8,
DCs were positively selected for surface CD11c expression using magnetic
beads (Stemcell Tech, Vancouver, Canada) to obtain a more than 95%
pure population of CD11c� cells. Flow-cytometric analysis of purified
DCs displayed low levels of CD80, CD86, and MHC-II expression, which
are characteristics of immature DCs. Purified CD11c� DCs were cultured
in fresh medium with FBS and GM-CSF and used in subsequent experi-
ments. CVS-B2c is a laboratory-attenuated RABV derived from CVS-24

by serial passaging in BHK-21 cells (33). DRV-Mexico is a wt RABV iso-
lated from a rabid dog in Mexico in the 1990s (34). Recombinant CVS-
B2c expressing G [B2c(DRV-G)] or P [B2c(DRV-P)] from DRV-Mexico
was constructed as described previously (35, 36). Virus stocks were pre-
pared in 1-day-old suckling mice as described previously (37). When
moribund, mice were euthanized and brains removed. A 10% (wt/vol)
suspension was prepared by homogenizing the brain in DMEM. The ho-
mogenate was centrifuged to remove debris, and the supernatant was
collected and stored at �80°C.

Trans-complementation assay (DRV expressing B2c-G). In order to
generate chimeric wt-DRV-Mexico expressing G from attenuated RABV
CVS-B2c, BSR cells were transfected with 5 �g of CVS-B2c-G plasmid
using Lipofectamine 2000 reagent (Invitrogen) according to the manu-
facturer’s protocol. Twenty-four h posttransfection, cells were infected
with DRV-Mexico at a multiplicity of infection (MOI) of 0.1. After 1 h
postinfection, the culture medium was removed and fresh medium was
added to the cells. After incubation for another 3 days, the virus in the
culture supernatant was collected, and the genomic RNA gene copy num-
ber was calculated using qRT-PCR. As a control, Western blotting was
performed to confirm the expression of CVS-B2c-G in BSR cells after 4
days of transfection (data not shown).

Viral infection in DCs. DCs were plated in 6-well plates at 5 � 105

cells/well and then incubated with different viruses or mock treated with
RPMI 1640 medium for 2 h. After 2 h of incubation, cells were washed
with phosphate-buffered saline (PBS), resuspended in RPMI 1640 supple-
mented with 10% FBS and 20 ng/ml GM-CSF, and cultured for another 24
h. For the analysis of DC activation, cells were harvested and stained with
specific antibodies against CD80, CD86, and MHC-II, and the expression
of these molecules was analyzed by flow cytometry.

Adoptive transfer of DCs. CD11c� DCs were isolated and purified
using CD11c magnetic beads according to the manufacturer’s protocol
(Stemcell Tech, Vancouver, Canada) and then primed with CVS-B2c or
DRV. After treatment for 24 h, cells were collected and washed twice with
PBS by centrifugation and then injected intraperitoneally (i.p.) into naive
mice three times, on days 1, 3, and 5. The virus titration assay was per-
formed to confirm that no free viruses remained in the DC preparations.
As expected, we could not detect any virus in the DC preparations (data
not shown). On day 6, the mice were challenged with wt DRV and mon-
itored for 21 days for rabies-related clinical signs, and their survival was
recorded. To analyze the immune responses, adoptive transfer was per-
formed as described above. On days 3, 6, and 9 after the last transfer, mice
were anesthetized and mesenteric lymph nodes, spleens, and sera were
collected for analysis of immune cell activation and VNA in the sera.

Virus binding assay. DCs as well as NA and BSR cells were mock
treated with medium or incubated with different RABVs at 4°C. After 2 h
postinfection, unbound viruses were washed three times using PBS. Cells
were fixed with 80% acetone, stained with fluorescein isothiocyanate
(FITC)-labeled anti-RABV N monoclonal antibodies, and subjected to
fluorescence-activated cell sorter (FACS) analysis. Alternatively, cells
were harvested for RNA isolation and for qRT-PCR analysis.

Virus entry assay. For virus entry, cells were incubated with different
viruses at 4°C for 2 h, washed thrice with PBS, and then cultured for
another 4 h at 37°C. After being treated with 0.25% trypsin without EDTA
for 10 min, the cells were washed with PBS 3 times to remove bound
viruses on the cell surface, fixed with 80% acetone, and stained with FITC-
labeled anti-RAV N antibodies for FACS. Unfixed cells were harvested for
qRT-PCR analysis.

Virus titration. NA cells cultured in a 96-well plate were inoculated
with serial 10-fold dilutions of virus and incubated at 34°C for 48 h. The
cells then were fixed with 80% ice-cold acetone for 30 min, washed twice
with PBS, and stained with FITC-conjugated anti-RABV N antibodies.
Antigen-positive foci were counted under a fluorescence microscope
(Zeiss, Germany), and virus titer was calculated as focus-forming units
per milliliter (FFU/ml). All titrations were carried out in quadruplicate.
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qRT-PCR. Total RNA were extracted from the cells and the superna-
tant using the RNeasy kit and viral RNA minikit (Qiagen, USA), respec-
tively. RNA was used for quantitative real-time PCR (qRT-PCR) in an
Mx3000P apparatus (Stratagene, La Jolla, CA) as described previously
(19). Each reaction was carried out in triplicate with approximately 100 ng
of DNase-treated RNA and 5 nM each primer pair by using Brilliant II
SYBR green qRT-PCR master mix kit (Stratagene, CA) according to the
manufacturer’s instructions. For absolute quantification of viral genomic
RNA (vRNA), cDNA was synthesized by SuperScript III reverse transcrip-
tase (Invitrogen) by following the manufacturer’s instructions using ra-
bies gene-specific primers (Table 1). Further, qRT-PCR was performed
using primers v_1121F and v_1250R. A standard curve was generated
from serially diluted RNA in vitro transcribed from plasmids expressing
RABV N, and the copy numbers of viral RNA were normalized to 1 mg of
total RNA. For chemokine and cytokine expression, cDNAs were synthe-
sized with oligo(dT) primer, and mRNA copy numbers of a particular
gene were normalized to the housekeeping gene glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). Levels of chemokine and cytokine ex-
pression in a test sample are presented as fold increase over that detected
in mock-infected controls.

Synthesis of ssRNA and dephosphorylation of ssRNA. Single-
stranded leader RNAs (ssRNAs) were produced by in vitro transcription with
T7 RNA polymerase (T7 RiboMAX express large-scale RNA production sys-
tem; Promega). Templates for the leader RNA from CVS-B2c and DRV-
Mexico were created by synthesizing a DNA oligonucleotide containing the
T7 promoter followed by the RNA-encoding sequence and annealing it to a
cDNA oligonucleotide. Enzymatically synthesized ssRNA molecules were
isolated with TRIzol-chloroform (2:1) extraction, followed by precipitation
with isopropyl alcohol. All RNAs were dissolved in sterile H2O. To remove 5=
triphosphates, enzymatically synthesized ssRNAs were treated with calf intes-
tine alkaline phosphatase (New England BioLabs). The reactions were carried
out at 37°C for 60 min. Dephosphorylated RNAs subsequently were purified
as described above. To transfect the purified leader RNAs into DCs, 0.5 �l of
Lipofectamine 2000 and 100 �l of Opti-MEM medium were used according
to the manufacturer’s protocol.

For the quantification of leader RNA, cDNAs were synthesized with
tagged primer (Letag_49F) with an 18-nucleotide (nt) tag that was unrelated
to RABV. qRT-PCR was performed using primers Letag and Le_1R. How-
ever, these primers also could amplify the antigenomic RNA, the level of
which is negligible compared to that of genomic RNA (1:49) (38). Copy num-
bers of a leader RNA were calculated from the standard curve generated using
a serially diluted, enzymatically synthesized leader RNA in vitro (as described
above), and the copy numbers of viral RNA were normalized to 1 mg of total
RNA. Table 1 provides primer sequence details.

Flow cytometry. Flow cytometry was carried out as described previously
(15). For surface markers, cells were stained with CD3, CD4, CD8, CD19,

CD40, CD138, CD11c, CD86, CD80, and major histocompatibility complex
class II (MHC-II) antibodies and an isotype control (BD Pharmingen). For N
protein, cells first were permeabilized by fixation and permeabilization solu-
tion (BD Cytofix/Cytoperm single) and then stained with FITC-conjugated
anti-RABV N protein monoclonal antibody (FujiRebio Diagnostic Inc.,
Malvern, PA). After incubation on ice for 30 min, cells were washed twice in
PBS containing 2% FBS and 0.02% NaN3 and then fixed with 1% parafor-
maldehyde. Data collection and analysis were performed using a BD LSR-II
flow cytometer, BD FACSDiva software (BD Pharmingen), and FlowJo soft-
ware (TreeStar, San Carlos, CA).

ELISA. Cultured DCs were treated with different RABVs at 10 gene
copies/cell, 2 �g lipopolysaccharide (LPS), 60 �g poly(I·C), or 80 ng tu-
mor necrosis factor alpha (TNF-�). After incubation for 72 h, cell super-
natants were harvested and the expression of cytokines, including IFN-�
and interleukin-6 (IL-6), was analyzed using a mouse IFN-� enzyme-
linked immunosorbent assay (ELISA) kit (PBL, USA) and IL-6 DuoSet
(R&D Systems, USA), respectively. All assays were performed according
to the manufacturer’s instructions.

RFFIT. VNA titers were measured using the rapid fluorescent focus
inhibition test (RFFIT) as described previously (39). Briefly, 50 �l of serial
5-fold dilutions of serum were prepared in Laboratory-Tek chamber
slides (Nalge Nunc International, Rochester, NY). Fifty percent fluores-
cent focus-forming doses (FFD50) of CVS-11 were added to each cham-
ber and incubated at 37°C for 90 min. NA cells (5 � 105 cells/ml) were
added to each chamber, and the slides were incubated at 37°C for 24 h. The
slides then were fixed with ice-cold 80% acetone and stained with FITC-
conjugated anti-RABV N antibodies. Twenty fields in each chamber were
observed under a fluorescence microscope, and the 50% endpoint titers
were calculated according to the Reed-Muench formula (40). The values
were compared to those obtained with the reference serum (National
Institute for Biological Standards and Control, Herts, United Kingdom)
and normalized to international units (IU)/ml.

Statistics analysis. The statistical significance of survival rates was
determined by the log-rank test and Kaplan-Meier survival analysis. Virus
titer, cytokine production, cell surface marker expression, RNA levels, and
G incorporated into virions were evaluated by one-way analysis of vari-
ance (ANOVA). Asterisks denote statistical differences (*, P 	 0.05; **,
P 	 0.01; ***, P 	 0.001) between different groups. A P value of less than
0.05 was considered statistically significant.

RESULTS
Adoptive transfer of DCs primed with wt RABV failed to induce
protective immune responses against lethal RABV infection in
mice. To determine the roles of DC activation in RABV immuno-
genicity, adoptive transfer of DCs treated with wt or laboratory-

TABLE 1 Oligonucleotides used for quantification of RABV genome, leader RNA, chemokines, and cytokines

Primer name Sequence (5=–3=) Use

IFN-betaR ACCCAGTGCTGGAGAAATTG qRT-PCR
IFN-betaF CCCTATGGAGATGACGGAGA qRT-PCR
Beta-actinR ACACAGAGTACTTGGGCTCAGGAGG qRT-PCR
Beta-actinF CCTTCTTGGGTATGGAATCCTGTGG qRT-PCR
RantiseF CACTCCCTGCTGCTTTG qRT-PCR
RantiseR CACTTGGCGGTTCCTTC qRT-PCR
IP-10F AGCCTATCCTGCCCACG qRT-PCR
IP-10R CAGCCCTTTTAGACCTT qRT-PCR
IL-6F GGCATAACGCACTAGGTTT qRT-PCR
IL-6R GCTGGAGTCACAGAAGGAG qRT-PCR
v_1121F GGAAAAGGGACATTTGAAAGAA qRT-PCR
v_1250R AGTCCTCGTCATC AGAGTTGAC cDNA synthesis/qRT-PCR
Letag_49F CCAGATGCTTGGCGTCCTCTTTGCAATTGACGCTGT cDNA synthesis
Letag CCAGATGCTTGGCGTCCT qRT-PCR
Le_1R ACGCTTAACAACAAAACC qRT-PCR

wt RABV Is Incapable of Activating DCs
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attenuated RABVs was carried out in mice. Briefly, 5 � 106 mock-
primed DCs or DCs primed in vitro with wt DRV-Mexico or
laboratory-adapted CVS-B2c (10 gene copies of virus/cell) were
injected into the peritoneal cavity (i.p.) of each mouse (10/group)
three times on days 1, 3, and 5. The gene copy number was used to
standardize the virus dose, because virus titration in cells is not
accurate, particularly with wt RABV. One day after the last adop-
tive transfer, mice were challenged intramuscularly with a lethal
dose of DRV-Mexico (103.5 FFU) and observed for clinical signs
and death for 21 days. As shown in Fig. 1A, significantly more mice
(50%) transferred with DCs primed with CVS-B2c survived the
challenge than mice transferred with mock-primed DCs (20%) or
DCs primed with DRV-Mexico (20%) (P 	 0.05). In mice that
succumbed to rabies, virus titers reached 104.5 FFU/ml, and the
VNA level was less than 0.5 IU/ml (0.23 to 
0.4 IU) (Fig. 1B and
C). In the mice passively transferred with DCs primed with CVS-
B2c, an average VNA production of 1.125 IU/ml was detected, and
no RABV virus was found in the brain of the survivors. These
results demonstrate that the adoptive transfer of DCs primed with
wt DRV-Mexico failed to induce the production of VNA and pro-
tect mice against challenge infections, while the adoptive transfer
of DCs primed with laboratory-attenuated CVS-B2c resulted in
the induction of VNA and, subsequently, protection against chal-
lenge.

To assess the immune responses mediated by DC adoptive
transfer, activation of DCs as well as NK, T, and B cells in spleen
and mesenteric lymph nodes was analyzed at days 3, 6, and 9 after
the last transfer. As shown in Fig. 2A, there was no significant
difference in the number of activated DCs (CD11c�/CD86�), B
cells (CD19�/CD40�), or plasma cells (CD138�) in the spleens
and the mesenteric lymph nodes of mice transferred with DCs
primed with DRV-Mexico compared to that in mice transferred
with mock-primed DCs. On the other hand, significantly more
activated DCs, B cells, and plasma cells were detected in the spleen
and lymph nodes of mice transferred with DCs primed with CVS-
B2c as early as 3 days after the last transfer compared to mice
transferred with mock-primed DCs or DCs primed with DRV-

Mexico (Fig. 2A). No significant differences were detected in the
number of CD4�, CD8�, or NK (CD49�) cells between different
groups (Fig. 2B). These results indicate that adoptive transfer of
DCs primed with wt RABV failed to elicit innate or adaptive im-
mune responses in the recipients, while the adoptive transfer of
DCs primed with laboratory-attenuated RABV elicited these re-
sponses. These results demonstrate the critical role of DC activa-
tion in RABV immunogenicity and protection.

wt RABV fails to induce DC activation in vitro. To investigate
why DCs primed with wt RABV fail to stimulate immune re-
sponses and provide protection against lethal challenge, DCs were
isolated from mouse bone marrow and cocultured with wt or
laboratory-attenuated RABV. DCs treated with lipopolysaccha-
ride (LPS), poly(I·C), or TNF-� were included as positive con-
trols. The expression and number of CD86, CD80, and MHC-II
on CD11c� cells were measured using flow cytometry. Compared
to mock-infected DCs, no increased expression of CD86, CD80,
or MHC-II was detected in DCs infected with wt DRV-Mexico
(Fig. 3A and B), indicating that wt RABV is incapable of activating
DCs in vitro. However, significantly higher numbers of CD86�,
CD80�, or MHC-II� cells, as well as higher levels of expression of
these molecules (measured as mean fluorescent intensity [MFI]),
were detected in DCs infected with laboratory-attenuated than
with wt RABV (Fig. 3A and B). To determine if RABV G was
responsible for DC activation, laboratory-attenuated RABV ex-
pressing the glycoprotein from wt RABV as constructed previ-
ously (35) was included for comparison. The recombinant RABV
(rRABV) expressing P from wt virus (DRV-P) was included as a
control. DRV-P induced DC activation as efficiently as CVS-B2c,
while rRABV expressing G from wt virus (DRV-G) did not, sug-
gesting that DC activation is G dependent (Fig. 3A and B). UV
inactivation of laboratory-attenuated CVS-B2c abolished its abil-
ity to activate DCs, as the levels of CD86, CD80, and MHC-II were
comparable to those for mock infection (Fig. 3B), which suggests
that active RABV infection is required for DC activation.

In order to study the effects of viral dose on DC activation, DCs

FIG 1 Adoptive transfer of DCs primed with wt RABV failed to induce protective immune responses against lethal RABV infection in mice. (A) Survivorship of mice
after adoptive transfer with DCs primed with B2c, DRV, or medium by the i.p. route. The survival rates were analyzed for statistical significance by Kaplan-Meier plots
(n � 10 in each group; P 	 0.05 by log-rank test). (B) Virus titers in the brains of surviving versus dead mice. (C) VNA in the sera of dead and surviving mice.
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were incubated with 1, 10, and 100 gene copies of RABVs per cell.
It was observed that the number of CD86�, CD80�, or MHC-II�

DCs did not change in DCs infected with DRV-Mexico or B2c
(DRV-G), while the number of CD86� DCs increased in a gene
copy number-dependent manner in DCs infected with CVS-B2c
or B2c (DRV-P) (Fig. 3C). These results demonstrate that the
inability of wt RABV to activate DCs is not dose dependent, while
laboratory-attenuated RABV activates DCs in a dose-dependent
manner.

To confirm that wt RABV does not activate DCs, cytokine
and chemokine production in DCs or supernatants of DCs
infected with different viruses were analyzed by qRT-PCR and
ELISA. DRV-Mexico and B2c (DRV-G) stimulated signifi-
cantly lower levels of IL-6, TNF-�, IFN-�, RANTES, and IFN-

-induced protein 10 (IP-10) in DCs than CVS-B2c and B2c
(DRV-P), as detected by RT-PCR (Fig. 3D) or by ELISA (Fig.
3E). These results confirm the inability of wt RABV (or G from
wt RABV) to activate DCs.

wt RABV (or G from wt RABV) does not inhibit LPS-medi-
ated DC activation. To determine if wt RABV (or G from wt
RABV) inhibits DC activation, immature DCs were treated with
various concentrations of LPS in the presence or absence of
RABV. Mock-treated DCs were included as a control. As expected
in the LPS-treated cells, the numbers of CD86�, CD80�, and
MHC-II� DCs were significantly lower in DCs treated with DRV-
Mexico or B2c (DRV-G) than in those treated with CVS-B2c or
B2c (DRV-P) (Fig. 4A). In DCs treated with 1 �g/ml of LPS, the

numbers of CD86�, CD80�, and MHC-II� DCs remain un-
changed irrespective of different RABV infections. For DCs
treated with lower concentrations of LPS, only the number of
CD86� DCs was significantly lower in DCs treated with DRV-
Mexico or B2c (DRV-G) than in those treated with CVS-B2c or
B2c (DRV-P); however, there were no significant differences in
the number of CD86�, CD80�, and MHC-II� DCs treated with
DRV-Mexico or B2c (DRV-G) compared to the numbers with
LPS treatment alone, indicating that G from DRV-Mexico does
not inhibit LPS-mediated DC activation (Fig. 4A). To ensure that
these changes were not due to DC viability, a cell viability assay
was performed. More than 95% of DCs infected with each virus
were found to be viable throughout the observation period, sim-
ilar to mock-infected DCs (Fig. 4B).

wt RABV induces low levels of leader RNA synthesis in DCs.
To investigate if these rRABVs can actively replicate in DCs, virus
titer and genomic RNA were measured in DCs after infection. As
shown in Fig. 5A, virus titers or viral RNA gradually declined in
DCs infected with each of the viruses, indicating RABVs do not
actively replicate in DCs. All of the viruses replicated in NA and
BSR cells, although the rate of replication is much lower in cells
infected with DRV-Mexico or B2c (DRV-G) than in those infected
with CVS-B2c or B2c (DRV-P) (Fig. 5A).

It has been shown that DC activation is due to the recognition
of viral RNA, particularly leader RNA, by RIG-I to induce inter-
feron responses (29). To investigate if the failure of wt RABV to
activate DCs is due to its inability to synthesize leader RNA, DCs

FIG 2 Adoptive transfer of DCs primed with wt RABV fails to induce activation of DCs, B cells, and plasma B cells in the spleen and mesenteric lymph nodes. BALB/c
mice were transferred i.p. with mock-primed DCs or DCs primed with CVS-B2c or DRV-Mexico (5 � 105 cells/mouse). Spleen and mesenteric lymph nodes were
collected at 3, 6, and 9 days postinfection. Single-cell suspensions were prepared and stained with the indicated fluorescent antibodies. (A) Flow-cytometric analysis of
DCs, B cells, and plasma B cells in the spleen and lymph nodes. (B) Flow-cytometric analysis of T cells and NK cells in the spleen and lymph nodes.
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were infected with CVS-B2c, DRV-Mexico, B2c(DRV-P), or
B2c(DRV-G) at an MOI of 10 copy numbers per cell, and viral
leader RNA was measured at 24 h postinfection. BSR or NA cells
were infected with each virus as positive controls. Using qRT-
PCR, the leader RNA levels in DCs and NA and BSR cells were
determined. As shown in Fig. 5B, a significantly lower level (2 logs
lower) of leader RNA was detected in DCs infected with DRV or
B2c (DRV-G) than in those infected with CVS-B2c or B2c (DRV-
P). Similar results were obtained with both NA and BSR cells
(Fig. 5B). Thus, these results indicate that wt RABV induces sig-
nificantly less de novo synthesis of leader RNA in DCs than labo-
ratory-attenuated RABV.

Synthetic leader RNA from wt RABV is as capable of induc-
ing DC activation as that from laboratory-attenuated RABV. To
determine if the leader RNA from wt RABV is able to activate DCs,
the leader RNAs from CVS-B2c and DRV-Mexico were synthe-
sized using a T7 RiboMAX in vitro transcription system. The syn-

thesized leader RNAs were verified by gel electrophoresis (Fig.
6A). Analysis of the minimum free energy secondary structure
calculation using the RNAfold web server program suggests that
the leader RNA from both viruses have similar hairpin structures
(Fig. 6B). Purified leader RNAs were used to transfect DCs using
Lipofectamine 2000 at various concentrations; 5= dephosphory-
lated leader RNAs were included as a control. The number of
CD11c cells that were CD86�, CD80�, and MHC-II� were mea-
sured to assess the activation status using flow cytometry. As
shown in Fig. 6C, the number of CD86�, CD80�, and MHC-II�

DCs increased in a dose-dependent manner when transfected with
the leader RNA from both viruses, indicating that leader RNAs
from both viruses are capable of activating DCs (Fig. 6C). How-
ever, the dephosphorylation of leader RNA abolishes DC activa-
tion. These data further demonstrate that it is the level of leader
RNA, not the leader RNA per se, from wt RABV that determines
the status of DC activation.

FIG 3 wt RABV fails to induce DC activation and maturation in vitro. (A) Flow-cytometric analysis of the number of CD86, CD80, and MHC-II-positive DCs
infected with CVS-B2c, DRV-Mexico, B2c(DRV-P), or B2c(DRV-G), treated with LPS, or mock treated. (B) Analysis of CD86, CD80, and MHC-II expression
in DCs infected with the indicated RABVs. (C) Analysis of DC activation using various virus doses of the indicated RABVs. (D) Analysis of expression of IFN-�,
IP-10, RANTES, IL-6, and TNF-� using qRT-PCR in DCs infected with the indicated RABVs. (E) Quantification of IFN-� and IL-6 by ELISA in the culture
supernatants of DCs infected with the indicated RABVs.
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Laboratory-adapted RABV and wt RABV trans-comple-
mented with G from laboratory-attenuated virus activated DCs
in an IPS-1-dependent manner. In order to determine whether
RABVs induce DC activation through an RNA-dependent path-

way, BMDCs from IPS-1 knockout (IPS-1�/�) or wild-type IPS-1
(IPS-1�/�) mice were cocultured with each RABV. DCs treated
with LPS or poly(I·C) were included as positive controls. The ac-
tivation status of DCs was measured for the expression of CD86

FIG 4 wt RABV (or the glycoprotein from wt RABV) does not inhibit LPS-mediated DC activation. (A) Quantitative assessment of CD86, CD80, and MHC-II
expression in DCs infected with RABVs left untreated or treated with the indicated concentration of LPS. (B) Analysis of DC viability after infection with RABVs
at 10 gene copy numbers/cell using trypan blue.

FIG 5 wt RABV induces a low level of leader RNA synthesis in DCs. However, RABV replication is suppressed and nonproductive in DCs. (A) DCs as well as NA
and BSR cells were infected with the indicated RABVs for viral genome quantification at different time points using qRT-PCR. The quantification of virus
production in the cell culture supernatants at different time points is shown. (B) Quantification of viral leader RNA using qRT-PCR in DCs as well as NA and BSR
cells infected with indicated viruses.
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and MHC-II molecules on CD11c� cells by flow cytometry. Com-
pared to mock-infected DCs, no increase in the number of CD86-,
CD80-, or MHC-II-positive cells was detected in IPS-1�/� or IPS-
1�/� DCs infected with B2c (DRV-G) or DRV-Mexico. On the
other hand, infection of IPS-1�/� DCs with CVS-B2c or B2c
(DRV-P) induced significantly higher numbers of CD86-, CD80-,
or MHC-II-positive DCs. However, the level of CD86, CD80, or
MHC-II expression in IPS-1�/� DCs infected with these viruses
was similar to that in mock-infected DCs (Fig. 7). Since the wt
RABV or the laboratory-attenuated RABV expressing G from
wt RABV is unable to activate either IPS-1�/� or IPS-1�/� DCs,
wt RABV (DRV-Mexico) was trans-complemented with G from
laboratory-attenuated virus [DRV(B2c-G)] and included for
comparison. As shown in Fig. 7, treatment of IPS-1�/� DCs with
[DRV(B2c-G)] induced significantly higher numbers of CD86-,
CD80-, or MHC-II-positive cells than the mock treatment; how-
ever, the treatment of IPS-1�/� DCs with this virus did not in-
crease the number of CD86-, CD80-, or MHC-II-positive cells
compared to mock infection. Thus, these results suggest that DC
activation by RABVs involves the IPS-1 pathway and is G depen-
dent.

wt RABV (G) is inefficient in binding and entry into DCs. To
determine the mechanism(s) by which wt RABV induces low lev-

els of leader RNA synthesis in DCs, virus binding and entry into
DCs were investigated after infection with each RABV. As RABVs
are known to replicate in NA and BSR cells, these cells were in-
cluded as positive controls. For virus binding, DCs and NA and
BSR cells were incubated with 10 gene copies of different RABVs at
4°C for 2 h. The cells then were washed three times to remove
unbound viruses. Cell surface-bound viruses were detected by
FACS using FITC-labeled anti-RABV N monoclonal antibodies.
Alternatively, viral RNA inside the bound viruses was measured by
qRT-PCR using N gene-specific primers. As shown in Fig. 8A,
significantly fewer RABV-positive cells (	8%) were detected in
DCs treated with DRV-Mexico or B2c (DRV-G) than in DCs
treated with CVS-B2c or B2c (DRV-P) (�15%) (Fig. 8A, top left).
The flow-cytometric data were further confirmed by qRT-PCR for
viral N gene (Fig. 8A, bottom left), and significantly less RABV N
RNA was detected in DCs treated with DRV-Mexico (1.1 � 104)
or B2c (DRV-G) (1.2 � 104) than in DCs treated with CVS-B2c
(3.8 � 104) or B2c (DRV-P) (3.3 � 104) (Fig. 8A, bottom left). A
similar binding phenomenon was observed in NA (Fig. 8A, mid-
dle) and, to a lesser degree, in BSR (Fig. 8A, right) cells.

In order to assess virus entry, cells were incubated with 10 gene
copies of different RABVs at 37°C for 4 h, and then the cells were
treated with trypsin (10 min for DCs, 4 min for NA and BSR cells)

FIG 6 Transient transfection of leader RNA from wt or laboratory-attenuated RABV can induce activation of DCs in a dose-dependent manner. (A) Schematic
representation of enzymatic synthesis of rabies leader ssRNA. (B) In silico calculations of minimum free energy secondary structures of CVS-B2c and DRV leader
RNA. The structures are colored according to base-pairing probability, ranging from 0 (least likely; red) to 1 (most likely; violet). The 5= end is indicated by the
black arrow. (C) Indicated concentration of enzymatically synthesized leader RNA was used to transfect DCs using Lipofectamine 2000 (lipofectamine con). The
number of CD86�, CD80�, and MHC-II� DCs was measured using flow cytometry.
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to remove the surface-bound viruses. As shown in Fig. 8B, signif-
icantly fewer RABV-positive cells (	3.5%) were detected in DCs
treated with DRV-Mexico or B2c (DRV-G) than in DCs treated
with CVS-B2c or B2c (DRV-P) (�5%) by flow cytometry. Fur-
ther, the flow-cytometric data were confirmed by qRT-PCR.
These data indicate that significantly less DRV or B2c (DRV-G)
entered into DCs than CVS-B2c or B2c (DRV-P) (Fig. 8B, bottom
left). A similar trend also was observed in NA and BSR cells, par-
ticularly by qRT-PCR (Fig. 8B, right).

DISCUSSION

It has long been known that rabies patients rarely develop VNA
(41). Likewise, laboratory animals infected with wt RABV do
not develop VNA (9). In the present study, we present evidence
that RABV evades host immune responses by failure to activate
DCs both in vitro and in vivo. Adoptive transfer of DCs primed
with wt RABV did not activate DCs and, as a result, did not
induce the production of VNA or provide protection against
challenge. On the other hand, adoptive transfer of DCs primed
with laboratory-attenuated RABV activated DCs, induced the
production of VNA, and provided protection against chal-
lenge. Furthermore, our studies revealed that wt RABV binding
to DCs is severely blocked, and de novo synthesis of its leader
RNA is limited (two logs lower than that in DCs infected with
laboratory-attenuated RABV). Thus, our studies indicate that
wt RABV evades DC-mediated immune activation by ineffi-
cient binding of the virus to DCs and the subsequent low level
of leader RNA transcription in DCs.

DCs are antigen-presenting cells (APCs) specially equipped
with a highly efficient mechanism that allows them to detect
pathogens, to capture, process, and present antigens, and to initi-
ate and regulate immune responses (25). DCs possess properties
and abilities enabling them to act as unique immune live adju-

vants (42). However, viruses have developed ways to evade the
host immune system. One of the common escape mechanisms is
to interfere with DC activation, and this has been observed in
infection with viruses such as vaccinia virus, herpes simplex virus
(HSV-1), measles virus, and human cytomegalovirus (HCMV)
(43–45). Salio et al. have shown that DCs infected with HSV-1 fail
to upregulate costimulatory molecules, produce cytokines, or ac-
quire responsiveness to chemokines required for migration to sec-
ondary lymphoid organs (45). Similarly, our findings indicate that
wt RABV evades the host immune responses by failure to induce
DC activation. After infection with wt RABV, costimulatory mol-
ecules (CD86 and CD80) and MHC-II were not upregulated in
DCs cultivated in vitro. Likewise, adoptive transfer of DCs primed
with wt RABV failed to activate DCs or to produce VNA in the
recipients. On the other hand, laboratory-attenuated RABV stim-
ulated DC activation both in vitro and in vivo. These results some-
what contradict previous studies. Li et al. (28) reported that wt
RABV induced a level of DC activation similar to that of labora-
tory-attenuated RABV when the surface markers were measured.
These discrepancies may be due to different wt viruses used, and
these viruses may have different passage histories in experimental
animals or cell culture. Nevertheless, the upregulation of NF-�B
signaling pathway-related genes in DCs is less robust, and the level
of IFN-� mRNA is lower in monocytes and DCs infected with
DOG4 (wt) than in those infected with SPBNGAS-GAS (labora-
tory attenuated) (28).

To determine the mechanism by which wt RABV evades DC
activation, rRABVs with the exchange of G as described previously
(35) were used to infect DCs. Recombinant RABV expressing G
from wt RABV failed to stimulate DC activation, while those ex-
pressing G from laboratory-attenuated RABV activated DCs.
Therefore, DC activation is G dependent. It has been shown that
HCMV and vaccinia virus inhibit DC maturation to evade the

FIG 7 Laboratory-attenuated RABV and wt RABV trans-complemented with G from laboratory-attenuated virus can activate DCs in an IPS-1-dependent
manner. (A) Flow-cytometric analysis of the number of CD86-, CD80-, and MHC-II-positive DCs derived from IPS-1 knockout or wild-type mice that were
mock treated, infected with CVS-B2c, DRV-Mexico, B2c(DRV-P), B2c(DRV-G), or DRV(B2cG), or treated with LPS or poly(I·C).
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host innate immune response by failing to upregulate MHC-II
and costimulatory molecules or by inducing DC death, respec-
tively (43). We next sought to determine whether wt RABV could
inhibit the LPS-induced DC activation as their immune evasive
strategy. Our data indicate that wt RABV or rRABV expressing G
from wt RABV does not suppress the expression of CD86, CD80,
or MHC-II molecules, indicating that wt RABV or G from wt
RABV does not inhibit LPS-mediated DC activation. Previous
studies have shown that rRABV expressing G from wt RABV pos-
sesses the phenotype of wt RABV in pathogenicity, which corre-
lates with the failure to induce apoptosis and innate immune re-
sponses (35, 46, 47). Therefore, it is likely that G from wt RABV
contributes to rabies pathogenicity through evasion of the innate
and adaptive immune responses.

Further, we sought to determine the role of viral RNA on DC
activation. It is known that double-stranded RNA and 5=-triphos-
phate leader RNA from negative-stranded RNA viruses can be
recognized in the cytoplasm by RLRs (RIG-I-like receptors),
namely, RIG-I and Mda-5 (48–51). RIG-I recognizes 5=-triphos-
phated RNA, including the leader RNA from negative-stranded
RNA viruses (30, 52). It has been shown that 5=-triphosphated

leader RNA from measles virus acts as an activator of the RIG-I-
mediated immune response (50). Forsbach et al. (53) reported
that the conserved U- and G-rich nucleotides of the 3=-terminal
sequence of negative-strand RNA viruses, such as vesicular stoma-
titis virus, Sendai virus, and influenza virus, can stimulate cyto-
kine responses via TLR7 and TLR8 (53). Once these pathogen-
associated molecular patterns (PAMPS) encounter pathogens,
they will induce the activation of immune cells to produce antivi-
ral molecules, such as IFNs (54, 55). Laboratory-attenuated RABV
has been reported to activate DCs by RIG-1 to induce IFN pro-
duction through recognition of viral RNA, particularly leader
RNA, which is IPS-1 dependent (29, 30). To counter these host
innate immune responses, viruses completing transcription in the
cytosol have developed various strategies, such as an efficient cap-
ping process, by the polymerases (56, 57) or shielding nascent
genome and anti-genome in the nucleocapsid (58, 59). It also has
been shown that the processing of 5= termini of the genome by
negative-strand RNA viruses is one of the strategies to avoid RIG-
I-dependent interferon induction (60). Here, we describe that one
of the mechanisms to evade the immune responses by wt RABV is
limited de novo synthesis of leader RNA. Our analysis indicates

FIG 8 wt RABV (G) is inefficient in binding and entry into DCs. (A) NA and BSR cells as well as DCs were infected with the indicated viruses for the analysis of
binding using FACS and qRT-PCR. (B) NA and BSR cells as well as DCs were infected with the indicated viruses for the analysis of entry using FACS and qRT-PCR
(see Materials and Methods for details).
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that the leader RNA from wt RABV is as capable of activating DCs
as that from laboratory-attenuated virus. Thus, the level of leader
RNA plays a crucial role in DC activation after infection with
RABV. One of the major differences between wt and laboratory-
attenuated RABV is the amount of leader RNA synthesized de
novo in DCs. wt RABVs or rRABV expressing G from wt virus
induces 2-log lower de novo synthesis of leader RNA than labora-
tory-attenuated RABV. These results led us to believe that the
failure of wt RABV to activate DCs is due to the small amount of
leader RNA synthesized de novo. To ensure that it is the viral leader
RNA that activates the DCs, BMDCs isolated from IPS-1 knock-
out or wild-type mice were used for infection with each of the
viruses. Our results indicate that laboratory-attenuated RABV or
wt RABVs trans-complemented with G from laboratory-attenu-
ated virus can activate DCs in an IPS-1-dependent manner. How-
ever, wt RABV or the laboratory-attenuated RABV expressing G
from wt virus fails to do so. Together these results indicate that it
is RABV leader RNA that activates DCs.

DC activation by RABV is also G dependent. The laboratory-
attenuated RABV expressing G from wt virus failed to activate
DCs like the wt virus, and the wt RABV trans-complemented with
G from laboratory-attenuated virus activated DCs like the labora-
tory-attenuated virus in an IPS-1-dependent manner as reported
previously (29). It is known that RABV glycoprotein is the only
protein capable of delivering viral RNA into the host cells by fa-
cilitating binding and entry. In this study, we further determined
the ability of RABV to bind and to enter DCs. Our results indicate
that the binding to and entry into DCs by wt RABV or recombi-
nant RABV expressing G from wt RABV were severely blocked
compared to those by laboratory-attenuated RABV or recombi-
nant RABV expressing P from wt RABV. Indeed, previous studies
have shown the differential level of G expression between wt and
laboratory-attenuated RABVs (19, 61). It also has been shown that
CVS-B2c expresses a higher level of G than DRV-Mexico (35), and
these two viruses were used in this study. Although it has been
reported that the level of G expression alone may not necessarily
contribute to viral pathogenicity (62), it is possible the low level of
G expression by wt RABV results in a low level of G incorporation
into budding virions, consequently affecting virus binding and
entry. Thus, further studies are warranted to investigate these pos-
sibilities.

In summary, we found that the adoptive transfer of DCs
primed with wt RABV did not activate DCs, stimulate VNA, or
protect mice against lethal challenge. RABV-mediated activation
of DCs involves the IPS-1 pathway and is G dependent. We further
show that wt RABV evades DC-mediated immune activation by
inefficient binding/entry into DCs, resulting in a reduced level of
de novo-synthesized leader RNA.
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