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Abstract

Rabies is a zoonotic disease that still causes 59,000 human deaths each year, and rabies vaccine is the most effective way to
control the disease. Our previous studies suggested that the maturation of DC plays an important role in enhancing the
immunogenicity of rabies vaccine. FIt3L has been reported to own the ability to accelerate the DC maturation, therefore, in
this study, a recombinant rabies virus expressing mouse FIt3L, designated as LBNSE-FIt3L, was constructed, and its
immunogenicity was characterized. It was found that LBNSE-FIt3L could enhance the maturation of DC both in vitro and
in vivo, and significantly more Tgy cells and Germinal Center B (GC B) cells were generated in mice immunized with
LBNSE-FIt3L than those immunized with the parent virus LBNSE. Consequently, expressing of Flt3L could elevate the
level of virus-neutralizing antibodies (VNA) in immunized mice which provides a better protection from a lethal rabies
virus challenge. Taken together, our study extends the potential of FIt3L as a good adjuvant to develop novel rabies vaccine
by enhancing the VNA production through activating the DC-Tgy—GC B axis in immunized mice.

Keywords Rabies - Vaccine - FMS-like tyrosine kinase 3 ligand (FIt3L) - Dendritic cell (DC) - Follicular helper T cell (Tgy
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Introduction

Rabies is a zoonotic disease that causes 59,000 death every
year (WHO 2013), which is still a huge threat to the public
health, especially in the developing countries such as India
and China (Okonko et al. 2010; Acharya et al. 2012). A
large number of cases among wild animals are reported
each year, even in some developed countries which are free
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of human rabies (Scotch et al. 2009; Adedeji et al. 2010).
Its pathogen, rabies virus, retrogrades through the nerve
from wound to central nerve system and cause disease in
brain (Murphy and Bauer 1974; Alizadeh er al. 2015).
Rabies is fatal once the clinical signs appear, however, the
disease is 100% preventable with appropriate vaccination
(Ayres et al. 2006; Abelaridder 2015). Millions of people
receive rabies vaccination globally, which saves more than
250,000 people from dying of rabies every year (Wunner
and Briggs 2010). According to the report from WHO,
human rabies cases could be possibly reduced through a
combination of interventions involving mass dog vaccina-
tion, improved access to post-exposure prophylaxis (PEP),
increased surveillance and raising public awareness (Dodet
2010). It has been suggested that human rabies and rabies
virus transmission would be efficiently reduced once the
vaccination coverage of canine population is higher than
70% (Hu et al. 2009). Therefore, it is necessary to develop
efficacious rabies vaccine for a better rabies control.
Fms-like tyrosine kinase 3 ligand (FIt3L) is a
hematopoietic growth factor with well-established func-
tions in hematopoietic cell development, such as promoting
lymphoid lineage commitment (Adolfsson et al. 2001; Ge
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et al. 2013) and driving dendritic cell (DC) development
(Waskow et al. 2008). FIt3L and its receptor (FlIt3, FLK2)
regulate the mobilization of preDC from the blood to give
rise to DC in lymphoid organs and tissue-resident DC
(Anandasabapathy er al. 2014). Previous study demon-
strated that protective immunity induced by protein vac-
cines is controlled by Flt3L-dependent, LN-resident DC
and Flt3L-independent pathways can mediate infection-
induced expansion of DC and T cell priming (Dupont et al.
2015).

Mature DCs are professional antigen-presenting cells
(APCs) (Mathers and Larregina 2006) that can induce T
and B cell activation, thereby linking innate and adaptive
immune responses (Garg et al. 2012). DC activation has
been demonstrated to be a good strategy to enhance the
immunogenicity of RABV by expressing granulocyte-
macrophage colony-stimulating factor (GM-CSF) and IL-
15 in our previous study (Chen et al. 2017; Wen et al.
2011; Zhou et al. 2013, 2015).

Therefore, due to the function of FIt3L on enhancing DC
maturation, an rRABV expressing FIt3L was constructed to
further characterize the role of DC activation that plays in
the immunogenicity of rabies vaccine, and it was found
that expression of FIt3L could enhance the VNA produc-
tion in immunized mice through enhancing the DC acti-
vation and generation of Follicular helper T (Tgy) and
Germinal Center B (GC B) cells. Our study suggests that
FIt3L is a potential adjuvant to improve humoral immune
responses to live attenuated rabies vaccine.

Materials and Methods
Cells, Antibodies, Viruses and Animals

BSR cells, a clone derived from BHK-21 cells, were cul-
tured in Dulbecco’s modified Eagle’s medium (Mediatech,
Manassas, VA, USA) containing 10% fetal bovine serum
(FBS; Gibco). LBNSE is an rRABV that derived from the
SAD-B19 strain (Conzelmann er al. 1990; Rasalingam
et al. 2005) by making mutations at amino acid positions
194 and 333 of G protein (Wen et al. 2011). Propagation of
rRABYV strains was performed in BSR cells. The challenge
virus strain CVS-24 was propagated in the brains of
5-6 days old suckling mice. Fluorescein isothiocyanate
(FITC)-conjugated antibodies against the RABV N protein
were purchased from FujiRab (Melvin, PA). Antibodies
used for flow cytometric analysis, including FITC anti-
mouse CD11c (clone N418), FITC anti-mouse CD4 (clone
GK1.5), FITC anti-mouse/human CD45R/B220 (clone
RA3-6B2), PE anti-mouse CD86 (clone GL-1), PE anti-
mouse CD279 (PD-1) (clone RMP1-30), PE/Cy7 anti-
mouse I-A/I-E (MHC-II) (clone M5/114.15.2), APC anti-

mouse CD185 (CXCRY5) (clone L138D7), APC anti-mouse
CD138 (Syndecan-1) (clone 281-2), and Alexa Fluor 647
anti-mouse/human GL7 (clone GL7), were all purchased
from BioLegend (San Diego, CA), while PE Anti-Mouse
CD95 (APO-1/Fas) (clone 15A7) was purchased from
eBioscience (San Diego, CA). Recombinant mouse GM-
CSF and IL-4 were purchased from Novoprotein Scientific,
Inc. (Shanghai, China). 6-8 weeks old female BALB/c
mice and ICR mice were purchased from the Center for
Disease Control and Prevention of Hubei Province, China.

Construction and Rescue of Recombinant Virus

The mouse FIt3L gene was amplified from total RNA
extracted from mouse spleen using the SuperScript III One-
Step reverse transcription (RT)-PCR system with Platinum
Taq DNA polymerase (Invitrogen Life Technology,
Carlsbad, CA, USA). The primers used for Fit3L gene
amplification: (forward primer: 5-TTGCGTACGAACA
TGACAGTGCTGGCGCCAGC-3' and reverse primer: 5'-
CTAGCTAGCTAGCTAGGGATGGGAGGGGAGG-3').
Construction and virus rescue strategy of rRABV LBNSE-
FIt3L infectious clone was followed as described before
(Schnell et al. 1994; Wu et al. 2014). Briefly, PCR pro-
duction (FIt3L gene) and LBNSE infectious clone were
both digested with BsiWI and Nhel (New England Bio-
Labs, Ipswich, MA, USA), and after recycling, the FIt3L
gene was inserted between G and L genes of LBNSE by
ligation to finish the construction of LBNSE-FIt3L infec-
tious clone. For the rescue of LBNSE-FIt3L, BSR cells
were transfected with 2.0 pg of LBNSE-FIt3L infectious
clone, 0.5 ng of pH-N, 0.25 pg of pH-P, 0.15 pg of pH-G,
and 0.1 pg of pH-L using the SuperFect transfection
reagent (Qiagen) according to the manufacturer’s protocol.
Then BSR cells were incubated at 37 °C for 4 days, and
the supernatant was removed and fresh medium with 2%
FBS was added to each well for further incubation. After
7 days of incubation, supernatant was collected to exam-
ine the presence of rescued virus using FITC-conjugated
anti-RABV N Antibodies.

Virus Titration and Growth Curve Assay

The rRABVs were titrated via direct fluorescent antibody
assays in BSR cells as previously described (Zhao et al.
2009). Briefly, 100 pL serial 10-fold dilutions of the virus
was incubated with BSR cells in 96-well plates at 37 °C for
48 h, and then direct fluorescent antibody assay was per-
formed to test the RABV in each well. Viral titers were
calculated as fluorescent focus units per milliliter. All
titrations were carried out in quadruplicate. For the multi-
step or one-step growth curve, BSR cells were seeded in a
12-well plate and infected with different rRABVs at a
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multiplicity of infection (MOI) of 0.01 or 5, respectively.
After incubating for 1 h at 37 °C, the supernatant was
removed and fresh medium with 2% FBS was added to
each well. Samples were collected each day for 5 days and
stored at — 80 °C. The growth curves were depicted
according to the virus titers at different time points.

Virus-Neutralizing Antibody (VNA) Test

Blood samples were collected and the sera were isolated
weekly for VNA test using the fluorescent antibody virus
neutralization (FAVN) assay described previously (Tian
et al. 2015). Briefly, 50 pL of serial threefold dilutions of
test or standard serum sample, obtained from the National
Institute for Biological Standards and Control (Herts, UK),
was prepared in 96-well microplates of 150 puL volumes.
Each sample was added into four duplicated wells. A
50 pL. volume containing 50-200 FFU of CVS-11 was
added into each well and incubated at 37 °C for 1 h in an
incubator with 5% CO,. Then 50 pLL of BSR cells sus-
pension, containing 2 x 10* of cells, was added into each
well and incubated at 34 °C with 5% CO, for 72 h. The
plates were then fixed with 80% of ice cold acetone at
— 20 °C for 30 min and air-dried. Cells were stained with
FITC-conjugated anti-RABV N antibodies for 45 min at
37 °C and washed three times with PBS. The results were
observed under an Olympus IX51 fluorescence microscope,
and the VNA titers were expressed in international units
per milliliter (IU/mL) based on comparisons with the titer
of the reference serum sample included in each test.

Isolation of Bone Marrow-Derived DCs

Bone marrow-derived DCs were isolated as described
previously (Lutz et al. 1999; Gilboa 2007). Briefly,
6-8 weeks old BALB/c mice were euthanized and the
femur was separated. Then bone marrow was collected and
seeded in 6 well plates at the density of 2 x 10° cells/mL,
and the cells were cultured in DC medium (RPMI 1640
supplemented with 10% FBS, 20 ng/mL recombinant
mouse GM-CSF and 10 ng/mL recombinant mouse 1L-4).
At 1, 3, and 5 days post cultivation, half of the medium
was replaced with fresh DC medium. At 7 days post cul-
tivation, the cells were collected and cultured in 12 well
plates (106 cells/mL), and the DCs would be used for the
study 2 days later.

Flow Cytometry
Lymph nodes, bone marrows, and peripheral blood samples
were collected from different rRABVs immunized mice at

each tested time points post immunization for flow cyto-
metric analysis. The collected lymph nodes and bone
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marrows were homogenized and filtered through a 40 pm
nylon filter, then washed with PBS and resuspended as
single cell suspensions with 0.2% BSA; for the blood
samples, the red blood cells were lysed with ACK lysis
buffer (BioSource International, Inc., Camarillo, CA) for
1 min at room temperature. Single-cell suspensions (10° -
cells/mL) were prepared and stained in 0.2% BSA with
fluorescence-conjugated antibodies for 30 min at 4 °C in
the dark. After incubation, the cells were subsequently
washed twice with PBS and fixed in 4% paraformaldehyde
for 30 min. The samples were performed through a BD
LSR-II flow cytometer, and data collection and analysis
were performed by BD FACS-Diva software (BD
Pharmingen) and FlowJo software (TreeStar, San Carlos,
CA).

Mice Immunization and RABV Challenge
Experiment

Groups of female 6-8 weeks old ICR mice were immu-
nized with 10° FFU of each rRABYV in a volume of 100 puL
or mock immunized with the same volume of DMEM by
intramuscular (i.m.) route. At 21 days post immunization
(dpi), mice were challenged with 50% mouse intracerebral
lethal dose 50 (MICLD50) of CVS-24 in a volume of
40 pL by the intracerebral (i.c.) route and observed daily
for 3 weeks.

Statistical Analysis

All data were analyzed by GraphPad Prism 6.0 software
(La Jolla, CA). Kaplan—Meier survival curves were ana-
lyzed by the log rank test; the other data were determined
by one-way ANOVA. For all tests, the following notations
were used to indicate significant differences between dif-
ferent groups: *P < 0.05; **P < 0.01; ***P < 0.001.

Results

Construction and Characterization of the rRABV
Expressing FIt3L

FIt3L was cloned and inserted into the genome of a RABV
vaccine strain LBNSE which derived from SAD-B19 with
two mutations in the glycoprotein (G), between G and
L gene by using two restriction enzymes BsiW I and Nhe 1
as shown in Fig. 1A and the rRABV expressing FIt3L was
designated as LBNSE-FIt3L. The rRABV LBNSE-FIt3L
was rescued as described previously, and the multi-step
(MOI = 0.01) and one-step (MOI = 5) growth kinetics of
the rRABVs on BSR cells were depicted. As shown in
Fig. 1B and 1C, the growth curves of LBNSE-FIt3L were
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Fig. 1 Construction and characterization of rRABV expressing IL-15
in vitro and in vivo. A Schematic diagram for construction of LBNSE-
FIt3L. The parent vector pLBNSE was constructed based on SAD-
B19 strain by deleting the pseudogene between the G and L genes
where Bsiwl and Nhel restriction enzyme sites were introduced. N, P,
M, G and L represented the nucleoprotein, phosphoprotein, matrix,
glycoprotein, and polymerase genes of RABV, respectively. Multi-
step (B) and One-step (C) virus growth curves were determined on
BSR cells. Cells were infected with either LBNSE or LBNSE-FIt3L at
a multiplicity of infection (MOI) of 0.01 or 5, respectively, and the
culture supernatants were harvested at 1, 2, 3, 4 and 5 dpi for viral
titration. The virus growth curves were drawn according to the viral

similar as those of parent virus LBNSE, and no significant
difference was found between the viral titers at each time
points, indicating that the insertion of FIt3L did not affect
viral replication in BSR cells. Next, to determine whether
the FIt3L was expressed as expected, BSR cells were
infected with LBNSE-FIt3L or LBNSE at different MOls,
and the supernatant was collected for detection of FIt3L by
ELISA. As shown in Fig. 1D, BSR cells infected with
LBNSE-FIt3L could produce FIt3L in a dose dependent
manner, while the expression of FIt3L in LBNSE infected
BSR cells was under detectable level. Moreover, to
investigate whether the expression of FIt3L would affect
the viral pathogenicity, groups of 10 mice were infected
with 107 FFU of LBNSE, LBNSE-FIt3L or mock infected
with the same volume of DMEM through i.c. route and the
body weights were recorded daily for 2 weeks. No clinical
symptoms were observed in all mice, and a slight increase
on body-weight changes of mice infected with LBNSE-
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titers measured at each time point. Data are presented as the
mean £ SD (n = 3). D Expression of Flt3L was detected in infected
BSR cells by ELISA. BSR cells were infected with either the LBNSE
or LBNSE-FIt3L at the MOI = 0.001, 0.01, 0.1, or 1, and the culture
supernatants were harvested at 24 h post infection for ELISA assay.
Data are presented as the mean £ SD (n = 3). E Body weight change
curves of mice infected with different rRABVs. Six-week-old female
ICR mice (n = 10) were infected by the i.c. route with 1 x 107 FFU
of LBNSE or LBNSE-FIt3L, or with mock infected with the same
volume of DMEM, and the body weights were monitored daily for
2 weeks.

FIt3L than those infected with parent virus LBNSE was
observed, although the change was statistically not signif-
icant (Fig. 1E), suggesting that expression of FIt3L could
slightly attenuate the viral pathogenicity in mice.

In Vitro Activation of DC After Incubation
with Different rRABVs

To investigate whether LBNSE-FIt3L could enhance the
activation of DC, bone marrow-derived DC was prepared
and incubated with LBNSE or LBNSE-FIt3L, and LPS and
DMEM were employed as the positive and negative con-
trol, respectively. The activated DCs (CD11ct CD86%, or
CD11c™ MHC II'") were detected by flow cytometry, and
the representative flow cytometric plots for activated DC,
CD11ctCD86% and CDI11¢™MHC I, were shown in
Fig. 2A and 2B respectively. As shown in Fig. 2C and 2D,
significantly more CD86" (Fig. 2C) or MHC II'* (Fig. 2D)
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Fig. 2 In vitro activation of bone marrow-derived DC after infection
with different rRABVs. Bone marrow cells were harvested from 6 to
8 weeks old female BALB/c mice, and DCs precursors were cultured
with GM—-CSF. LPS was used as positive control. A Representative
flow cytometric plots for CD11¢*CD86" (A) and CD11c*MHC II'"

cells in CD11ct cells were detected in LBNSE-FIt3L
infected or LPS incubated cells than those incubated with
LBNSE. The results revealed that expression of FIt3L
could improve DC activation.

Activation of DC in Mice Immunized
with Different rRABVs

Further investigation was performed to find whether
LBNSE-FIt3L could enhance the maturation of DC in vivo.
Groups of mice were immunized with different rRABVs,
and samples (inguinal lymph nodes and blood) were col-
lected at 3 and 6 dpi. The representative flow cytometric
plots of CD11c™ MHC II * DC in inguinal lymph nodes
and blood samples were shown in Fig. 3A and 3B,

@ Springer

(B) DC. C Percentages of CDI1ctCD86" activated DC after
infection with different rRABVs. D CD11¢*MHC I activated DC
after infection with different rRABVs. Data were the means from
three independent experiments (¥**P < 0.001).

respectively. For the inguinal lymph nodes (Fig. 3C and
3D), significantly more CDI11c™ MHC II" cells were
detected in samples from LBNSE-FIt3L immunized mice
than those from LBNSE immunized mice both at 3 and
6 dpi, while significantly more CD11c*CD86™ cells were
observed at 6 dpi in LBNSE-FIt3L immunized mice than
those immunized with LBNSE. For the peripheral blood
(Fig. 3E, 3F), significantly more CD11c™ MHC II'* cells
and CDI11c™ CD86" cells in LBNSE-FIt3L immunized
mice were observed at 3 dpi, 6 dpi and 6 dpi than those in
LBNSE immunized mice, respectively, which were con-
sistent with the results in inguinal lymph nodes. Based on
the results above, it was suggested that expressing of Flt3L
could improve the activation of DC in immunized mice.
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Fig. 3 DC activation in different rRABVs immunized mice. Six-
week-old female BALB/c mice were immunized with 1 x 10° FFU
of rRABVs or the same volume of DMEM. The lymph nodes (LN)
and blood samples were collected at 3 and 6 dpi. Single cell
suspensions prepared from the lymph nodes and blood were analyzed
for the activated DC (CD11ct CD86™, or CD11c™ MHC ITT) by flow
cytometry. Representative cytometric plots for CD11c*MHC 11" DC

Generation of Tgy Cells and Germinal Center (GC)
B Cells in Mice Immunized with Different rRABVs

As is known that the antigen was captured and presented by
APCs, such as DC, and then activated DC would interact
with T cell. CD4" naive T cells could differentiate into

Days post immunization

in inguinal lymph nodes (A) and blood samples (B). Percentages of
CD11c* MHC II* (C), or CD11c*CD86™ (D) activated DC in LN of
immunized mice. Percentages of CD1lct MHC II'" (E), or CD11c™
CD86™ (F) activated DC in blood samples of immunized mice. Data
are the means from three independent experiments (*P < 0.05;
**P < (0.01). ns represents non-significant

different subtypes, and follicular helper T (Tgy) cells, one
of which play an important role in germinal center (GC)
formation and generating GC B cells. To determine whe-
ther the generation of Tgy and GC B cell were regulated
after the activation of DC in mice immunized with dif-
ferent rRABVs, mice were immunized with different
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rRABVs or mock immunized with DMEM, and the
draining lymph nodes were collected at 7 and 14 dpi. The
representative flow cytometric plots of Tgy (CD4™
CXCR5*PD1") in lymph nodes at 7 dpi were shown in
Fig. 4A. Significantly more Tgy cells were detected in
lymph nodes of LBNSE-FIt3L immunized mice than those
of LBNSE immunized mice at 7 dpi (Fig. 4B). For detec-
tion of GC B cells (B2201CD951tGL7™"), the representative
flow cytometric plots in lymph nodes of immunized mice at
7 dpi were as shown in Fig. 5A. Consistently, significantly
more GC B cells were only observed at 7 dpi in lymph
nodes of LBNSE-FIt3L immunized mice than those in
LBNSE immunized mice (Fig. 5B). The above results
revealed that the recombinant virus LBNSE-FtI3L could
enhance the generation of Tgy cells and GC B cells in
immunized mice.

Generation of Plasma Cells in Mice Immunized
with Different rRABVs

GC B cells can further differentiate into plasma cells,
which are the main antibody secreting cells. Hence, to
detect whether the generation of plasma cells would be
affected after rRABVs immunization, mice were immu-
nized with different rRABVs or mock immunized with
DMEM, and the bone marrow and draining lymph nodes
were collected at 7 and 14 dpi. The representative flow
cytometric plots of plasma cells (B220'°¥CD138™) in bone
marrow at 7 dpi were as shown in Fig. 6A. Significantly
more plasma cells were detected in bone marrow and
lymph nodes of mice immunized with LBNSE-FIt3L than
those in LBNSE immunized mice at 14 dpi, but not 7 dpi
as shown in Fig. 6B and 6C, respectively. These results
suggest that expression of FIt3L could increase the plasma
cells generation in immunized mice.
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Fig. 4 Generation of Tgy cells in mice immunized with different
rRABVs. Six-week-old female BALB/c mice were infected with
1 x 10° FFU of different rRABVs or mock immunized with DMEM
through i.m. route. The inguinal lymph nodes (LNs) were collected at
7 and 14 dpi. Single cell suspensions prepared from the inguinal LNs

Days post immunization

were analyzed for the generation of Tgy cells (CD4+ CXCRS5 PD1™)
by flow cytometry. A Representative cytometric plots for Tgy cells at
7 dpi. B Percentages of Tgy cells in inguinal LN from mice
immunized with different rRABVs. Data are the means from three
independent experiments (*P < 0.05). ns represents non-significant
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Fig. 5 Generation of Germinal Center (GC) B cells in mice
immunized with different rRABVs. Six-week-old female BALB/c
mice were infected with 1 x 10° FFU of different rRABVs or mock
immunized with DMEM through i.m. route. The inguinal lymph
nodes were collected at 7 and 14 dpi. Single cell suspensions prepared
from the inguinal lymph nodes were analyzed for the generation of
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GC B cells (B220* CD95" GL7%) by flow cytometry. A Represen-
tative cytometric plots for GC B cells at 7 dpi. B Percentages of GC B
cells in inguinal LN from mice immunized with different rRABVs.
Data are the means from three independent experiments
(*P < 0.05). ns represents non-significant
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Fig. 6 Generation of plasma cells in mice immunized with different
rRABVs. Six-week-old female BALB/c mice were infected with
1 x 10° FFU of different rRABVs or mock immunized with DMEM
through i.m. route. The bone-marrows and inguinal lymph nodes were
collected at 7 and 14 dpi. Single cell suspensions prepared from the
bone-marrows and inguinal lymph nodes (LNs) were analyzed for the

VNA Induction and Protection in Different
rRABVs Immunized Mice

As the key indices of rabies vaccine evaluation, the ability
of VNA production and survival rates after challenge were
compared among the different rRABVs immunized mice.
Blood samples were collected weekly from 1 week post
immunization (wpi) to 10 wpi, and the sera were isolated
for the determination of virus-neutralizing antibody (VNA)
using the fluorescent antibody virus neutralization (FAVN)
tests. As shown in Fig. 7A, significantly higher VNA titers
were detected in the sera of mice vaccinated with LBNSE-
FIt3L than those of mice vaccinated with LBNSE from 3 to
5 wpi; The highest geometric mean titer of VNA detected
in mice immunized with LBNSE-FIt3L or LBNSE were
33.53 IU/mL (at 5 wpi) and 20.09 IU/mL (at 5 wpi),
respectively (Fig. 7B). To further investigate whether the
higher VNA titers were correlated to better protection,
mice were challenged with 50 times of 50% lethal dose
(LDsp) of CVS-24 (a pathogenic RABV strain) at 3 wpi

Days post immunization

generation of plasma cells (B220°“CD138%) by flow cytometry.
A Representative cytometric plots for plasma cells in bone-marrows
of immunized mice at 7 dpi. Percentages of Plasma cells in bone
marrows (B) and inguinal LN (C) from mice immunized with
different TRABVs. Data are the means from three independent
experiments (*P < 0.05; ***P < 0.001).

through intracranial (i.c.) route, and the mice were moni-
tored for another 2 weeks and the survival rate for each
group was recorded. It was found that only 45% of mice
immunized with LBNSE were survived, while 80% of
LBNSE-FIt3L. immunized mice were survived from lethal
challenge. Taken together, all these data indicate that
LBNSE-FIt3L could promote VNA production and offer
better protection than LBNSE, indicating LBNSE-FIt3L
could be a promising rabies vaccine strain.

Discussion

Rabies is still a threat to public health, especially in Asia
and Africa (Okonko et al. 2010; Organization 2013). Since
vaccination is the most effective way to prevent rabies,
developing efficacious and affordable vaccine is very
meaningful for rabies control. Previous studies demon-
strated that the expression of GM-CSF by recombinant
RABYV could enhance the immunogenicity by recruiting
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Fig. 7 VNA production in different rRABVs immunized mice and
survival rates of immunized mice after challenge. Groups of 6 weeks
old female ICR mice (n = 10) were immunized with 1 x 10°® FFU of
LBNSE, LBNSE-FIt3L or mock immunized with the same volume of
DMEM by the i.m. route. At indicated time points, blood samples
were collected and sera were separated for VNA test by FAVN. The
VNA titers (A) and VNA geometric mean titers (GMT) (B) were

and/or activating more DC after vaccination in mice (Wen
et al. 2011; Zhou et al. 2013, 2015). It was known that
FIt3L, similar with GM—-CSF, plays an important role in the
development and expansion of DC (Kreiter et al.
2011, 2016). To further characterize the role of DC acti-
vation that plays in the immunogenicity of rabies vaccine,
an rRABV expressing FIt3L was constructed and charac-
terized in this study.

For developing a good attenuated rabies vaccine, the
vaccine virus titer and pathogenicity are two important
characteristics. Therefore, the replication and pathogenicity
of rRABV expressing FIt3L (LBNSE-FIt3L) were assessed
by depicting the viral growth curves in BSR cells and
body-weight changes in infected mice, respectively, in our
study. Previous study demonstrated that the expression of
FIt3L by recombinant vaccinia virus (rVACV) highly
decreased the growth of rVACV in macrophage cell line
in vitro as well as its multiplication in vivo when inoculated
in mice (Zurkova et al. 2010); nevertheless, similar repli-
cation characteristics were observed between LBNSE-
FIt3L and parent virus LBNSE in BSR cells in our study.
The possible reason for this is that the influence of FIt3L on
viral replication is virus specific and cell type specific as
well, since the study also found that the FIt3L did not affect
rVACYV multiplication in HeLa cells (Zurkova et al. 2010).
For pathogenicity, there was a slight increase on body-
weight changes of mice infected with LBNSE-FIt3L when
compared with those infected with parent virus LBNSE,
although the change was statistically not significant.
Hence, the expression of FIt3L did not affect the viral
replication in its culture cells and slightly decrease the
pathogenicity, indicating that LBNSE-FIt3L could be fur-
ther developed as an attenuated rabies vaccine.

The effects of FIt3L on anti-tumor and autoimmunity
have been widely studied previously due to its ability to

@ Springer

determined at different time points in mice immunized with different
rRABVs. At 21 dpi, mice were challenged with 50 x LDs, of CVS-
24 by i.c. route and observed twice a day for 21 days, and the survival
rates curve was depicted based on the numbers of survivors (C). Data
are the means from three independent experiments (*P < 0.05;
##P < 0.01; ***P < 0.001).

enhance the CD8" T cell response and facilitate formation
of regulatory T (T,.g) cells, respectively, and increase the
proliferation of DC as well (Svensson et al. 2013; Gao
et al. 2018; Miao et al. 2018). In addition, FIt3L was also
widely used as an adjuvant of DNA vaccines to enhance
the immunogenicity, especially the cellular immunity
(Zhou et al. 2010; Mwangi et al. 2011; Xu et al. 2016; Gao
et al. 2018). In our study, we further assessed the potential
of FIt3L as an adjuvant to enhance the humoral immune
responses to live rabies vaccine, and it was found that the
expression of FIt3L by rRABV could enhance the VNA
production and improve the survival rate of mice after i.m.
immunization, which is comparable to the previously
characterized vaccine strain that expressing mouse GM-
CSF (Wen et al. 2011; Zhou et al. 2013). As is known,
VNA is one of the most critical factors correlated to pro-
tection from rabies infection (Hooper et al. 1998).
Although T cells play a very important role in controlling
virus infection by the host, mice lacking CD8" T cells
showed no significant differences in the development of
clinical signs after RABV strain CVS-F3 infection by
comparison with intact counterparts having the same
genetic background (Hooper et al. 1998). Furthermore, for
rabies, control of the infection by T cells is inefficient and
is specifically inactivated by the virus (Lafon 2008). In
another word, the humoral immune response rather than
cellular immune response is crucial for the rabies control.
Therefore, in this study, only Tgy cells (a subset of CDh4™*
helper T cells) that could regulate the development of
antigen-specific B cell immunity were investigated (Nur-
ieva et al. 2008; Morita et al. 2011).

Additionally, FIt3L has also been investigated in other
immunization routes beyond parenteral immunization
(Pabst et al. 2003; Kodama et al. 2010). Due to the main
source of human rabies in developing countries is dogs,
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especially stray dogs (Sudarshan et al. 2007; Song et al.
2014), it would be very meaningful to develop oral rabies
vaccine. It was demonstrated that nasal application of
FIt3L could induce an increase in the number of dendritic
cells in nasal-associated lymphoid tissue and enhance the
production of antigen-specific antibody to accelerate the
pathogen clearance (Kodama et al. 2010). Since the
potential of FIt3L as an effective mucosal adjuvant, the
rRABV LBNSE-FIt3L would be investigated in oral or
intranasal immunization in our future study.

In summary, the rRABV LBNSE-FIt3L is capable of
activating DC in vitro and in vivo, and it could enhance the
generation of Tgy, GC B and plasma cells to produce
significantly higher VNA after intramuscular immuniza-
tion, indicating that it has the potential to be developed as
an efficient rabies vaccine. Meanwhile, the results of this
study could further illustrate the importance of DC acti-
vation in enhancing the immunogenicity of rabies vaccine.
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