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Previously, we showed that overexpression of MIP-1« in mouse brain further decreased rabies virus (RABV)
pathogenicity (L. Zhao, H. Toriumi, Y. Kuang, H. Chen, and Z. F. Fu, J. Virol., 83:11808-11818, 2009). In the
present study, the immunogenicity of recombinant RABV expressing MIP-1ae (rHEP-MIP1«) was determined.
It was found that intramuscular immunization of BALB/c mice with rHEP-MIP1« resulted in a higher level of
expression of MIP-1« at the site of inoculation, increased recruitment of dendritic cells (DCs) and mature B
cells into the draining lymph nodes and the peripheral blood, and higher virus-neutralizing antibody titers
than immunization with the parent rHEP and recombinant RABVs expressing RANTES (CCL5) or IP-10
(CXCL10). Our data thus demonstrate that expression of MIP-1a not only reduces viral pathogenicity but also
enhances immunogenicity by recruiting DCs and B cells to the site of immunization, the lymph nodes, and the

blood.

Rabies continues to present public health problems world-
wide and causes more than 55,000 human deaths each year,
most of which occur in the developing nations of Asia and
Africa, where dog rabies remains the main source of human
exposure (8, 31). Current rabies vaccines are made with inac-
tivated rabies virus (RABV) grown in cultured cells. Although
these vaccines are safe and efficacious, multiple doses (at least
4) must be administered over an extended period of time (14
days) to stimulate optimal immune responses (24). Further-
more, the high cost of cell culture-based vaccines makes it
difficult to utilize them effectively in developing countries
where they are needed most (28). A live attenuated RABV
vaccine (SAG-2) and a recombinant vaccinia virus expressing
RABY glycoprotein (VRG) have been licensed particularly for
use in the oral immunization of wild animals (10, 29). These
vaccines are effective; however, VRG may cause intense skin
inflammation and systemic vaccinia infection (3, 25), and
SAG-2 induces a low level of virus-neutralizing antibody
(VNA) responses in wild animals (11).

Recent studies demonstrated that the activation of innate
immune responses is one of the mechanisms by which RABV
is attenuated (16, 30). Induced innate-response genes include
inflammatory chemokines and cytokines, interferons (IFNs)
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and IFN-related genes, and Toll-like receptors (14, 22-23).
Furthermore, it was found that overexpression of the chemo-
kine MIP-1a (CCL3) in mouse brain further decreased RABV
pathogenicity, while overexpression of RANTES (CCL5) or
IP-10 (CXCL10) increased RABV pathogenicity (35). In this
study, the immunogenicity of the recombinant high egg pas-
sage (tHEP) Flury strain of RABV that contains the MIP-1a
gene (rHEP-MIP1la) was investigated.

To ensure that the decreased pathogenicity of rHEP-MIP1a,
as shown previously (35), is due to the overexpression of MIP-
la, another rHEP virus was constructed with a MIP-1a gene
cloned into the rHEP genome that does not express MIP-1a
protein because two stop codons were introduced near the N
terminus of the MIP-1a gene, one stop codon (TAG) replacing
TCA (residues 68 to 70) and the other replacing the codon
ATG (residues 78 to 80). The recombinant RABV was res-
cued, using the procedures described by Inoue et al. (13), and
was designated rHEP-MIP-1a(—) (Fig. 1A). Characterization
of rHEP-MIPla(—) in vitro revealed that its growth was sim-
ilar to that of the parent rHEP virus and rHEP-MIPla (Fig.
1B), and it failed to produce MIP-1« in infected cells (Fig. 1C).
The pathogenicity of rtHEP-MIP1a(—) in mice was determined
by intracranial (i.c.) inoculation. Neither obvious clinical signs
nor weight loss was observed in sham-infected mice or mice
infected with rHEP-MIP1a (Fig. 1D). Since rHEP-Flury is one
of the most attenuated RABVs (13), only one mouse in each
group infected with rHEP or rHEP-MIP-la(—) developed
mild clinical signs, including rough fur and slow movement, at
days 5 to 8 p.i., and they recovered very quickly. Compared
with sham- or rHEP-MIP1a-infected mice, rHEP- or rHEP-
MIP-1a(—)-infected mice lost about 7% of their body weight
(P = 0.05) between day 6 and 11 postinfection (p.i.). Together,
these data indicate that the decreased pathogenicity of re-
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FIG. 1. Construction and characterization of recombinant RABV with the MIP-1a gene cloned but without the protein expressed. (A) rHEP-
MIPla(—) was constructed by introducing two stop codons near the N terminus of the MIP-1a gene as described previously. le, leader region; N,
nucleoprotein; P, phosphoprotein; M, matrix protein; G, glycoprotein; L, RNA-dependent RNA polymerase. (B) Virus growth curves were determined
by infecting mouse neuroblastoma (NA) cells with either the rHEP, rHEP-MIP1«, or rHEP-MIP1a(—) virus at a multiplicity of infection (MOI) of 0.01.
At days 1, 2, 3, 4, and 5 after infection, the culture supernatants were harvested, and viral titers in NA cells were determined with fluorescein
isothiocyanate (FITC)-conjugated antirabies antibodies (FujiRab, Melvin, PA). Antigen-positive foci were counted under a fluorescence microscope
(Zeiss, Germany), and viral titers were calculated as FFU per milliliter. All titrations were carried out in quadruplicate. (C) Expression of MIP-1a was
determined by infecting NA cells with either the rHEP, rHEP-MIP1a, or rHEP-MIP1a(—) virus at an MOI of 0.001, 0.01, 0.1, or 1. After a 24-h
incubation at 34°C, the culture supernatants were harvested, and the amounts of MIP-la. were determined by a murine MIP-la enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN) according to the manufacture’s protocol. The positive control (MIP-1c) was
supplied with the ELISA kit. Checkered bar, rHEP; horizontally striped bar, THEP-MIP1e; vertically striped bar, THEP-MIP1a(—). (D) The pathoge-
nicity of recombinant rHEP-MIP1la(—) was determined by inoculating BALB/c mice (6 to 8 weeks of age) i.c. with 10° FFU of either the rHEP,
rHEP-MIP1a, or rHEP-MIP1a(—) virus or with medium alone (mock infection). Body weight was monitored daily. Data were obtained from 10 mice
in each group and presented as mean values * standard errors (SEs). The asterisk indicates a significant difference (P < 0.05) in results among the
indicated experimental groups, as calculated by one-way analysis of variance (ANOVA) with the Holm-Sidak method.

combinant rHEP-MIP1a is indeed due to the expression of (i.m.) once with different doses of either rHEP or one of the
MIP-1a. recombinant RABVs [THEP-MIP1a, tHEP-MIPla(—), rtHEP-

To determine the immunogenicity of recombinant RABV RANTES, or rHEP-IP10]. Blood samples were collected 21
expressing chemokines, mice were immunized intramuscularly days p.i. for the determination of VNAs using the rapid fluo-
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FIG. 2. Immunogenicity of recombinant RABVs expressing chemokines. Groups of 10 ICR mice were immunized by the i.m. route with serial
10-fold dilutions of rHEP, rHEP-MIP1a, rHEP-MIP1a(—), rHEP-RANTES, or rHEP-IP10. (A) At day 20 after immunization, blood was
obtained, and the sera were used to determine VNA titers, using the RFFIT as described previously (27). Titers were normalized to IU, using the
WHO standard. GMT, geometric mean titer. (B) Mice were then challenged i.c. with 50 LD, of CVS-24 and observed daily for 2 weeks. The numbers
of survivors were recorded and compared. Data were analyzed with SigmaStat software (Systat Software, Inc., San Jose, CA). (A and B) Asterisks indicate
significant differences (P < 0.05) in results among the experimental groups, as calculated by one-way ANOVA with the Holm-Sidak method.
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rescent focus inhibition test (RFFIT) (27). Overall, the pro-
duction of VNA was dose dependent for all the viruses (Fig.
2A). The VNA titers were not significantly different in mice
infected with the different viruses at a low dose (5 X 10°
focus-forming units [FFU]/mouse). Significantly higher VNA
titers (P = 0.05) were induced by RABV expressing MIP-1a
(rtHEP-MIP1«) than by the parent virus (rHEP) and other
recombinant viruses [THEP-MIPla(—), rHEP-RANTES, or
rHEP-IP10] when high doses (5 X 10* and 5 X 10° FFU/
mouse) were used to immunize mice. Immunized mice were
then challenged i.c. with 50% lethal doses (LDs,) of challenge
virus standard CVS-24 on day 21 after vaccination and ob-
served for 2 weeks for the development of disease and death.
As depicted in Fig. 2B, more mice survived challenge when
immunized with rHEP-MIPla than with the other viruses,
particularly at lower doses, although no significant differences
were observed among these groups except between the mice
immunized with 5 X 10° FFU of rHEP-MIPla and those
immunized with tHEP-IP10. This could be due to multiple
factors; for example, immune mechanisms other than VNA
may be involved in protection (12). Nevertheless, these results
indicate that RABV rHEP-MIPla induces a higher level of
adaptive immunity, presumably supported by a strong innate
immune response, than the parent virus and viruses expressing
other chemokines. Mice immunized with the recombinant
rHEP-MIP1a(—) virus produced levels of antibodies similar to
those immunized with the parent (rHEP) virus at different
doses but significantly lower levels of antibodies than mice
immunized with rHEP-MIP1« (Fig. 2B). Likewise, fewer mice
immunized with tHEP-MIPla(—) were protected after chal-
lenge with CVS-24 than were those immunized with tHEP-
MIP1la. These data indicate that the increased immunogenicity
of recombinant rHEP-MIP1la is indeed due to the expression
of MIP-1a.

To determine if the increased production of VNA in mice
immunized with rtHEP-MIP1a correlates with the recruitment
of B cells, CD19"/CD40" B cells were analyzed by flow cy-
tometry in the draining (inguinal) lymph nodes and peripheral
blood. As shown in Fig. 3A and C, the numbers of CD19" and
CD19"/CD40" cells increased as a function of time after im-
munization. Significantly more CD19" and CD19*/CD40*
cells were found in the lymph nodes of mice infected with
rHEP-MIP1la than in those of mice infected with the parent
rHEP virus or rHEP-MIP1a(—) at day 6 p.i. Significantly more
CD19" and CD19"/CD40™ cells were found in the peripheral
blood of mice infected with rHEP-MIP1a than in the periph-
eral blood of mice infected with the parent rHEP virus or
rHEP-MIPla(—) at day 9 p.i. The geometric mean fluores-
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cences of CD40™ cells from the different groups were com-
pared, but no significant difference could be found (data not
shown). All these data indicate that expression of MIP-la
results in recruitment of B cells in the draining lymph nodes
and the peripheral blood.

To determine if the recruitment of B cells is due to the
recruitment of DCs, antibodies to CD11c and CD80 were used
to determine the number of DCs in the inguinal lymph nodes
and peripheral blood. As shown in Fig. 3B and D, there were
significantly more CD11¢™ and CD11¢*/CD80™ cells in the
draining lymph nodes of mice infected with rHEP-MIP1a than
in those of mice infected with any other recombinant RABV at
day 6 p.i. In the peripheral blood, there were significantly more
CD11c" cells (at day 3 p.i.) and CD11c¢*/CD80™" cells (at days
3 and 6 p.i.) in samples from mice infected with rHEP-MIP1a
than in those from mice infected with the parent rHEP virus or
rHEP-MIPla(—). A similar trend was observed when another
DC activation marker, CD86, was used for the flow cytometric
studies. However, there was no significant difference in the
geometric mean fluorescences of CD80™ or CD86™ cells from
the different groups (data not shown). All these data indicate
that expression of MIP-1a results in the recruitment of DCs in
the draining lymph nodes and the peripheral blood.

To determine if the enhancement of innate and adaptive
immune responses in rHEP-MIP-1a-infected mice is due to
virus replication, expression of chemokines, and/or recruit-
ment of immune cells at the local sites, muscle tissue at the
inoculation site was harvested at days 3 or 6 p.i., and total RNA
was extracted. Quantitative reverse transcription-PCR (QRT-
PCR) was performed to determine the levels of viral RNA
replication and expression of MIP-1a, CD19, CD11c, and IL-4.
As shown in Fig. 4A, there was no difference in virus replica-
tion in mice infected with the different viruses at either day 3
or day 6 p.i., indicating that the induction of innate and adap-
tive immune responses by rHEP-MIP1a is not due to the rate
of virus replication at the local site. Increased levels of MIP-1a
mRNA were detected in mice infected with the different
RABVs at day 3 p.i., but levels were stable by day 6 p.i.
However, significantly more MIP-1a, CD19, CDl11c, and IL-4
(a major cytokine produced by Th2 cells to enhance the growth
and differentiation of activated B cells [21]) mRNA was de-
tected in the muscle tissues of mice infected with rHEP-MIP1a
than in those of mice infected with the parent virus rHEP or
rHEP-MIPla(—) at days 3 and 6 p.i. (Fig. 4B to E). All of
these data suggest that MIP-1a expression at the local site may
be responsible for recruitment of the DCs and/or B cells ob-
served at the site of immunization as well as in the lymph nodes
and the peripheral blood.

FIG. 3. Effects of MIP-1a expression on the recruitment of DCs and B cells in the draining lymph nodes and the peripheral blood. Female
BALB/c mice of 6 to 8 weeks of age were inoculated i.m. with 10° FFU of one of the recombinant RABVs [rHEP, rHEP-MIP-1a, or
rHEP-MIP-1a(-)] or with medium alone (sham infection). At days 3, 6, and 9 p.i., single-cell suspensions were prepared from the draining
(inguinal) lymph nodes or the peripheral blood and stained with antibodies to B cell (CD19 and CD40) or DC (CD11c and CD80) markers. Data
collection and analysis were performed with a BD LSR II flow cytometer and BD FACSDiva software (BD Pharmingen). (A and B) Representative
flow cytometric plots of the infiltration of mature B cells (CD19*/CD40™) (A) or DCs (CD11c™") or activated DCs (CD11¢*/CD80") (B) into the
inguinal lymph nodes at day 6 p.i. are shown. (C and D) The percentages of B cells (C) or DCs (D) in the inguinal lymph nodes and peripheral
blood at different time points were quantified from the results for 4 mice in each group and presented as mean values = standard errors. Asterisks
(*) indicate significant differences (*, P < 0.05; =x, P < 0.01) in results between the indicated experimental groups, as calculated by one-way

ANOVA with the Holm-Sidak method.
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FIG. 4. Virus replication and chemokine expression at the inoculation site. BALB/c mice (6 to 8 weeks of age) were inoculated i.m. in the hind
leg with 10° FFU of one of the recombinant viruses [THEP, rHEP-MIP-1q, or rHEP-MIP-1a(—)] or with medium alone. The hind leg muscles of
4 mice from each group were removed at days 3 and 6 p.i. Total RNA was extracted from the muscle tissue, and viral genomic RNA (A), MIP-1a
mRNA (B), CD19 mRNA (C), CD11c mRNA (D), or IL-4 mRNA (E) was analyzed by QRT-PCR. For absolute quantities of viral genomic RNA,
a standard curve was generated from a serially diluted, in vitro-transcribed RNA, using a plasmid expressing RABV N, and the copy numbers of
viral genomic RNA were normalized to that of 1 g of total RNA. For MIP-1a, CD19, CDl11c, and IL-4 expression, nRNA copy numbers were
normalized to that of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Levels of gene expression in a test sample
are presented as the fold increase over that detected in sham-infected controls. Asterisks indicate significant differences (*, P < 0.05; #x*, P < 0.01)
between the indicated experimental groups, as calculated by one-way ANOVA with the Holm-Sidak method.

Activation of the innate immune responses, particularly che-
mokines and IFNs, has been reported as one of the mecha-
nisms by which RABV is attenuated (16, 30). To further in-
vestigate the role of chemokines in RABV attenuation, we
compared rHEP viruses with MIP-1a, RANTES, and IP-10
individually cloned into the tHEP genome (35). Pathogenicity
studies with these viruses indicated that overexpression of
MIP-1a alone in mouse brain further attenuated the virus by
inducing a transient innate immune response and mild inflam-
mation, whereas overexpression of RANTES or IP-10 in-
creased viral pathogenicity by inducing prolonged innate im-

mune responses and extensive inflammation (35). In the
present study, the immunogenicities of these recombinant vi-
ruses were compared in BALB/c mice. Our studies indicate
that the rHEP expressing MIP-1a induced a stronger innate
immune response at the local site of inoculation, resulting in
recruitment of DCs and B cells in the draining lymph nodes
and the peripheral blood, which led to the production of higher
levels of VNA than were induced by the parent rHEP virus and
the recombinant viruses expressing RANTES or IP-10.
MIP-1a is one of the major chemoattractants for monocytes,
especially immature DCs and macrophages (1, 19-20). Re-
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cently, one in vitro study showed that infection with both at-
tenuated and pathogenic RABV strains potently induced mat-
uration of DCs (18). In our present study, more CD11c™ cells
(DC markers) (9, 17) and CD11c*/CD80* cells (markers for
DC activation) (34) were detected in the draining lymph nodes
and peripheral blood of mice infected with rHEP-MIP1« than
in those of mice infected with other viruses. DCs are the most
potent antigen-presenting cells (APCs) (4). They process an-
tigen, migrate to the T cell zone, and stimulate antigen-specific
naive T cell activation. Activated T cells stimulate the prolif-
eration and differentiation of antigen-specific naive B cells into
antibody-producing plasma cells (7). Interleukin-4 (IL-4)
mRNA was shown to be significantly increased in the muscle
tissues of mice infected with MIP-1a compared with that in the
muscle tissues of mice infected with the other rHEP viruses,
which may indicate activation of Th2 cells as well. DCs can also
directly regulate B cell maturation and play an important role
in B cell function (4). DCs can capture and retain unprocessed
antigen and directly transfer this antigen to naive B cells to
initiate antigen-specific antibody responses (33). DCs can also
induce proliferation of B cells independently of CD40, but
proliferation is stronger in the presence of CD40 (32). Dubois
et al. (7) reported that small numbers (250 to 1,000) of DCs
can directly stimulate the proliferation and antibody produc-
tion of activated B cells. In the present study, it was not sur-
prising to observe that more CD19™ cells (B cell markers) (15)
and CD19%/CD40™" cells (expressed on all mature B lympho-
cytes; they play a crucial role in B cell activation) (2) were
detected in the inoculation sites, draining lymph nodes, and
peripheral blood of mice infected with rHEP-MIP1a than in
those of mice infected with the other viruses. The recruit-
ment of B cells observed in this study could also be due to
a direct function of MIP-1a, since it has been reported to
attract B cells (5, 26). Recruitment of B cells could explain
why the highest levels of VNA (the primary immune effector
for RABV clearance [6]) were detected in mice immunized
with rHEP-MIP1a.

In summary, our studies demonstrate that overexpression of
MIP-1a results not only in reduced RABV pathogenicity (at-
tenuation) by inducing transient innate immunity but also in
enhanced RABV immunogenicity by recruiting DCs and B
cells in the periphery. The recombinant RABV expressing
MIP-1a thus has the potential to be developed as an avirulent
RABYV vaccine.
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