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Replication-deficient rabies viruses (RABV) are promising rabies postexposure vaccines due to their prompt and potent stimula-
tion of protective virus neutralizing antibody titers, which are produced in mice by both T-dependent and T-independent mech-
anisms. To promote such early and robust B cell stimulation, we hypothesized that live RABV-based vaccines directly infect B
cells, thereby activating a large pool of antigen-presenting cells (APCs) capable of providing early priming and costimulation to
CD4� T cells. In this report, we show that live RABV-based vaccine vectors efficiently infect naive primary murine and human B
cells ex vivo. Infection of B cells resulted in the significant upregulation of early markers of B cell activation and antigen presen-
tation, including CD69, major histocompatibility complex class II (MHC-II), and CD40 in murine B cells or HLA-DR and CD40
in human B cells compared to mock-infected cells or cells treated with an inactivated RABV-based vaccine. Furthermore, pri-
mary B cells infected with a live RABV expressing ovalbumin were able to prime and stimulate naive CD4� OT-II T cells to pro-
liferate and to secrete interleukin-2 (IL-2), demonstrating a functional consequence of B cell infection and activation by live
RABV-based vaccine vectors. We propose that this direct B cell stimulation by live RABV-based vaccines is a potential mecha-
nism underlying their induction of early protective T cell-dependent B cell responses, and that designing live RABV-based vac-
cines to infect and activate B cells represents a promising strategy to develop a single-dose postexposure rabies vaccine where the
generation of early protective antibody titers is critical.

Rabies virus (RABV) is a negative-sense, single-stranded RNA
virus within the Rhabdoviridae family with worldwide distri-

bution (reviewed in reference 1). Rabies is a zoonotic infectious
disease that afflicts a wide range of mammalian hosts, causing a
viral encephalitis that is almost invariably lethal once symptoms
manifest (2). Over 3 billion people live in areas where rabies is
endemic in domesticated, feral, or wild animals, with dogs being
the source for the overwhelming majority of rabies exposures and
fatalities globally (2). Considered a neglected disease, RABV infec-
tions are responsible for over 55,000 annual human deaths world-
wide (2). Protection against lethal rabies encephalitis is con-
ferred by virus neutralizing antibodies (VNA) to the envelope
surface RABV glycoprotein (RABV-G), with sufficient titers of
VNA serving to block further viral spread (3–6). The postex-
posure prophylaxis (PEP) regimen following suspected rabies
exposure, designed to neutralize pathogenic virus before it
reaches the central nervous system (CNS), consists of multiple
doses of inactivated RABV-based vaccine over the course of 3
to 4 weeks, along with the injection of pooled human rabies
immune globulin (RIG) immediately following exposure (5, 7,
8). While safe and highly effective if properly administered, this
regimen is expensive and cumbersome in areas of the develop-
ing world where rabies is endemic; thus, there exists a need for
a rabies vaccine that confers protection after a single immuni-
zation and does not require costly RIG for ensured efficacy (9).
With over 15 million people treated with a course of PEP per
year, and 40% of those treatments administered to children
ages 5 to 14 (2), the improvement of rabies vaccine regimens
has the potential for significant savings of both health care
spending and years of life lost to disease.

We previously compared RABV-specific antibody kinetics in
rhesus macaques and mice immunized with recombinant replica-
tion-deficient RABV-based vaccines to kinetics in animals immu-
nized with the commercially available inactivated human diploid

cell vaccine (HDCV) (9–11). Our most promising candidate is a
matrix (M) gene-deleted recombinant RABV (rRABV-�M) (10).
RABV-M protein is crucial for viral assembly and budding, and M
gene-deleted RABVs generate a 10,000-fold reduced titer of infec-
tious virions in vitro compared to the parental rRABV grown on
wild-type baby hamster kidney cells (12). rRABV-�M is grown to
high titers (108 focus-forming units [FFU]/ml) on a cell line that
supplies RABV-M in trans (10, 12). rRABV-�M is safe in T and B
cell-deficient Rag2�/� mice and highly immunogenic in relevant
animal models (10). A single inoculation of rRABV-�M into mice
or rhesus macaques induced significantly higher titers of RABV
VNAs than those induced by a commercially available HDCV
(10). A particular feature of the antibody response to rRABV-�M
is the presence of VNAs before B cells displaying a germinal center
(GC) phenotype are detected, suggesting the induction of early
extrafollicular antibody responses by rRABV-�M (13). Indeed,
contrary to earlier reports citing the necessity of CD4� T cells for
protective RABV-specific B cell responses (14–18), we detected
the presence of significant VNA titers within 3 days postimmuni-
zation with rRABV-�M and protection against lethal challenge in
mice completely devoid of T cells (B6.129P2-Tcr�tm1Mom

Tcr�tm1Mom/J) (13). Based on these data, we concluded that both
early T cell-dependent and independent antibody responses con-
tribute to the early protection observed with rRABV-�M. Fur-
thermore, we have shown that interleukin-21 (IL-21) is critical for
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the induction of rapid primary antibody responses to live RABV-
based vaccination (19). Beyond this, little is known about the in-
teractions between live RABV-based vaccines and the host im-
mune system that result in such diverse and potent RABV-specific
B cell responses. A better understanding of these interactions
would be of great value in the rational design of more effective
RABV-based vaccines.

Attenuated RABV strains have been observed to directly inter-
act in vitro with cells of the immune system. In vitro infections by
attenuated RABV strains of mouse splenocytes and human T cell
lines have been reported to result in apoptosis of infected T cells
(20). In addition, murine dendritic cells (BMDCs) and monocytes
are stimulated by infection with live RABV in vitro, inducing an
antiviral state in the cells (21–23). Both attenuated and pathogenic
RABV can establish a productive infection in primary murine
bone marrow macrophages (24). Thus, attenuated RABV strains
have been appreciated for their ability to infect nonneuronal im-
mune cell types, suggesting that direct infection of host immune
cells plays a role in triggering a potent immune response that
neutralizes pathogenic RABV strains.

B cells are proficient in major histocompatibility complex
class II (MHC-II)-restricted antigen presentation to T cells and
express a suite of costimulatory surface receptors that bind to
activation molecules on CD4� T cells, which mutually enhance
the interactions of the B cell-T cell pair (25–27). B cells may be
activated by a range of stimuli, the most central of which is
binding of cognate antigen to the B cell receptor (BCR), leading
to receptor cross-linking and development of antibody-secret-
ing or GC phenotypes (28). Activation by pathogen-associated
danger signals through Toll-like receptors (TLRs), tumor ne-
crosis factor alpha (TNF-�) family cytokines, such as B cell-
activating factor (BAFF) and a proliferation-inducing ligand
(APRIL), and cell-associated signals, such as CD40L on acti-
vated T cells, also provides vital survival, differentiation, and
proliferation signals (25, 26, 28–30). Upon activation in the
developing lymph node follicle, B cells migrate to the B cell-T
cell zone interface in the paracortex and interact through
MHC-II-restricted presentation with CD4� T cells (31). The
importance of B cells for priming of naive CD4� T cells is
controversial, as although this interaction has been observed
(25), mice lacking B cells may show proficient activation of
CD4� T cells by other antigen-presenting cells (APCs) (32).
However, recent evidence suggests that the B cell-T cell co-
stimulatory interaction is important for fine-tuning activation
of CD4� T cells toward phenotypes most capable of supporting
antibody responses (33, 34). The binding of T cell-expressed
CD40L to CD40 on the B cell surface is a critical interaction in
the development of a high-affinity antibody response, promot-
ing robust B cell proliferation, development, and class switch-
ing (35, 36).

In this report, we show that an rRABV vaccine strain infects
primary naive murine and human B cells in vitro, causing prompt
upregulation of costimulatory molecules important for antigen
presentation and effective B cell-T cell costimulatory interactions.
With the confirmation that rRABV-infected B cells can prime and
activate naive T cells in vitro, we propose that exploiting and en-
hancing direct B cell-RABV interactions in vivo represents an in-
novative approach to further enhance RABV-specific antibody re-
sponses to immunization. Dissecting B cell responses to live
RABV provides novel insight into the highly immunogenic mech-

anisms underlying live RABV-based vaccine efficacy and aids in
the development of more effective RABV-based vaccines.

MATERIALS AND METHODS
Viral vaccines and mice. The construction of rRABV and rRABV-�M
used in this study was described elsewhere, and the vaccines were previ-
ously named SPBN and SPBN-�M, respectively (10). Each vaccine is a
molecular clone derived from the attenuated SAD-B19 vaccine strain of
RABV (37). Virus stocks of rRABV were propagated in serum-free me-
dium on baby hamster kidney cells and then concentrated and purified
over a 20% sucrose cushion. rRABV-�M was propagated on baby hamster
kidney cells stably expressing RABV-M (12) as described previously (10).
rRABV-UV is rRABV that was inactivated by UV irradiation, and inacti-
vation was verified by inoculating baby hamster kidney cells with an ali-
quot of rRABV-UV followed by immunostaining for RABV nucleopro-
tein 48 h postinoculation. The detection limit for inactivation is �10
FFU/ml (10, 11). In addition, neuroblastoma (NA) cells were treated with
a volume of rRABV-UV equivalent to a multiplicity of infection (MOI) of
0.1, and the culture supernatant was passaged three times at a 1:10 ratio
onto fresh NA cells at 3-day intervals. Immunostaining cells of the final
passage for RABV-N confirmed inactivation of the rRABV-UV stock used
in these studies.

rRABV expressing the gene for chicken ovalbumin (rRABV-OVA) was
constructed using mRNA collected from the constitutively OVA-express-
ing E.G7-OVA cell line (ATCC) using the RNeasy Mini kit according to
the manufacturer’s instructions (Qiagen). OVA cDNA was generated
with the OneStep reverse transcription-PCR (RT-PCR) kit (Qiagen) and
amplified using primers OVA-Forward (5=-TTTCGTACGATAATGATA
TCTCAAGCTGTCCATG-3=) and OVA-Reverse (5=-AAAGCTAGCTTA
AGGGGAAACACATCTGCC-3=). OVA cDNA was cloned into rRABV
plasmid using the inserted flanking restriction enzyme sites BsiWI and
NheI (New England Biosciences) in the viral genome, resulting in rRABV-
OVA. The virus was then recovered using techniques previously described
(38), and OVA expression was confirmed by immunohistochemistry of
infected baby hamster kidney cells and Western blotting of infected NA
cell culture supernatants. Supernatants were transferred onto a polyvi-
nylidene difluoride (PVDF) membrane and probed using a polyclonal
rabbit anti-chicken ovalbumin primary antibody (Acris) at a dilution of
1:2,500 in phosphate-buffered saline (PBS)– 0.05% Tween-20 and a don-
key anti-rabbit IgG horseradish peroxidase-conjugated secondary anti-
body at a dilution of 1:100,000 in PBS– 0.05% Tween 20. The membrane
was developed using ECL Western blotting substrate (Pierce). Infection of
primary murine B cells by rRABV-OVA was confirmed as described below
(mouse B cell collection, in vitro culture and staining).

Female C57BL/6 mice aged 6 to 12 weeks were obtained from the National
Cancer Institute. Female OT-II [B6.Cg-Tg(Tcr�Tcr�)425Cbn/J] mice, aged
10 to 12 weeks, used in the B cell-T cell coculture assay, were purchased from
the Jackson Laboratory.

Mouse B cell collection, in vitro culture, and staining. Single-cell
suspensions (106 cells/ml) from spleens or inguinal lymph nodes of naive
female C57BL/6 mice were cultured in splenocyte medium (RPMI 1640
containing 10% fetal bovine serum [FBS], 50 �M beta-mercaptoethanol,
100 IU/ml penicillin-streptomycin, and 100 mM HEPES). In experiments
using purified B cell cultures, B cells were magnetically isolated from ho-
mogenized naive primary mouse splenocytes using the negative-selec-
tion-principle MagCellect mouse B cell isolation kit according to the man-
ufacturer’s protocol (R&D Systems). Isolated B cell purity was determined
by flow cytometry analysis as 	95% B220� cells. Cell suspensions were
infected at an MOI of 5 with rRABV, an equivalent volume of the same
stock of rRABV-UV, or splenocyte medium and incubated at 37°C with
5% CO2 for 1 to 4 days as indicated in the figures. In separate experiments,
total splenocytes were mock infected or infected at an MOI of 5 with
rRABV-�M for 2 days under the culture conditions described above. Cells
were harvested, and 106 cells/sample well were plated on a 96-well plate,
pelleted at 300 
 g, washed in PBS–2% FBS, and incubated with CD16/32
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Fc block (BD Biosciences). Cells were washed as described above and then
stained with a surface antibody cocktail, including anti-B220-peridinin
chlorophyll protein (PerCP), anti-CD69-Pacific Blue (both from BD Bio-
sciences), anti-MHC-II-Alexa Fluor 700, and anti-CD40-allophycocya-
nin (both from eBioscience). Cells were fixed in 3% paraformaldehyde in
PBS, resuspended in PBS–2% FBS, and stored overnight at 4°C. Samples
were then permeabilized using BD Perm/Wash (BD Biosciences) for in-
tracellular staining using monoclonal anti-RABV-N-fluorescein isothio-
cyanate (FITC) antibody (FujiRebio Diagnostics). Cells were resuspended
in PBS–2% FBS for immediate acquisition on a BD LSRII flow cytometer.
Data were analyzed using FlowJo (Tree Star) software, and statistical sig-
nificance was calculated using an unpaired, two-tailed Student’s t test in
Prism 5 (GraphPad) software.

Human PBMC in vitro culture and staining. Peripheral blood mono-
nuclear cells (PBMCs) from anonymous healthy adult male donors
(Bioreclamation, Inc.) were washed twice in splenocyte medium and cul-
tured at 106 cells/ml of splenocyte medium. Cell suspensions were mock
infected with splenocyte medium or infected at an MOI of 5 with rRABV,
or an equivalent volume of the same stock of rRABV-UV, and cultured at
37°C and 5% CO2 for 2 or 4 days. Cells were stained in PBS containing
aqua blue fixable LIVE/DEAD cell stain (Invitrogen), followed by staining
in PBS–2% FBS containing anti-human CD19-phycoerythrin (PE)-Cy7,
anti-human HLA-DR-PE, anti-human CD40-allophycocyanin, anti-hu-
man CD4-Alexa Fluor 700, and anti-human CD28-eFluor 450 (all eBio-
science). Cells were fixed in 3% paraformaldehyde in PBS before permea-
bilization in BD Perm/Wash (BD Biosciences) for intracellular staining
using anti-RABV-N-FITC antibody (FujiRebio Diagnostics). Cells were
resuspended in PBS–2% FBS for immediate acquisition on a BD LSRII
flow cytometer. Data were analyzed using FlowJo (Tree Star) software,
and statistical significance was calculated using an unpaired, two-tailed
Student’s t test in Prism 5 (GraphPad) software.

Real time-PCR for rabies viral RNA. B cells were magnetically iso-
lated from homogenized naive primary mouse splenocytes using the
MagCellect mouse B cell isolation kit (R&D Systems) and cultured and
infected in vitro as described above for 2 or 4 days. Total RNA was
purified from the cultured, isolated cells using an RNeasy kit as de-
scribed by the manufacturer (Qiagen). cDNA was prepared from 2 �g
of purified RNA per sample with the Omniscript RT kit (Qiagen) using
primers RABV-Genome (5=-CATGGAACTGACAAGAGA-3=) and
RABV-Message (5=-TTTTTTTTTTTTTTTTTTTTV-3=; V � G, C, or A)
(both from Invitrogen) as described in reference 39. Quantitative real-
time PCR was completed on the resulting cDNA using custom forward
(5=-CATGGAACTGACAAGAGA-3=) and reverse (5=-TGCTCAACCTA
TACAGAC-3=) primers for RABV-N antisense genome and RABV-N
sense message, respectively, and the custom TaqMan probe (5=-6-ca
rboxyfluorescein [FAM]ATGCGTCCTTAGTCGGTCTTCTC-6-carboxy
tetramethylrhodamine [TAMRA]-3=) (Applied Biosystems), also as de-
scribed in reference 39. rRABV plasmid DNA was used as a standard for
absolute quantification of gene copy number, and all samples were ana-
lyzed at normal speed for 45 cycles on a 0.1-ml 96-well plate in a Life
Technologies StepOnePlus thermal cycler. Data were analyzed by the CT

method to determine copy number and an unpaired, two-tailed Student’s
t test to determine statistical significance using StepOne (Life Technolo-
gies) and Prism 5 (GraphPad) software.

B cell-T cell in vitro costimulation studies. B cell-T cell costimulation
studies were completed as described by Quah et al. (40), with modifica-
tions. Briefly, spleens were harvested from naive female C57BL/6 mice,
homogenized, and resuspended in splenocyte medium. B cells were iso-
lated using the negative-selection MagCellect mouse B cell isolation kit as
described by the manufacturer (R&D Systems). Purified B cells were cul-
tured in splenocyte medium at 2.5 
 106 cells/ml at 37°C and 5% CO2

with either rRABV-OVA, rRABV-OVA plus 5 �g/ml MHC-II I-Ab block-
ing antibody (BD Biosciences), rRABV-UV-OVA (all at an MOI of 5), or
an equivalent volume of medium. On the same day, spleens were har-
vested from 10- to 12-week-old naive female OT-II mice, homogenized,

and resuspended in splenocyte medium. CD4� T cells from the OT-II
splenocyte suspensions were isolated using the negative-selection Mag-
Cellect mouse CD4� T cell isolation kit (R&D Systems) as instructed by
the manufacturer. The purity of T cell isolates was confirmed by flow
cytometry analysis (	92% CD3e� CD4�). Purified CD4� T cells were
washed once in 20 ml of PBS and resuspended at 106 cells/ml in PBS for
staining using 5 mM CellTrace violet (Invitrogen) for 20 min at 37°C. Dye
was quenched using a 5
 staining volume of splenocyte medium before
cells were pelleted at 300 
 g and resuspended in splenocyte medium.
Purified B cells were mixed in a 9:1 ratio with OT-II CD4� T cells at a
combined cell density of 2.5 
 106 cells/ml in 800 �l total culture medi-
um/well of a 24-well plate. B cell-T cell cocultures were cultured at 37°C
and 5% CO2 for 120 h. On the day of harvest, BD GolgiStop (BD Biosci-
ences) was added to all wells at a concentration of 0.5 �l GolgiStop per 800
�l medium, and cells were incubated for a further 5 h at 37°C and 5% CO2.
Cells were then harvested, washed, and resuspended at 106 cells/ml for
staining with LIVE/DEAD fixable aqua blue dead cell stain (Invitrogen).
Cells were pelleted at 300 
 g, resuspended in PBS–2% FBS, blocked with
CD16/32 Fc block (BD Biosciences), and then stained with a surface an-
tibody cocktail including anti-B220-PerCP (BD Biosciences), anti-CD3e-
PE, and anti-CD4-allophycocyanin (both eBioscience). Cells were fixed in
3% paraformaldehyde and stored overnight at 4°C in PBS–2% FBS. Sam-
ples then were permeabilized using BD Perm/Wash (BD Biosciences) for
intracellular staining using anti-RABV-N-FITC antibody (FujiRebio Di-
agnostics) and anti-IL-2-Alexa Fluor 700 (BD Biosciences). Cells were
resuspended in PBS–2% FBS for immediate acquisition on a BD LSRII
flow cytometer. Data were analyzed using FlowJo (Tree Star) software,
and statistical significance was calculated using an unpaired, two-tailed
Student’s t test in Prism 5 (GraphPad) software.

RESULTS
Live RABV-based vaccines infect primary murine B cells. To test
our hypothesis that live attenuated rRABV infects B lymphocytes,
naive murine primary splenocytes were infected at an MOI of 5
with rRABV or rRABV-UV or were mock infected for 1 to 4 days
in vitro. rRABV-UV was included as a negative control to repre-
sent current inactivated RABV-based vaccines used in humans
and to verify the detection of active infection by live virus, as
opposed to the uptake of viral particles not resulting in infection.
In an attempt to maintain the B cells and accessory splenocytes in
a resting state similar to that in which they would exist in vivo at
the time of initial immunization, no additional mitogens were
added to the culture. Figure 1A shows a representative gating
strategy of total live splenocytes stained for intracellular RABV
nucleoprotein (RABV-N) as a marker of infection and the B cell
marker B220 (CD45R) (13, 19). By 4 days postinfection, approx-
imately 60% of the splenocyte cultures were B220� B cells, 10%
were CD4� T cells, and 30% were non-B/non-T cells. Over 10% of
B220� B cells were RABV-N� as early as 1 day postinfection with
live rRABV, increasing to approximately 30% by day 4 postinfec-
tion (Fig. 1B). At all time points tested, the proportion of
RABV-N� B220� cells was significantly higher in rRABV-infected
cultures than in cultures treated with rRABV-UV or PBS alone
(P � 0.001). A significant proportion of B cells treated with
rRABV-UV also stained positive for RABV-N compared to mock-
treated cultures. A small proportion of non-B220� cells stained
positive for RABV-N following treatment with rRABV and
rRABV-UV, but B cells comprised the majority of the RABV-N�

cells at all time points (Fig. 1A and data not shown).
To determine whether rRABV directly infects B cells in the

absence of other cell types in culture, isolated primary murine
splenic B cells were infected at an MOI of 5 with rRABV or
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rRABV-UV or were mock treated with PBS alone. Figure 1C
shows a representative gating strategy of isolated B cells stained for
RABV-N and B220. A significant proportion of B220� B cells
stained positive for RABV-N following exposure to both rRABV
and rRABV-UV compared to mock-treated cells (P � 0.01) (Fig.
1D), although it was a lower overall proportion of RABV-N� cells
than total splenocyte cultures (compare Fig. 1B to D). Consistent
with our observations with total splenocytes, the percentage of
RABV-N staining was significantly greater in isolated B220� B
cells infected with live rRABV than in B cells treated with
rRABV-UV (P � 0.001).

To account for heterogeneous B cell populations within the
spleen and lymph node (29), the experiments were repeated using
homogenized total lymph node cells. By day 4 postinfection, sig-
nificant proportions of RABV-N� B220� B cells were detected in
lymph node cultures infected with rRABV compared to cultures
treated with rRABV-UV or PBS alone (P � 0.001) (Fig. 1E).
Lymph node B cells exhibited a small but significant population of

RABV-N� cells on exposure to rRABV-UV, similar to our results
with spleen-derived B cells (compare Fig. 1E to B and D). Overall,
our flow cytometry data suggest that primary murine B cell pop-
ulations within the spleen and lymph node are susceptible to in-
fection with live rRABV and that they are able to take up low levels
of rRABV-UV.

As noted previously, rRABV-�M is emerging as a promising
replication-deficient, RABV-based vaccine to replace current in-
activated vaccines. To measure the susceptibility of B cells to in-
fection with rRABV-�M, the above-described experiments were
repeated using total murine splenocytes that were mock infected
or infected at an MOI of 5 with rRABV-�M. As shown in Fig. 1F,
rRABV-�M infects primary murine B cells at a rate comparable to
that of rRABV, as detected by intracellular RABV-N staining. To-
gether, these data indicate that both live replication-deficient and
replication-competent rRABV-based vaccines infect primary mu-
rine B cells.

The potential exists that the RABV-N staining described above

FIG 1 rRABV-based vaccines infect naive mouse B220� B cells from in vitro cultures of primary splenocytes, isolated splenic B cells, or primary lymph node cells.
Naive mouse splenocytes or lymph node cells were cultured at 106 cells/ml and infected in vitro with rRABV or rRABV-UV (A to E) or rRABV-�M (F) at an MOI
of 5 or were mock infected with medium. At the indicated time points postinfection, cells were stained for surface B220 and intracellular RABV-N and analyzed
by flow cytometry. Data shown incorporate 5 (B and E) or 3 (D and F) independent cultures per treatment for each time point. (A) Representative gating strategy
for total mouse splenocytes gated on live cells and stained for B220 and RABV-N that had been mock infected (left) or infected with rRABV (right). (B)
Percentages of live B220� cells from total splenocyte cultures that were mock infected or infected with rRABV or rRABV-UV and stained as RABV-N� at the
indicated time points. (C) Representative gating strategy for magnetically isolated splenic B cell cultures (	95% B220� postisolation) gated on live cells and
stained for B220 and RABV-N after mock infection (left) or infection with rRABV (right). (D) Percentages of live B220� cells from isolated splenic B cell cultures
that were mock infected or infected with rRABV or rRABV-UV and stained as RABV-N� at the indicated time points. (E) Percentages of live B220� cells from
total lymph node cell cultures that were mock infected or infected with rRABV or rRABV-UV and stained as RABV-N� at 4 days postinfection. (F) Percentages
of RABV-N� B220� cells from total live splenocyte cultures infected with rRABV-�M or mock treated at 2 days postinfection. To compare two groups of data,
we used an unpaired, two-tailed Student’s t test (**, P � 0.01; ***, P � 0.001).
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in rRABV-infected cultures represents passively engulfed viral
particles rather than true infection. Therefore, we examined the
expression of viral genome and mRNA in rRABV-exposed B cells
using quantitative RT-PCR (qRT-PCR). As expected, no viral
genomic (Fig. 2A) or mRNA (Fig. 2B) was detected in mock-
treated B cell cultures. Significant levels of viral genomic RNA and
mRNA were detected in purified B cells infected with rRABV and
B cells treated with rRABV-UV, although higher levels of both
genomic RNA and mRNA in live rRABV-infected B cells demon-
strate that active replication and viral gene transcription occur
within infected B cells. However, the infection of B cells is non-
productive, since passaging supernatants from infected spleno-
cytes onto a susceptible cell line (baby hamster kidney cells) did
not produce significant titers of virus (data not shown). Low levels
of viral genomic RNA and mRNA were detected in B cells exposed
to rRABV-UV. The detection of positive-sense RABV RNA in
rRABV-UV-treated B cells is consistent with the uptake of inactive
viral particles by B cells. Finke et al. demonstrated that both
genomic (negative-sense) and antigenomic (positive-sense) RNA
are detected at similar ratios in virus particles and infected cells
(41). Of note, as the qRT-PCR primers used in our protocol do not
discriminate between positive-sense RABV mRNA and positive-
sense RABV antigenome, both of these molecules would be de-
tected using sensitive qRT-PCR methods. Therefore, the low levels
of positive-sense mRNA detected in rRABV-UV-exposed B cells
are consistent with the detection of RABV antigenome. These
studies provide genetic evidence that rRABV directly infects B
cells, confirming data from our RABV-N staining-based flow cy-
tometry protocol for detection of infection.

Live rRABV-based vaccines activate primary murine B cells.
Infection of B cells by rRABV carries a number of implications for
RABV-based vaccine therapy. Previously, we observed prompt
and potent B cell activation and antibody secretion by rRABV
immunization (13). We hypothesized that direct infection of B
cells with rRABV results in early B cell activation, providing addi-
tional stimulus to both T-independent and T-dependent antibody
responses. Therefore, we measured expression of activation and
costimulatory surface markers on in vitro-infected primary mu-
rine B cells by flow cytometry following the infection protocols
described above. As noted above, rRABV-UV was included as a

negative control to represent current inactivated RABV-based
vaccines used in humans and to verify that the activation observed
results from infection by live virus, as opposed to the activation
that results only from viral uptake.

The C-type lectin CD69 is one of the earliest surface activation
markers expressed by lymphocytes (42); therefore, it provides in-
sight into the timing of B cell activation by rRABV. Figure 3A
shows a representative gating strategy of B220� B cells stained for
CD69 and RABV-N. The number of RABV-N� CD69hi-express-
ing B cells was significantly increased at all times postinfection in B
cells infected with rRABV compared to B cells treated with
rRABV-UV or PBS alone in both total splenocyte cultures (Fig.
3B) and isolated B cell cultures (Fig. 3C). To evaluate differences
in levels of CD69 expression within the total infected B cell pop-
ulation, mean fluorescence intensities (MFI) were evaluated for
shifts in fluorescence intensities between treatment groups, nor-
malized to the CD69 MFI of B220� cells from mock-infected cul-
tures. Figure 3D shows a representative histogram of B220� cells
stained for CD69, displaying an upward shift in CD69 staining
intensity of rRABV-infected and, to a lesser degree, rRABV-UV-
treated B220� RABV-N� cells compared to that of mock-treated
cultures. The CD69 staining intensity of B220� RABV-N� cells
was significantly increased over mock infection intensity by day 1
postinfection with rRABV in both total splenocyte (Fig. 3E) and
purified B cell (Fig. 3F) cultures. In splenocyte cultures,
rRABV-UV stimulated CD69 surface expression on B220�

RABV-N� cells above mock expression levels but to significantly
lower intensities and at later time points postinfection than those
of rRABV-infected cultures (Fig. 3E). In contrast, in purified B cell
cultures, CD69 upregulation on RABV-N� B cells in rRABV-UV-
exposed cultures exceeded levels on RABV-N� B cells from live
rRABV-infected cultures (Fig. 3F). However, despite the greater
intensity of CD69 expression on RABV-N� B220� cells from
rRABV-UV-stimulated B cell cultures, the overall number of
CD69hi cells was higher in rRABV-infected cultures (approxi-
mately 7,750 CD69 cells/100,000 live B220� cells) than in rRABV-
UV-treated cultures (approximately 3,500 CD69 cells/100,000 live
B220� cells) (Fig. 3C). Overall, the early upregulation of CD69
observed after exposure to rRABV suggests prompt activation of B

FIG 2 Genomic and messenger rRABV RNA are detected from isolated naive mouse splenic B cells infected with rRABV. B cells were purified from naive total
mouse splenocytes using a magnetic selection protocol (	95% B220� postisolation) and infected at an MOI of 5 with rRABV or rRABV-UV or mock infected
with medium. RNA was purified from cells at the indicated time points, and absolute quantitative PCR was performed on samples in triplicate as described in
Materials and Methods. Data shown are a combination of 3 independent cultures per treatment for each time point. (A) Copy number of genomic rRABV RNA
in isolated B cells infected with rRABV or rRABV-UV or mock infected at the given time points, normalized to 1 �g of total input RNA. (B) Copy number of
messenger rRABV RNA in isolated B cells infected with rRABV or rRABV-UV or mock infected at the given time points, normalized to 1 �g of total input RNA.
To compare two groups of data, we used an unpaired, two-tailed Student’s t test (***, P � 0.001).
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cells, particularly in the presence of accessory splenocytes in cul-
ture.

B cells are professional APCs that can process and present an-
tigen to CD4� helper T cells alongside expression of costimulatory
surface markers that serve as a second signal to activate T cells.
MHC-II plays an essential role in this process as the vehicle for
antigenic peptide presentation to the complementary specific T
cell receptor (TCR). MHC-II can be upregulated in B cells, as in
other professional APCs, by stimulation through a number of
PAMP-sensitive pathways, such as TLR ligation or intracellular
viral RNA sensors (43), as well as through the B cell receptor-
mediated activation pathway (26). CD40 is a constitutively ex-
pressed B cell surface marker which, upon ligation to CD40L on
activated T cells potently stimulates B cell maturation, antibody
secretion, class switching, and division, as well as providing fur-
ther positive feedback to the activated T cell (30, 35). Thus, the
upregulation of MHC-II and CD40 reflects B cell activation to an
antigen-presenting, costimulatory phenotype. Figures 4A and 5A
show representative gating strategies for live B220� cells gated for
MHC-IIhi or CD40hi, respectively, and RABV-N. Notably, the
number of RABV-N� MHC-IIhi- or RABV-N� CD40hi-express-

ing B cells was significantly higher in rRABV-infected cultures at
all times postinfection than in rRABV-UV-infected or PBS-
treated total splenocyte cultures (Fig. 4B and 5B) or isolated B cells
(Fig. 4C and 5C). To evaluate differences in MHC-II or CD40 cell
surface expression within the total infected B cell population,
mean fluorescence intensities (MFI) (again, normalized to MFI
levels of mock-infected B220� cells) were evaluated for shifts by
treatment. Figures 4D and 5D show representative histograms of
B220� cells stained for MHC-II and CD40, respectively. Com-
pared to staining levels in mock-treated B220� cells, the intensity
of MHC-II and CD40 expression was significantly increased in
B220� RABV-N� B cells by day 1 postinfection with rRABV in
both total splenocyte (Fig. 4E and 5E) and purified B cell (Fig. 4F
and 5F) cultures. Consistent with our observations of the expres-
sion of CD69 (Fig. 3), in total splenocyte cultures (Fig. 4E and 5E)
surface expression levels of MHC-II or CD40 were upregulated
more intensely in rRABV-infected RABV-N� B cells than in
rRABV-UV-exposed RABV-N� B cells. In contrast, data from iso-
lated B cell cultures generally indicated no significant differences
in CD40 or MHC-II upregulation on RABV-N� B cells between
rRABV and rRABV-UV cultures. The MFI of MHC-II and CD40

FIG 3 B220� mouse B cells from total splenocyte and isolated B cell cultures infected with rRABV upregulate surface expression of the early activation marker
CD69. Total mouse splenocytes and isolated splenic B cells, cultured and infected as described in the legend to Fig. 1, were stained for surface B220 and CD69,
as well as intracellular RABV-N, for analysis by flow cytometry. Data shown are a combination of 5 (B and E) or 3 (C and F) independent cultures per treatment
for each time point. (A) Representative flow cytometry gating strategy for live B220� cells from total mouse splenocyte cultures gated on surface CD69 and
intracellular RABV-N staining. (B) Numbers of live RABV-N� CD69hi B220� B cells normalized to the number of live cells from total splenocyte cultures
infected with either rRABV or rRABV-UV, or mock infected, at the indicated time points. (C) Numbers of live RABV-N� CD69hi B220� B cells, normalized to
live purified B220� cells from isolated B cell cultures that were mock infected or infected with either rRABV or rRABV-UV at the indicated time points. (D)
Representative histogram showing staining intensity of surface CD69 expression in live B220� B cells from total splenocyte cultures that were mock infected or
infected in vitro with either rRABV or rRABV-UV. (E) Mean fluorescence intensity (MFI) of CD69 staining on live RABV-N� B220� B cells from total splenocyte
cultures infected in vitro with either rRABV (black bars) or rRABV-UV (gray bars), normalized to the CD69 MFI of B220� B cells from mock-infected total
splenocyte cultures. (F) MFI of CD69 staining on live RABV-N� B220� B cells from isolated splenic B cell cultures infected with either rRABV (black bars) or
rRABV-UV (gray bars), normalized to the CD69 MFI of B220� B cells from mock-infected total splenocyte cultures. To compare two groups of data, we used an
unpaired, two-tailed Student’s t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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on RABV-N� B cells from both splenocyte and purified B cell
cultures treated with rRABV-UV also increased compared to lev-
els on mock-treated B cells (Fig. 4E and F and 5E and F). Activa-
tion occurs to a significantly lesser degree by treatment with
rRABV-UV, as despite similar marker MFI upregulation to
rRABV in isolated B cell cultures, significantly fewer RABV-N�

CD40hi/MHC-IIhi cells are detected from both splenocyte and iso-
lated B cell cultures treated with rRABV-UV than from cultures
treated with rRABV. However, even this level of activation by
rRABV-UV was unexpected, as we included the inactive virus as a
negative control to specifically check for the effects of live viral
exposure on B cell activation. Overall, these data support a model
of early activation of B cells to an antigen-presenting T-cell co-
stimulatory phenotype by rRABV infection.

B cells infected with rRABV present antigen to CD4� OT-II T
cells, resulting in MHC-II-restricted T cell proliferation and
IL-2 expression. The preceding data indicate that rRABV infects B
cells, resulting in B cell activation and upregulated costimulatory
marker expression. These observations suggest the potential for
infected B cells to serve as rabies antigen-presenting cells to CD4�

T cells. To establish this capacity of RABV-infected murine B cells,
we utilized a well-defined in vitro assay based on the ability of
primary APCs to process and present chicken ovalbumin antigen
to naive CD4� T cells isolated from OT-II mice, which express a

transgenic TCR recognizing OVA323-339 peptide in the context of
MHC-II I-Ab (44). rRABV-encoded expression of OVA, rather
than a natural RABV antigen, was chosen as the stimulus in these
studies, as no equivalent rabies antigen-specific transgenic T cell
model exists and because the assay using OT-II T cells is well
established in the literature (40). An rRABV that expresses OVA
(rRABV-OVA) was constructed, recovered, and characterized
(Fig. 6A). OVA expression was verified by immunohistochemistry
staining and Western blot analysis of in vitro-infected cells and
culture supernatants using rabbit anti-chicken ovalbumin anti-
body (Fig. 6B), and the virus was confirmed to infect B cells sim-
ilarly to rRABV by flow cytometry (Fig. 6C). On average, 11.9% of
the OT-II CD4� T cells stained positive for division after cocul-
ture with rRABV-OVA-infected B cells (Fig. 6D). T cell prolifera-
tion was not observed following coculture with B cells treated with
UV-inactivated rRABV-OVA or with media alone. CD4� T cell
activation by rRABV-OVA-infected B cells was confirmed by
staining for intracellular expression of IL-2, one of the earliest
cytokines expressed by primed and activated T cells (45). On av-
erage, 14.2% of OT-II CD4� T cells stained for IL-2 when cocul-
tured with rRABV-OVA-infected B cells, compared to 2.5% back-
ground IL-2 staining observed in OT-II CD4� T cells from
rRABV-OVA-UV and mock-treated cocultures (Fig. 6E). Both
OT-II CD4� T cell proliferation and IL-2 expression were depen-

FIG 4 B220� mouse B cells from total splenocyte and isolated B cell cultures infected in vitro with rRABV upregulate surface expression of the antigen
presentation molecule MHC-II. Total mouse splenocytes and isolated splenic B cells, cultured and infected as described in the legend to Fig. 1, were stained for
surface B220 and MHC-II, as well as intracellular RABV-N, for analysis by flow cytometry. Data are from the experiments and number of replicates per treatment
described in the legend to Fig. 3. (A) Representative gating strategy of cells, as described in the legend to Fig. 3A, gated on surface MHC-II and intracellular
RABV-N staining. (B and C) Number of live RABV-N� MHC-IIhi B220� B cells normalized to the number of live cells from total splenocyte cultures (B) or live
B220� cells from isolated B cell cultures (C) that were mock infected or infected in vitro with either rRABV or rRABV-UV at the indicated time points. (D)
Representative histogram showing staining intensity of surface MHC-II expression in live B220� B cells from total splenocyte cultures either mock infected or
infected in vitro with either rRABV or rRABV-UV. (E and F) MFI of MHC-II staining on live RABV-N� B220� B cells from total splenocyte cultures (E) or
isolated B cell cultures (F) infected with either rRABV (black bars) or rRABV-UV (gray bars), normalized to the MHC-II MFI of B220� B cells from correspond-
ing mock-infected cultures. To compare two groups of data, we used an unpaired, two-tailed Student’s t test (***, P � 0.001).
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dent on functional B cell MHC-II expression, since treatment of
rRABV-OVA-stimulated cocultures with anti-MHC-II I-Ab

blocking antibody significantly reduced OT-II CD4� T cell IL-2
expression and reduced the percentage of divided cells to nonsig-
nificance over background levels. To confirm the absence of ef-
fects from contaminating antigen-presenting cells in the isolated
OT-II CD4� T cell preparations used in these studies, magneti-
cally isolated T cell suspensions were cultured and stimulated with
either 25 �g/ml lipopolysaccharide purified from Escherichia coli
strain O111:B4 (LPS-EB) and 150 �g/ml chicken ovalbumin or
rRABV-OVA for 5 days. No significant levels of divided OT-II
CD4� T cells or IL-2 expression were observed above background
levels from these cultures, from mock-treated OT-II CD4� T cell
cultures, or from B cell-T cell cocultures with rRABV not express-
ing OVA (data not shown). We conclude that naive primary
C57BL/6 B cells infected with rRABV are able to process and pres-
ent virally encoded antigens to naive CD4� T cells, thereby prim-
ing and activating antigen-specific helper T cells in an MHC-II-
restricted manner.

rRABV infects and activates primary human B cells. Human
lymphocytes were previously shown to have distinct responses
and susceptibility to rabies infection compared to murine lym-
phocytes (20). To confirm that rRABV can also infect and activate
primary human B cells, Ficoll-separated PBMCs from six healthy
male donors were cultured with rRABV, rRABV-UV, or an equiv-
alent volume of medium as a mock infection control, all in the

absence of any additional mitogen in the culture medium. None of
the donors had a history of rabies immunization, and all donors
tested negative for serum titers of rabies VNA (data not shown).
By staining for dead cells at the time of culture harvests using a
fixable LIVE/DEAD stain, we found that, on average, 4.4% of live
and 5.9% of dead B cells from PBMC cultures infected with
rRABV were RABV-N� by day 4 postinfection, which was signif-
icantly higher than the background level of RABV-N� staining
from PBMC cultures treated with rRABV-UV or media alone (Fig.
7C). In contrast to our data for murine B cells, rRABV-UV treat-
ment of human PBMCs did not elevate the percentage of
RABV-N� B cells above the background level detected in mock-
treated cultures.

Prior reports indicated that live-attenuated RABVs induce
apoptosis in primary human T cells (20), so we ascertained the
level of T cell death in our PBMC samples exposed to RABV. In
contrast to B cells, of which both live and dead cells stained
positive for RABV-N (Fig. 7A and C), only dead CD4� T cells
stained positive for RABV-N (Fig. 7D). Together, the data in-
dicate that rRABV is able to infect B cells from both humans
and mice, although the proportion of human B cells infected
with rRABV was lower than that of the infection observed with
murine B cells. Additionally, the data are consistent with pre-
vious reports that human CD4� T cells infected by live rRABV
in vitro undergo cell death, although the cause and timing of
infected T cell death were not determined here. In contrast,

FIG 5 B220� mouse B cells from total splenocyte and isolated B cell cultures infected with rRABV upregulate surface expression of the survival and costimulatory
molecule CD40. Cells cultured and infected as described in the legend to Fig. 1 were stained for surface B220 and CD40, as well as intracellular RABV-N, for
analysis by flow cytometry. Data are from the same experiments and number of replicates per treatment described in the legend to Fig. 3. (A) Representative
gating strategy of cells, as described in the legend to Fig. 3A, gated on surface CD40 and intracellular RABV-N staining. (B and C) Number of live RABV-N�

CD40hi B220� B cells normalized to the number of live cells from total splenocyte cultures (B) or live B220� cells from isolated B cell cultures (C) that were mock
infected or infected in vitro with either rRABV or rRABV-UV at the indicated time points. (D) Representative histogram showing staining intensity of surface
CD40 expression in live B220� B cells from total splenocyte cultures infected in vitro with either rRABV or rRABV-UV or mock infected. (E and F) MFI of CD40
staining on live RABV-N� B220� B cells from total splenocyte cultures (E) or isolated splenic B cell cultures (F) infected in vitro with either rRABV (black bars)
or rRABV-UV (gray bars), normalized to the MHC-II MFI of B220� B cells from corresponding mock-infected cultures. To compare two groups of data, we used
an unpaired, two-tailed Student’s t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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however, only a subset of infected human B cells appeared to
undergo cell death in response to rRABV infection. Additional
research is required to investigate whether the cell death ob-
served in infected primary human B cells is due to apoptosis
and/or necrosis, as well as whether B cell-derived apoptotic
bodies aid in promoting anti-RABV immunity similar to apop-
totic bodies from mouse T cell lines expressing RABV-G (20).
Nonetheless, our data indicate that live RABV-based vaccines
infect primary RABV-naive human B cells.

Consistent with our activation data on primary murine B
cells, rRABV also activated B cells derived from human
PBMCs. Significantly elevated expression levels of HLA-DR
and CD40 were detected in B cells from PBMC cultures ex-

posed to rRABV compared to B cells from mock-infected con-
trols (Fig. 7E). Furthermore, significantly elevated expression
levels of CD28, which serves as the major early activating re-
ceptor on CD4� T cells for the costimulatory CD80/CD86 pair
on activated B cells, was detected in RABV-N� CD4� T cells
from PBMC cultures infected with rRABV compared to T cells
from mock-infected PBMC cultures (Fig. 7F). rRABV-UV-ex-
posed B cells showed no upregulation of HLA-DR or CD40
expression, and rRABV-UV-exposed CD4� T cells also showed
no upregulation of CD28 expression compared to the mock-
treated control. These data indicate that live but not UV-inac-
tivated rRABV stimulates costimulatory marker expression on
both human B and T cells, supporting the translatability of our

FIG 6 Isolated naive mouse splenic B cells infected with rRABV-OVA stimulate proliferation and IL-2 secretion of naive OVA-specific OT-II CD4� T cells
in an in vitro coculture assay. Splenic B cells were isolated to a purity of 	95% B220� B cells and either mock infected with medium or infected at an MOI
of 5 with rRABV-OVA, inactivated rRABV-UV-OVA, or rRABV-OVA combined with a I-Ab MHC-II blocking antibody. Infected B cells were cocultured
with CellTrace-violet-stained isolated OT-II T cells (	92% CD3ε� CD4�) for 120 h, and then harvested cells were stained for intracellular IL-2 and
analyzed as described in Materials and Methods. (A) rRABV expressing ovalbumin (OVA) was constructed by cloning the chicken ovalbumin gene into
the rRABV backbone, taking advantage of restriction enzyme sites inserted between the glycoprotein (G) and polymerase (L) genes. rRABV-OVA was
recovered, characterized, and grown on baby hamster kidney cells. rRABV-UV-OVA was inactivated by UV light exposure for 10 min to �10 FFU/ml. (B)
Western blot for ovalbumin from supernatants of neuroblastoma cell cultures infected with rRABV or rRABV-OVA. Purified chicken ovalbumin protein
was included as a control. (C) Representative dot plots of B220� RABV-N�-infected B cells from naive mouse splenocytes that were mock infected or
infected at an MOI of 5 with rRABV-OVA or rRABV for 2 days. (D) Dividing CD4� T cells, determined by diminution of CellTrace-violet staining
intensity as a percentage of total CD4� T cells from in vitro cocultures that were mock infected or exposed to rRABV-OVA, rRABV-OVA plus
anti-MHC-II blocking antibody, or rRABV-UV-OVA for 120 h. (E) IL-2hi CD4� T cells, determined by intracellular antibody staining as a percentage of
total CD4� T cells from in vitro cocultures exposed to rRABV-OVA, rRABV-OVA plus anti-MHC-II blocking antibody, rRABV-UV-OVA, or mock
infection for 120 h. The inset shows a representative gating strategy histogram for IL-2hi CD4� T cells. To compare two groups of data, we used an
unpaired, two-tailed Student’s t test (*, P � 0.05; ***, P � 0.001).
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results with murine live rRABV-infected and activated B cells
to human live RABV-based vaccine immunization.

DISCUSSION

The data presented in this report show that live-attenuated
rRABV-based vaccines infect primary murine and human B
cells. Infection results in the expression of cell surface markers
with the ability to induce primary naive murine T cells to pro-
liferate and secrete IL-2, confirming the functional capabilities
of B cells infected with rRABV. While it was previously shown
that RABV infects primary T cells (20), DCs (46), and macro-
phages (24), the observation that attenuated rRABV specifi-

cally infects and activates primary mouse and human B lym-
phocytes is a novel finding.

Our data indicate that B cells in total splenocyte cultures are
infected and activated more efficiently than isolated B cells. While
the differences in percentage of infected B cells in total splenocyte
cultures compared to purified B cells may be attributed to the
overall poorer survival of isolated B cells in vitro, the data also
suggest the existence of costimulatory effects by non-B cells in the
culture that enhance infection and activation of B cells. This is
consistent with previous findings that show that primary T cells
cultured in the presence of mitogens are also more susceptible to
RABV infection than are quiescent T cells (20). The lack of acces-

FIG 7 Human B and T cells from healthy nonimmunized donor PBMCs are infected by rRABV in vitro and upregulate the markers of antigen presentation and
costimulation, HLA-DR, CD40, and CD28. Freshly isolated PBMCs were cultured at a density of 106 cells/ml and mock infected or infected with either rRABV
or rRABV-UV at an MOI of 5 for 4 days. Cells were harvested and stained for B and T cell lineage marker expression, as well as costimulatory activation markers,
for analysis by flow cytometry. (A) Representative gating strategy for live (LIVE/DEAD stain low) human cells stained for CD19 and RABV-N from mock-
infected (left) or rRABV-infected (right) cultures. (B) Representative gating strategy for dead (LIVE/DEAD stain high) human cells stained with CD4 and
RABV-N from mock-infected (left) or rRABV-infected (right) cultures. (C) Percentages of live and dead CD19� B cells staining RABV-N� 4 days postinfection
in vitro from cultures infected with rRABV or rRABV-UV or mock infected. (D) Percentages of live and dead CD4� T cells staining RABV-N� 4 days
postinfection in vitro from cultures infected with rRABV or rRABV-UV or mock infected. (E) MFI of HLA-DR and CD40 staining on days 2 and 4 postinfection
of RABV-N� CD19� B cells from PBMC cultures infected with rRABV (black bars) or rRABV-UV (gray bars), normalized to the MFI of HLA-DR or CD40 on
CD19� B cells from mock-infected cultures. (F) MFI of CD28 staining on RABV-N�CD4� T cells from PBMC cultures infected with rRABV (black bar) or
rRABV-UV (gray bar), normalized to the MFI of CD28 on CD4� T cells from mock-infected cultures. To compare two groups of data, we used an unpaired,
two-tailed Student’s t test (*, P � 0.05).
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sory costimulatory cells may also be a factor in the more even MFI
levels of activation marker staining of rRABV- and rRABV-UV-
treated isolated B cell cultures. Lacking cytokine or cell-associated
survival signal support, cells of high activation states will undergo
positive selection in the culture and be the only cells to survive out
to 2 or 4 days postinfection. In any case, our central goal was not to
compare activation induced by live versus inactivated virus but
rather to discover novel interactions between live rRABV and B
cells. The limited but significant activation of B cells by inactive
rRABV-UV suggests that B cells are weakly sensitive to RABV
antigens and/or RNA even in the absence of any live viral activity.
However, our data incorporating both activated cell counts and
activation marker MFIs make clear that a significant population of
B cells, whether cultured in the presence of accessory cells or iso-
lated, is infected and activated by rRABV. Future work is needed
to identify any specific costimulatory molecules, such as cytokines
or T cell-derived activation signals, which enhance B cell activa-
tion and APC function in the context of rRABV infection.

rRABV-infected and -activated B cells not only upregulate im-
portant molecules involved in efficient T cell-B cell interactions
but also are functionally capable of directly priming and activating
naive T cells to proliferate and secrete IL-2. This is consistent with
the appreciation that B cell functions in an immune response in-
clude serving not only as precursors to antibody-secreting cells
but also as prominent mediators of MHC-II antigen presentation
to T cells. Prompt B cell encounters with T cells postimmunization
was demonstrated in a model using hen egg lysozyme, in which
antigen-specific B cell-T cell conjugates form in the spleen as early
as 30 h postimmunization (31). This indicates that B cells have the
ability to interact with T cells rapidly in secondary lymphoid or-
gans; thus, they have the potential for mediating early priming and
activation (26). Indeed, B cells have been shown to directly and
independently prime T cells both in vitro (47) and in vivo (48, 49),
although the importance of the contribution of B cells to antigen
presentation to CD4� T cells, compared to the contribution of
DCs and macrophages, is highly antigen and model specific (50,
51). Thus, while the participation of B cells in initial T cell priming
steps remains controversial, recent data suggest B cells are of im-
portance to fine-tune the functional qualities of CD4� helper T
cells already primed by other APCs, since B cell-deficient mice
show deficits in T cell cytokine secretion and B cell help provided
by activated T cells postimmunization (34).

A stimulus of particular importance to B cell APC activity is
signaling through CD40. The CD40-CD154 receptor/ligand pair
on B and T cells maintains elevated levels of MHC-II and costimu-
latory molecules, such as CD80/CD86, on the surface of activated
B cells, further promoting effective T cell-B cell interactions (35,
36, 52). Thus, in addition to BCR-mediated activation, B cells may
be stimulated by a number of extracellular or intracellular signals,
such as TLR ligation, BAFF-R or TACI signaling, or intracellular
sensors of viral RNA, such as RIG-I-like receptors (28, 53). Which
of these signals is of greatest importance for rRABV stimulation of
B cells is a mechanistic question beyond the scope of the current
study; however, it seems that B cell activation is not solely medi-
ated by specific binding to antigen recognition regions of the BCR
based on the proportion of B cells from RABV naive mice being
infected and activated by rRABV. Overall, the independent up-
regulation of activation markers on polyclonal B cells following
infection by rRABV may help to promote effective antigen presen-
tation to naive T cells as well as effective postprimed T cell-B cell

interactions in secondary lymphoid organs, questions which re-
quire further in vivo study.

The ability of rRABV to infect and activate B cells can be com-
pared to other select viruses that also infect B cells, inducing var-
ious outcomes for both the host and virus. These include, most
notably and classically, Epstein-Barr virus, which polyclonally in-
fects B cells, resulting in broad B cell activation, antibody secre-
tion, and lymphomagenesis (54). In contrast, a subset of in vitro-
activated human B cells expressing the C-type lectin DC-SIGN are
infected by human herpesvirus 8 (HHV-8), resulting in down-
regulation of CD20 and MHC-I on the B cell surface that aids
immunoevasion by the virus (55). A human B cell line infected
with hepatitis C virus was established using non-Hodgkin’s B cell
lymphoma tissue from an infected patient, indicating that HCV is
capable of infecting B cells both in vivo and in vitro (56). Examples
also exist of virally infected and activated B cells functioning as
APCs, as we found in this study. The retrovirus mouse mammary
tumor virus (MMTV) infects and activates B cells through the
TLR4 receptor and uses the interaction of these infected B cells
with antigen-specific T cells to further viral spread (57). The neg-
ative-sense single-stranded RNA respiratory syncytial virus
(RSV), which is tropic for lower respiratory tract epithelial cells,
was found to persistently infect bovine airway-resident B cells in
vivo and continuing under ex vivo culture (58). Human RSV was
found to infect and stimulate in vitro-cultured mouse B cells, caus-
ing prompt upregulation of markers of activation and costimula-
tion (59). Thus, B cells are infected by a limited range of viruses,
which can influence in diverse ways the pathogenicity of the virus
or immunity of the host, based on the conditions of infection and
phenotype of the B cells. As such, while we have established that
rRABV infection of naive primary B cells results in an antigen-
presenting phenotype that can directly prime naive T cells, it is
possible that B cells at different stages of development or activa-
tion respond differently to rRABV infection, including by apop-
tosis, as was observed for T lymphocytes. Similar to other systems
where viral infection was shown to activate B cells, the importance
of live RABV infection in our system is demonstrated by the ob-
servation that equivalent levels of B cell activation were not
observed with exposure to inactivated rRABV compared to an
equivalent initial dose of live virus. Interestingly, our inactivated
RABV-based vaccine activates primary murine B cells (albeit to
lower levels than live RABV-based vaccines, as just described),
potentially through B cell-intrinsic signaling events, such as TLR
ligation. Our finding that inactivated RABV can activate B cells is
consistent with observations of other inactivated viruses, such as
influenza virus (60) or Chandipura virus (61). However, despite
demonstrating limited activation of primary B cells by inactivated
RABV-based vaccines, our results support the superiority of live
RABV-based vaccines for promoting effective B cell responses.

While our present studies suggest a role for rRABV-infected B
cells as APCs for helper T cells, DCs typically are recognized as
more important initiators of the T cell-dependent immune re-
sponse against a wide range of viral infections (62). This includes
RABV infection, as human immature DCs and monocytes were
found to be infected by both attenuated and pathogenic RABV in
vitro, leading to upregulation of costimulatory markers CD80/
CD86 and maturation of infected cells (23). Mouse bone marrow-
derived DCs are also infected and activated by RABV, leading to
interferon production and costimulatory marker expression by
RIG-I-like receptor-mediated mechanisms (22). Thus, the contri-
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bution of DCs, being more specialized for surveillance of the ini-
tial site of infection in peripheral tissues, cannot be discounted,
and we hypothesize that B cell infection and activation serve
alongside DC stimulation to generate the prompt and potent an-
tibody responses observed following immunization with live
rRABV-based vaccines. Thus, while the role of DCs as APCs cen-
ters on their ability to detect antigen from barrier surfaces and
undergo independent activation in peripheral tissues through a
suite of PAMP sensors (63), the APC capabilities of B cells may
result from their activation in secondary lymphoid organs con-
taining concentrated T cell populations, putting them in prime
position to fine-tune the helper T cell response toward the devel-
opment of an appropriate antibody response and cytokine profile.

To translate our findings from the murine system to humans,
we also show that rRABV is able to infect and activate B cells
derived from primary human PBMCs, although the level of infec-
tion of human PBMC B cells is reduced compared to that for
mouse B cells. The lower proportion of B cells in human PBMCs
(6 to 8%) compared to the proportion in mouse secondary lym-
phoid organs (20 to 60%) may contribute to differences of infec-
tion rates between mice and humans. The phenotype of recircu-
lating B cells contained in PBMCs differs from that of B cells
residing in secondary lymphoid organs, which also may account
for discrepancies (64, 65). Activation marker upregulation by
RABV-infected human B cells was also diminished compared to
that of murine B cells. Human and mouse B cells differ in their
expression of and sensitivity to pathogen sensors, such as TLRs. In
particular, the murine and human TLR7 and TLR8, while both
sensing single-stranded RNA, differ in their sensitivity to pharma-
cological activators (66), and with age, mice acquire a B cell subset
that is refractory to BCR-mediated activation but uniquely sensi-
tive to TLR7 stimulation (67). Thus, a combination of diminished
infection and differing sensitivity to activation by rabies may be
responsible for the weaker impact of in vitro RABV infection on
human B cell activation and for the lack of any response by human
B cells to rRABV-UV. Nonetheless, rRABV was able to signifi-
cantly infect and activate primary human B cells, supporting
translation of our murine findings to humans.

Previously we described the early, protective, extrafollicular
antibody response to immunization with replication-deficient
rRABV-�M as containing both T-independent and T-dependent
antibody production components (13). Our discovery that B cells
infected with rRABV are activated to a costimulatory antigen-
presenting phenotype suggests a novel means of initiation and
support of the early T-dependent component of this antibody
response. We suggest a model whereby polyclonal draining lymph
node B cells infected by rRABV in the hours or days immediately
following immunization serve as antigen-presenting cells for ra-
bies-specific CD4� T cells in the B cell-T cell border of the follicle.
The localized T cell activation may then in turn quickly provide
help to RABV-specific B cells, driving them toward early IgG class-
switched antibody production. This sequence of events is consis-
tent with our previous data showing the rapid induction of T
cell-dependent IgG isotype antibodies within 5 days of immuni-
zation and could contribute to the efficacy of a live, single-dose
RABV-based vaccine (10, 13). Possible T-independent effects on
the RABV-specific antibody response, such as the stimulation of
antibody secretion or class-switching in RABV-infected B cells,
were not examined in the current study but remain to be eluci-
dated, as T-independent antibody production is an important

mechanism contributing to the rapid antibody responses needed
in postexposure settings (13).

In summary, we discovered and characterized the in vitro in-
fection and activation of naive mouse and human B cells by
rRABV and found that rRABV-infected mouse B cells directly
prime and activate naive CD4� T cells in vitro in an antigen-
specific, MHC-II-dependent manner. While it is unlikely that a
live replication-competent RABV-based vaccine would replace
currently licensed human rabies vaccines due to safety concerns,
these findings lay the groundwork for future studies of B cell-
RABV interactions, as well as for the design of a single-dose
RABV-based vaccine that specifically targets B cells for infection
and activation.
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