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Intramuscular Inoculation of Mice with the Live-Attenuated
Recombinant Rabies Virus TriGAS Results in a Transient Infection of
the Draining Lymph Nodes and a Robust, Long-Lasting Protective

Immune Response against Rabies
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D. Craig Hooper,” Milosz Faber®
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A single intramuscular application of the live but not UV-inactivated recombinant rabies virus (RABV) variant TriGAS in mice
induces the robust and sustained production of RABV-neutralizing antibodies that correlate with long-term protection against
challenge with an otherwise lethal dose of the wild-type RABV. To obtain insight into the mechanism by which live TriGAS in-
duces long-lasting protective immunity, quantitative PCR (qQPCR) analysis of muscle tissue, draining lymph nodes, spleen, spinal
cord, and brain at different times after TriGAS inoculation revealed the presence of significant copy numbers of RABV-specific
RNA in muscle, lymph node, and to a lesser extent, spleen for several days postinfection. Notably, no significant amounts of
RABYV RNA were detected in brain or spinal cord at any time after TriGAS inoculation. Differential QPCR analysis revealed that
the RABV-specific RNA detected in muscle is predominantly genomic RNA, whereas RABV RNA detected in draining lymph
nodes is predominantly mRNA. Comparison of genomic RNA and mRNA obtained from isolated lymph node cells showed the
highest mRNA-to-genomic-RNA ratios in B cells and dendritic cells (DCs), suggesting that these cells represent the major cell
population that is infected in the lymph node. Since RABV RNA declined to undetectable levels by 14 days postinoculation of
TriGAS, we speculate that a transient infection of DCs with TriGAS may be highly immunostimulatory through mechanisms
that enhance antigen presentation. Our results support the superior efficacy and safety of TriGAS and advocate for its utility as a

vaccine.

Rabies is a zoonotic disease that continues to be an important
public health problem causing an estimated 55,000 human
deaths each year globally, the majority of which occur in Africa
and Asia (1). In Asia, parts of America, and large parts of Africa,
canines remain the principal host of rabies virus (RABV), and
more than 95% of all human rabies cases are caused by exposure to
infected dogs (2, 3). The most effective means to protect humans
and livestock against rabies is by prophylactic immunization with
an RABV vaccine. Although inactivated tissue culture RABV vac-
cines are safe, they induce protective immunity only when admin-
istered in multiple doses and generally require repeat booster
doses to provide long-lasting protection. Repeated prophylactic
immunization is cost-prohibitive and operationally unrealistic for
both people and animals in developing countries. A single-dose
RABYV vaccine capable of inducing robust, enduring immunity
would be highly advantageous in controlling rabies in dogs, live-
stock, and humans worldwide.

A hallmark of wild-type RABV is its neuroinvasiveness—a
unique ability to invade the central nervous system (CNS) from
peripheral sites of inoculation (4, 5). Important aspects of this
property include the capacity to preserve the integrity of the neu-
ronal network and the ability to evade host immunity (6, 7). One
of the important mechanisms that contribute to both of these
features of rabies pathogenesis is the control of viral replication,
which is seen with pathogenic but not attenuated RABV strains (8,
9). Low replication levels contribute to RABV pathogenesis by
conserving the structure of the neurons that are used by these
viruses to spread to the CNS and by minimizing viral antigen
exposure to the host immune system (10). This is particularly
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important for RABV glycoprotein (G protein), which is the major
target of RABV-specific immunity (11, 12). In contrast to wild-
type RABVs, attenuated RABV strains replicate rapidly, express
large amounts of G protein, and induce strong innate and adaptive
immune responses that can clear an RABV infection. These prop-
erties form the basis for the utility of attenuated RABV strains in
pre- and postexposure prophylaxis against wild-type RABV infec-
tions.

Studies of antibody escape mutants revealed that the main con-
tributor to the pathogenicity of RABV is its G protein, in that
substitution of the Arg at position 333 with Glu renders an RABV
considerably less pathogenic (13, 14). Reverse genetics technology
has been used to construct SADB19-based recombinant RABV's
with this substitution together with an Asn194-to-Ser194 muta-
tion that stabilizes the attenuated phenotype (8, 9, 15). Although
recombinant RABVs containing this doubly modified G, termed
GAS, are strongly attenuated, we have found that engineering the
virus to express additional GAS genes not only augments its non-
pathogenic phenotype but also substantially increases its immu-
nogenicity (11, 16-18). While single and double GAS variants are
largely apathogenic for normal adult mice, they are cytopathic in
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vitro and have residual pathogenicity for immunocompromised
animals (11, 17). Containing three GAS genes, the TriGAS RABV
variant is unique in being nonpathogenic for mice that either are
developmentally immunocompromised or have inherited deficits
in immune functions (17, 19, 20). Evidence suggests that the
higher level of attenuation of TriGAS is related to increased G
expression rather than an increase in genome size (17). This is
accompanied by an enhanced capacity to induce protective RABV
immunity, which is best illustrated by the fact that TriGAS inoc-
ulation provides prophylactic protection to mice several hours to
days after infection with a lethal dose of wild-type RABV (17).

The unique capacity of superinfection with TriGAS to prevent
lethal rabies in mice infected with wild-type RABV suggests that
this attenuated virus induces protective elements of immunity
considerably more rapidly than other variants. RABV-neutraliz-
ing antibodies (VNAs) are the major immune effectors against
RABV, and rabies G is the target for nearly all VNAs (21). As
expected from their role in promoting antibody production, the
activity of CD4 T cells is critical to the development of protective
immunity against rabies (22-24). The presentation of RABV an-
tigen to these cells is therefore one of several rate-limiting steps in
the induction of RABV immunity. During RABV infection, the
rate of RABV RNA synthesis and G expression correlate with
changes in the expression levels of a variety of host genes (8, 25).
This indicates that the products of RABV infection, including viral
RNA and G protein, likely include pathogen-associated molecular
patterns (PAMPs), which are recognized by pathogen recognition
receptors (PRRs) such as RIG-I-like helicases and toll-like recep-
tors (TLRs) (26). For example, mice lacking TLR7 exhibit a delay
in the production of RABV-specific antibodies and increased
mortality when infected with RABV (20). The induction of PRRs
generally depends on virus replication (26, 27), and this is evi-
dently also the case for RABV, for which infection induces a TH1-
biased response, as opposed to the TH2-biased response elicited
by the administration of killed vaccine (19). Thus, there are several
features that suggest that the induction of RABV immunity may
be superior with live vaccines, such as TriGAS, than inactivated
vaccines.

Although live-attenuated rabies vaccines have been extensively
used for oral immunization of wildlife, their use in domestic ani-
mals and, particularly, humans must be approached cautiously.
The possibility that an attenuated RABV might spread to the CNS
and replicate in CNS tissues at low levels that evade immune de-
tection, thereby causing progressive neuronal damage, must be
considered. Therefore, to provide further insight into the safety
and efficacy of TriGAS, we carefully determined both the location
and time course of TriGAS infection after intramuscular (i.m.)
administration. We demonstrate that TriGAS infects particular
immune cell types, without detectable virus propagation, in the
lymph nodes draining the site of inoculation. Infection of these
cells orchestrates potent, enduring immune protection against
rabies.

MATERIALS AND METHODS

Viruses. The recombinant RABV SPBAANGAS-GAS-GAS (TriGAS) was
generated as described elsewhere (17). The pathogenic RABV strain
DOG4 was propagated in NA cells (C1300 mouse neuroblastoma, clone
NA) as described previously (17). TriGAS and CVS-11 RABV strains were
propagated in BSR cells, a derivative of BHK-21 cells (28). To determine
virus titers, NA cells were grown for 2 days, and the monolayers were
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infected with virus in 10-fold serial dilutions. Forty-eight hours postin-
fection (p.i.), the cells were fixed with 80% acetone and stained with flu-
orescein isothiocyanate (FITC)-labeled RABV nucleoprotein (N)-specific
antibody (Fujirebio Diagnostics, Malvern, PA). Virus titers in triplicate
samples were determined using a fluorescence microscope.

Vaccination and challenge of mice. Eight- to 10-week-old female
Swiss Webster mice were purchased from Taconic Farms (Hudson, NY).
To determine immunological memory induced by TriGAS, three groups
of 10 mice were immunized intramuscularly (i.m.) into the gastrocnemius
with 100 pl containing 1 X 10° focus-forming units (FFU) of live TriGAS,
three groups were immunized with UV-inactivated TriGAS, and three
groups were immunized with phosphate-buffered saline (PBS). Three
weeks or three or six months later, mice were challenged with 10 i.m. 50%
lethal doses (LDss) of the highly pathogenic RABV strain DOG4. The
mice were then observed daily for at least 40 days for clinical signs of
rabies, and body weights and survival were recorded. Moribund mice
were euthanized. All procedures were conducted in accordance with the
Public Health Service Policy on Humane Care and Use of Laboratory
Animals under protocols approved by the Institutional Animal Care and
Use Committee of Thomas Jefferson University (Animal Welfare Assur-
ance no. A3085-01).

Measurement of serum antibody titers. Mouse sera were tested for
the presence of RABV-specific virus neutralizing antibody (VNA) by the
rapid fluorescent focus inhibition test (RFFIT) as described previously
(29). Briefly, RABV CVS-11 was treated with 3-fold serially diluted mouse
sera and then added to 2-day-old 90% confluent NA cells. Twenty-four
hours after infection, the cells were fixed with 80% acetone and stained
with fluorescein isothiocyanate (FITC)-labeled RABV N-specific anti-
body (Fujirebio Diagnostics). Neutralization titers, defined as the inverse
of the highest serum dilution that neutralizes 50% of the infected virus,
were normalized to international units (IU) using the World Health Or-
ganization anti-RABV antibody standard. Levels of RABV-specific total
IgG, IgG1, IgG2a, IgG2b, and IgM in sera were assessed by enzyme-linked
immunosorbent assay (ELISA) as described elsewhere (18). Briefly, 96-
well plates were coated with purified RABV G protein (0.67 mg/ml), di-
luted in coating buffer (50 mM Na,CO;, pH 9.6). Nonspecific binding
was reduced with 1% bovine serum albumin (BSA) (total IgG) or 1%
normal horse serum (IgG subtypes) in PBS (1 h, 37°C). Antibodies from
serially diluted sera were detected using alkaline phosphatase-conjugated
anti-mouse whole IgG (1:1,000; MP Biomedicals, Santa Ana, CA) or bio-
tinylated anti-mouse IgG1, IgG2a, IgG2b, or IgM (1:1,000; Southern Bio-
tech, Birmingham, AL) (2 h, room temperature). For IgG subtypes, Vec-
tastain ABC reagent (Vector Laboratories, Burlingame, CA) was added
(0.1% PBS-Tween, 30 min, room temperature). p-Nitrophenyl phosphate
(pNPP) (Sigma-Aldrich, St. Louis, MO) was utilized as a substrate in 0.1
M glycine, pH 10.4 (total IgG), or 0.1 M sodium bicarbonate, pH 9.5 (IgG
subtypes) (30 min, 37°C). Absorbance was measured at 405 nm for phos-
phatase activity in a microplate spectrophotometer (Bio-Rad 680; Bio-
Rad, Hercules, CA).

Real-time PCR analysis. Eight- to 10-week old female Swiss Webster
mice served as uninfected controls or were infected i.m. with 1 X 10° or
1 X 107 FFU of TriGAS, and at various times later, mice were cardiac
perfused, tissues were removed, and total RNA was isolated using the
RNeasy minikit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. For quantification of total RABV RNA, genomic RABV
RNA, and RABV mRNA, reverse transcription (RT) and quantitative PCR
(qPCR) were performed on each tissue RNA as described previously (17,
18, 30). Briefly, cDNA was synthesized by reverse transcription using the
IScript cDNA synthesis kit (Bio-Rad) using random hexamer primers that
do not discriminate between messenger and genomic RNAs. To deter-
mine the quantities of genomic RABV RNA and RABV mRNA, mRNA-
specific [oligo(dT)] or RABV genome-specific (8) primers were used to
generate cDNA using the Omniscript RT kit (Qiagen). qPCR was per-
formed on the iCycler iQ real-time detection system (Bio-Rad) using iQ
Supermix (Bio-Rad). Gene-specific probes and primers for CD4, CD8,
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FIG 1 Immunization with live but not UV-inactivated TriGAS confers long-lasting protective immunity against an infection with wild-type RABV. Groups of
Swiss Webster mice were immunized i.m. with 10°> FFU of live or UV-inactivated TriGAS or received only PBS. At 3 weeks (A and B), 3 months (C and D), or 6
months (E and F) after immunization, 10 mice of each group were infected i.m. with 10 LD5,s of DOG4 RABV, and survivorship (A, C, and E) and clinical scores

(B, D, and F) were recorded daily for 40 days.

and CD19 were described previously (30), and probes and primers for
CD11c were purchased from Invitrogen (Grand Island, NY). The RNA
copy numbers for a particular gene were normalized to the copy numbers
of the housekeeping gene L13 in each sample as detailed elsewhere (30).
Statistical significance of the differences between groups was determined
using the Mann-Whitney test.

Isolation of B, T, and dendritic cells from lymph nodes. Swiss Web-
ster mice were infected i.m. with 107 FFU of TriGAS. Forty-eight hours
later, mice were cardiac perfused and lymph nodes were harvested and
placed in ice-cold RPMI supplemented with 5% fetal bovine serum (FBS).
Single-cell suspensions were obtained by teasing the tissues through a
stainless steel mesh. Cell subsets were isolated by positive selection using
magnetically activated cell sorting (MACS) technology with the CD19™ B
cell isolation kit or the CD11c" dendritic cell (DC) isolation kit or by
negative selection with the CD3e T cell isolation kit (Miltenyi Biotec,
Cambridge, MA). RNA was isolated from each cell type, and cDNA was
reverse transcribed as outlined above.

RESULTS

Intramuscular immunization with a single dose of live but not
UV-inactivated TriGAS confers long-lasting protective immu-
nity against rabies in mice. As a consequence of interaction with
PRRsand increased antigen load, it is expected that a single dose of
alive-attenuated vaccine would have immunogenicity superior to
that of the same dose of the vaccine when inactivated. This proves
to be the case for TriGAS. Figure 1A shows that mice given a single
dose of 10° FFU live TriGAS 3 weeks previously are fully protected
against an RABV challenge that is 90 to 100% lethal for nonim-
mune mice and mice that had received 10° FFU of UV-inactivated
TriGAS. More importantly, mice immunized with live TriGAS are
fully protected when DOG4 challenge infection is performed 3
months (Fig. 1C) and as late as 6 months (Fig. 1E) after immuni-
zation. While none of the mice immunized with live TriGAS ex-
hibited clinical RABV signs following challenge (see Fig. 3B, D,
and F), the large majority (80% to 90%) of mice that had received
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UV-inactivated TriGAS or were unvaccinated succumbed to ra-
bies.

Vaccination with live TriGAS is associated with the robust
and sustained production of VNA of predominantly IgG2a and
IgG2b isotypes. VNA, the essential antigen-specific effectors of
RABV immunity, are found at significant levels in sera 2 weeks
after immunization of mice with live TriGAS (geometric mean
titer [GMT], >7IU) (Fig. 2A). No VNA were detected in the sera
of mice 2 weeks after inoculation with the same amount of UV-
inactivated TriGAS. When challenged with DOG4 3 weeks after
receiving inactivated or live TriGAS, only the mice immunized
with live TriGAS showed evidence of an anamnestic immune re-
sponse and survived (Fig. 2A). At 5 days after DOG4 challenge,
serum VNA levels were strongly elevated in the mice previously
immunized with live TriGAS. While none of the mice survived the
challenge, VNA were detected 5 days postchallenge in the sera of
mice that had received inactivated TriGAS as well as previously
nonimmune controls. However, there was no increase in VNA
titer resulting from prior administration of inactivated TriGAS.
Serum VNA titers increased more than 5-fold between 2 weeks
and 3 months after immunization with live TriGAS and remained
at high levels for at least 6 months (Fig. 2). In contrast, VNA were
not detected in the sera of mice at any time after receiving inacti-
vated TriGAS (Fig. 2). With the exception of increasing serum
VNA levels in mice given live TriGAS, similar patterns of survival
and VNA responses emerged for the three groups of mice when
challenged at 3 (Fig. 2B) and 6 (Fig. 2C) months following vacci-
nation. At 5 days postchallenge, serum VNA were detected at
equivalent levels in mice initially treated with inactivated TriGAS
and previously naive controls while serum VNA titers were ele-
vated from already high levels in mice immunized with live Tri-
GAS. Only mice immunized with live TriGAS survived.

In addition to virus neutralization, we assessed the binding to
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FIG 2 Immunization with live but not UV-inactivated TriGAS induces a sustained production of RABV-neutralizing antibody. Groups of Swiss Webster mice
immunized i.m. with 10° FFU of live or UV-inactivated TriGAS or only PBS and infected 3 weeks (A), 3 months (B), or 6 months (C) later i.m. with 10 LDs of
DOG4 RABV were bled 7 days before and 5 days after virus challenge. Serum VNA titers were determined as described in Materials and Methods. VNA titers are
presented as the geometric mean international units (IU) calculated from 10 mice per group.

RABV G, the primary target of VNA, of the different isotypes of
antibodies potentially elicited by vaccination and challenge.
RABV G-specific total 1gG, IgG2a, and 1gG2b levels at different
times after immunization and challenge largely mirror those of
VNA. After immunization with live but not inactivated TriGAS,
these were all significant at 2 weeks, increased at 3 months, main-
tained through 6 months, and boosted by challenge (Fig. 3). G-
specific IgM is detectable at 2 weeks, only after immunization with
live TriGAS, but disappears over the first 3 months or upon chal-
lenge (Fig. 3E, ], and O). RABV G-specific IgG1 was not evident
following either live or inactivated TriGAS vaccination or after
challenge of either vaccinated or naive mice.

TriGAS RNA can be detected in muscle tissue at the site of
inoculation, in draining lymph nodes, and in spleen but not in
spinal cord or brain tissue. While pathogenic RABVs are gener-
ally considered to be highly neurotropic, we considered it possible
that the superiority of live TriGAS over inactivated TriGAS in the
single-dose triggering of a strong, long-lasting protective immune
response against a lethal RABV challenge is the consequence of
RABYV infection of cells relevant to immune function. To test this
hypothesis, we assessed gastrocnemius muscle tissue, inguinal
lymph nodes, spleen, brain, and spinal cord for the presence of
RABV nucleoprotein (N) RNA after the administration of 10°
FFU of TriGAS into the gastrocnemius muscle. RABV N-specific
total RNA was detected in muscle and lymph node between 2 and
4 days postinfection, declining to levels outside the range of accu-
rate detection by 14 days postinfection (Fig. 4A). RABV N-specific
RNA was not able to reliably be detected in spleen, brain, or spinal
cord at this level of input virus. To increase the likelihood of de-
tecting RABV N-specific RNA in the various tissues, we increased
the amount of live TriGAS inoculated into the gastrocnemius
muscle by 100-fold. Tissues from animals 24 h after receiving a
similar dose of UV-inactivated TriGAS were also examined. While
RABV RNA was not detected in any tissue after i.m. injection of
107 FFU of UV-inactivated TriGAS, following i.m. injection of 10
FFU of live TriGAS, significant copy numbers were found in gas-
trocnemius muscle, inguinal lymph node, and to a lesser extent,
spleen (Fig. 4B). In gastrocnemius muscle, N RNA was detected
beginning at 90 min, remaining for 96 h and thereafter declining
to low levels by 14 days postinfection. Significant amounts of
RABV N RNA were also found in lymph node, beginning at 24 h
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after infection but remaining elevated for only 48 h before a de-
cline was detected. A similar pattern (with lower copy numbers)
was evident in spleen. Notably, even with a substantially higher
level of input virus, RABV N RNA was outside detectable limits in
spinal cord and brain tissue at all times tested.

To provide more insight into whether the RABV RNA initially
detected in muscle is likely to be due to input virus or replication,
we differentiated between RABV-specific genomic RNA and
mRNA in the tissue samples from mice that had received the
higher dose of live TriGAS at different times after inoculation. As
shown in Fig. 5A, at 90 min postinoculation in the gastrocnemius,
before substantial virus replication is expected, there is 10-fold
more genomic RNA than mRNA. We expect that this represents
input viral RNA, as an increased ratio of mRNA to genomic RNA
becomes apparent in the gastrocnemius only by 96 h after infec-
tion. In contrast, RNA detected between 24 and 48 h in draining
lymph nodes is predominantly mRNA (Fig. 5B).

Dendritic cells and B cells likely represent the major cell pop-
ulations exhibiting RABV mRNA synthesis in lymph nodes
draining the site of infection with TriGAS. The increased ratio of
messenger to genomic RNA suggests that one or more cell types in
the lymph nodes draining the site of TriGAS inoculation may be
transcribing viral mRNA. If this is relevant to immune stimula-
tion, it may be expected that elevated mRNA levels are found in
cells involved in antigen presentation. To identify the cells that
may be infected with TriGAS, stromal tissue, B cells, T cells, and
DCs were isolated from draining lymph nodes at 48 h after i.m.
inoculation with 107 FFU oflive TriGAS. The purity of the isolated
cells was assessed by qPCR analysis of expression of mRNAs for
CD4, CD8, CDllc, and CD19 (Fig. 6). qPCR analysis of RABV
RNA revealed that the copy numbers of total RABV N RNA were
highest in stroma, B cells, and DCs while the RABV RNA copies in
T cells were at levels outside reliable detection (Fig. 7A). Further-
more, the number of RABV mRNA copies was significantly higher
than the number of genomic RABV RNA copies in stroma, B cells,
and DCs (Fig. 7B), indicating the transcription of viral RNA.

DISCUSSION

We have recently shown that the live-attenuated TriGAS vaccine,
which is nonpathogenic for mice that either are developmentally
immunocompromised or have certain inherited deficits in im-
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FIG 3 RABV G-specific antibody isotypes produced at different times after immunization before and after virus challenge. Groups of Swiss Webster mice
immunized i.m. with 10° FFU of live or UV-inactivated TriGAS or only PBS and infected 3 weeks (A to E), 3 months (F to J), or 6 months (K to O) later i.m. with
10 LD4ys of DOG4 RABV were bled 7 days before and 5 days after virus challenge. Isotypes of RABV G-specific antibody were determined by ELISA as described

in Materials and Methods. Values are mean titers (* the standard error [SE]) calculated from 10 mice per group.

mune function, induces immune mechanisms capable of clearing
a CNS infection with pathogenic RABV (17, 18). Here we demon-
strate that, in addition to its excellent postexposure efficacy, the
TriGAS vaccine is able to confer long-lasting protective immunity
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in mice. A single intramuscular application of live but not UV-
inactivated TriGAS induces the robust and sustained production
of RABV G-specific IgG2a and IgG2b antibodies as well as VNA
that correlate with long-term protection against challenge with an
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inoculation, mice were euthanized and RNA was isolated from muscle, drain-
inglymph node, spleen, brain, and spinal cord, and the amounts of total RABV
N RNA were determined by quantitative reverse transcription-PCR (qRT-
PCR) as described in Materials and Methods. Presented are the mean copy
numbers (= SE) of RABV N RNA per 1,000 copies of L13 mRNA. Significant
differences in expression of RABV RNA are indicated as follows: *, P < 0.05;
>, P <0.01; 7%, P < 0.001.

otherwise lethal dose of the wild-type RABV DOG4. This is not
surprising, as 10° inactivated particles not only are a very low
antigenic load but also would be ineffective at generating the
pathogen-associated molecular patterns, such as de novo-synthe-
sized RNA, required to efficiently induce an immune response.
Although it is well known that due to their ability to replicate
(31), live-attenuated viral vaccines are considerably more effective
than inactivated vaccines in inducing long-term protection
against a variety of pathogens (32), the mechanisms responsible
for the establishment of long-lasting immunity are less clear.
While it has been concluded that antigen persistence plays an im-
portant role in memory maintenance and, thus, in vaccine-in-
duced long-term protective immunity (31), other investigators
demonstrated that there is no absolute requirement for continued
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per 1,000 copies of L13 mRNA. Significant differences in expression of
genomic RABV RNA and RABV mRNA are indicated as follows: *, P < 0.05.

exposure to antigen to sustain memory B cells and for the persis-
tence of antigen-specific antibody in the serum (33). Although our
finding that the TriGAS infection is cleared by 12 days after virus
inoculation indicates that persistent antigen production is not
necessary for the establishment of long-lived immunity, we can-
not exclude the possibility that RABV antigens are stored in DCs
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FIG 6 Expression of mRNA specific for the CD19-, CD4-, CD8-, and CD11c-
specific mRNA biomarkers in isolated B cells, DCs, and stroma. Forty-eight
hours after inoculation of 10” FFU of TriGAS into the gastrocnemius muscle,
different cell populations were isolated from the draining lymph node and the
relative fold changes of mRNA levels were determined by qRT-PCR analysis
using the comparative threshold cycle (C;) method. The amounts of mRNAs
for the different biomarkers, which were normalized to the expression levels of
L13 mRNA, are presented as the means (= SE) of fold increases in mRNA
expression.
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FIG 7 Expression of RABV N RNA in isolated lymph node cells. Forty-eight
hours after inoculation of 10” FFU of TriGAS into the gastrocnemius muscle,
B cells, T cells, dendritic cells, and stromata were isolated from the draining
lymph nodes and total RABV N RNA (A) or genomic RABV RNA and RABV
N mRNA (B) were analyzed by qRT-PCR. Amounts of the different RABV N
RNAs were normalized to the amount of L13 mRNA as described in Materials
and Methods. Presented are the means (* SE) of RABV RNA copy numbers

per 1,000 copies of L13 mRNA. Significant differences in expression of RABV
RNA are indicated as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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after the infection is cleared (34). The fact that challenge infection
6 months after vaccination results in a rapid increase in serum
RABV-specific IgGs confirms that memory B cells had been elic-
ited.

Both attenuated and wild-type RABVs have been shown to
infect human monocytes and DCs in culture (25). In vitro infec-
tion of DCs by the attenuated recombinant RABV SPBNGAS-
GAS and, to alesser extent, the wild-type RABV DOG4 was found
to promote DC maturation and result in the expression of RABV
G protein on the cell surface (25). Based on the current observa-
tions, we conclude that similar processes are likely to be occurring
during immunization with TriGAS. After inoculation into the
gastrocnemius, where a high ratio of genomic to messenger viral
RNA suggests that replication is minimal, the virus either is trans-
ported or drains into the draining lymph node. In the lymph node,
viral mRNA becomes considerably more abundant than genomic
RNA, primarily in the stroma, B cells, and CD11c* DCs, indicat-
ing the transcription of genomic RABV RNA. However, since we
were not able to recover infectious virus from the lymph node, we
assume that virus replication is abortive. Nevertheless, the tempo-
rary production of viral mRNA together with de novo-synthesized
viral proteins is apparently sufficient to drive the development of a
strong RABV-specific immune response that includes the genera-
tion of long-lived RABV-specific memory B cells and antibody-
secreting plasma cells that form the cellular basis of immunolog-
ical memory (35). We speculate that the transient TriGAS
infection of DCs and certain B cells in the lymph node is highly
immunostimulatory through mechanisms that enhance antigen
presentation, including TLR7 activation (20, 25).
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FIG 8 Detection of RABV N RNA in muscle and draining lymph nodes after
i.m. inoculation of 10° FFU of DOG4 RABV. At 48 h after inoculation, the copy
numbers of RABV N RNA present in muscle tissues and draining lymph nodes
were determined by qRT-PCR as described in Materials and Methods. Pre-
sented are the mean copy numbers (= SE) of total RABV N RNA per 1,000
copies of L13 mRNA.

The responses to challenge infection with DOG4 in naive mice
as well as animals vaccinated with live or inactivated TriGAS pro-
vide further insight into the differences between these viruses and
the dynamics of RABV infections. In mice that received live Tri-
GAS, DOGH4 challenge induces an anamnestic response, indicat-
ing that the viral antigens are recognized by memory T and B cells.
However, a single dose of inactivated TriGAS has essentially no
effect on the immune system, as no RABV-specific antibody is
elicited and the effects of DOG4 challenge are unchanged com-
pared to those with naive mice. In both naive and inactivated
TriGAS-vaccinated mice, DOG4 infection is lethal. Nevertheless,
a significant VNA response is detected in both groups of mice 5
days after challenge. The low copy numbers of RABV RNA that are
found in draining lymph nodes at 48 h after i.m. inoculation of
DOGH4 (Fig. 8) suggest that, like TriGAS, DOG4 reaches peripheral
lymphoid tissues and stimulates an immune response. However,
based on the in vitro comparison of the effects of the attenuated
SPBNGAS-GAS RABYV variant and the DOG4 wild-type RABV on
DCs (25), we speculate that TriGAS is much more immunostimu-
latory than DOG4 through its increased ability to produce RABV
antigen and stimulatory signals in antigen-presenting cells. Most
importantly, in contrast to DOG4, TriGAS does not replicate and
spread in the CNS, an attribute which is essential for consideration
as a live vaccine for use in humans or animals.
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