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Recombinant vesicular stomatitis viruses (VSV) are excellent candidate vectors for vaccination against
human diseases. The neurovirulence of VSV in animal models requires the attenuation of the virus for use in
humans. Previous efforts have focused on attenuating virus replication. Studies presented here test an alter-
native approach for attenuation that uses a matrix (M) protein mutant (rM51R) VSV as a vaccine vector
against respiratory infection. This mutant is attenuated for viral virulence by its inability to suppress the
innate immune response. The ability of rM51R VSV vectors to protect against lethal respiratory challenge was
tested using a vaccinia virus intranasal challenge model. Mice immunized intranasally with rM51R vectors
expressing vaccinia virus antigens B5R and L1R were protected against lethal vaccinia virus challenge. A single
immunization with the vectors provided protection against vaccinia virus-induced mortality; however, a
prime-boost strategy reduced the severity of the vaccinia virus-induced disease progression. Antibody titers
measured after the prime and boost were low despite complete protection against lethal challenge. However,
immunized animals had higher antibody titers during the challenge, suggesting that memory B-cell responses
may be important for the protection. Depletion experiments demonstrated that B cells but not CD8 T cells were
involved in the protection mediated by rM51R vaccine vectors that express B5R and L1R. These results
demonstrate the potential of M protein mutant VSVs as candidate vaccine vectors against human diseases.

Recombinant vesicular stomatitis virus (rVSV) vectors have
been in commercial development as potential HIV vaccines
and have shown promise as candidate vaccine vectors for
Ebola and Marburg viruses, Lassa fever virus, influenza virus,
respiratory syncytial virus, and measles virus (13, 14, 18, 19,
22–24, 36, 38, 40). The relatively low pathogenicity of VSV for
humans makes it a good candidate for a vaccine vector; how-
ever, because VSV is neurovirulent in mice, VSV vectors have
to be attenuated for use as vaccines. Many of the VSV-based
vectors are attenuated by decreasing their ability to replicate
within the host, which can also decrease the immunogenicity of
the vaccine. Attenuation of VSV has been achieved by genet-
ically altering or deleting the glycoprotein (G) (12, 13, 34–37,
41, 42) or by rearrangement of the gene order to alter protein
expression (12, 46). An alternative strategy for attenuating the
pathogenesis of VSV is to reduce the ability of the virus to
inhibit the host innate immune response (2). The goal of the
experiments presented here was to test this strategy using ma-
trix (M) protein mutants of VSV as vaccine vectors.

Previous data from our laboratory and others has shown that
the M protein of VSV is responsible for suppressing the host
innate immune response by inhibiting host gene expression (3,
9, 10, 43). M protein inhibits host gene expression at multiple
levels including host transcription, host mRNA transport, and
translation of host mRNAs (29). A recombinant mutant virus

in which the methionine at position 51 is mutated to an argi-
nine in the M protein (rM51R) is deficient in its ability to
suppress the host innate immune response but replicates in
most cell types to titers that are as high or higher than the titer
of an isogeneic control virus with wild-type M protein (3). The
rM51R virus is able to induce interferon (IFN) production (3)
and induces expression of many other genes that are important
in the host antiviral response (16; also M. Ahmed and D. S.
Lyles, unpublished data). The rM51R virus is attenuated for
spread to the central nervous system and is attenuated for
virulence in mice (1, 2, 45). The rM51R virus induces an
antibody response comparable to that of the recombinant wild-
type (rwt) virus in mice without causing disease (2). These
results indicate that M protein mutant VSV has the ability to
induce an adaptive immune response in vivo in the absence of
viral virulence and support its potential as a vaccine vector. In
this study we investigated the use of rM51R virus as a potential
vaccine vector against respiratory infection using intranasal
(i.n.) vaccinia virus challenge as a protection model.

One of the challenges in using poxviruses as a model for
respiratory immunity is that poxviruses have two infectious
forms of the virus, the intracellular mature virion (IMV) and
the extracellular enveloped virion (EEV), which is similar to
the IMV form but contains an additional envelope that is
formed during budding of the viral particle from the host cell.
Antibodies against surface components from both forms are
important for protective immunity. Important antigens for
neutralization of the IMV and EEV forms include L1R and
B5R, respectively (17, 48). Another challenge is that poxvirus
antigens are not highly immunogenic when delivered outside
the context of a natural poxvirus infection. Immunization with
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purified proteins plus adjuvant or DNA vaccines requires mul-
tiple immunizations to provide protection (8, 15, 17, 20, 21,
50). Thus, the ability to induce immunity against poxviruses is
a rigorous test of the effectiveness of M protein mutant VSV
vectors.

We engineered the rM51R virus to express the poxvirus
antigens B5R (rM51R-B5R) and L1R (rM51R-L1R). The ex-
periments presented here demonstrate that mice immunized
with the rM51R-B5R and -L1R vaccine vectors were protected
from lethal intranasal vaccinia virus challenge. A single immu-
nization provided protection, but less morbidity was observed
when mice received a prime and a heterologous boost. Immu-
nization with either B5R or L1R vectors independently also
provided protection against lethal challenge. These data high-
light the potential of an M protein mutant VSV that prevents
suppression of the host antiviral response as a vaccine vector
against respiratory infection.

MATERIALS AND METHODS

Viruses and recombinant proteins. The recombinant M protein mutant VSV
vaccine vectors, rM51R-B5R and rM51R-L1R viruses, were isolated from infec-
tious cDNA clones as described previously (26). The rM51R-B5R and rM51R-
L1R cDNAs were constructed using methods similar to those used by Whitlow
et al. to construct rVSV expressing enhanced green fluorescent protein (rVSV-
EGFP) described previously (47). The B5R and L1R genes used were described
previously by Aldaz-Carroll et al. (4, 5). A hemagglutinin (HA) tag was added to
the C terminus of both B5R and L1R at a KpnI site. A PacI site was cloned onto
the 5� and 3� ends of B5R and L1R for its insertion into the rM51R virus using
an rM51R M protein mutant VSV cDNA infectious clone, pVSV.XK4.1 (47).
The primers used to add the PacI site to B5R were the forward primer 5�-CCC
CTTAATTAACCTACGGAAATG-3� and the reverse primer 5-CCCCTTAAT
TAACTCTAGAGGATC-3�. The primers used to add the PacI site to L1R were
the forward primer 5�-CCCCTTAATTAAGCCTAACGAAATG-3� and the
same reverse primer used for B5R (5�-CCCCTTAATTAACTCTAGAGGATC-
3�). Virus stocks were prepared as described previously (26).

Recombinant simian virus 5 (rSV5)-B5R and rSV5-L1R viruses were provided
by Kimberly Clark and Griffith Parks (Wake Forest University Health Sciences).
The B5R and L1R genes used for the rM51R virus vectors were also used in the
rSV5 vectors. The recombinant B5R and L1R proteins were generated in cul-
tures of baculovirus-infected Sf9 cells and purified using a metal affinity resin.
The Salmonella enterica serovar Enteritidis FliC (flagellin) was purified as pre-
viously described (30).

Mouse strains. Five- to 7-week-old female BALB/c mice were used in all
animal studies except for the B-cell-deficient challenge study. The B-cell-defi-
cient challenge study used 5- to 7-week-old female and male Jh knockout mice
of BALB/c origin. Differences in survival and weight loss were not observed
between the male Jh knockout mice and the female knockout mice.

Western blotting. Western blot analysis of protein expression was performed
as described previously (33). Briefly, BHK cells were infected with rwt (multi-
plicity of infection [MOI] of 5 PFU per cell), rM51R-L1R (MOI of 2.4, 7.2, or 24
PFU per cell), or rM51R-B5R (MOI of 3.5, 10.5, or 35 PFU per cell) viruses for
6 h. Anti-HA antibody (Roche) was used as a primary antibody and goat anti-rat
conjugated to horseradish peroxidase (HRP) (Amersham) was used as a second-
ary antibody.

Single-step growth curve analysis. BHK cells were seeded at a density of 70%
and infected with rM51R, rM51R-B5R, or rM51R-L1R viruses at an MOI of 10
PFU per cell. The virus was removed after 1 h, and Dulbecco’s modified Eagle’s
medium (DMEM)–10% fetal bovine serum (FBS) was added back to the cells.
At 4, 8, 12, and 24 h postinfection, 100 �l of supernatant was collected and
centrifuged at 350 � g for 5 min. The supernatant was transferred to a clean tube
and stored at �80°C. Virus titers were determined by plaque assay on BHK cells.

ELISA. Mice were immunized and boosted as described below. Serum was
collected on week 3 (3 weeks postprime), week 6 (2 weeks postboost), week 8 (1
week postchallenge), and week 9 (2 weeks postchallenge). Enzyme-linked im-
munosorbent assays (ELISAs) were performed using a modified protocol as
described previously (44). Briefly, Nunc-Immuno Maxisorp 96-well plates
(Fisher) were coated with purified B5R or L1R or with purified wild-type VSV
(Indiana serotype; Orsay strain) at 200 ng per well in carbonate buffer (7.5 mM

Na2CO3–17.4 mM NaHCO3) overnight at 4°C. The wells were washed with wash
buffer (1� phosphate-buffered saline [PBS]–0.05% Tween 20; Fisher), blocked
with blocking buffer (10� Sigma blocking buffer diluted to 1�), and incubated
with serum diluted in blocking buffer overnight at 4°C. The wells were washed
and incubated with peroxidase-conjugated rabbit anti-mouse IgG (Jackson
ImmunoResearch) at room temperature for 2 h. The wells were washed, and the
antibody reactivity was detected using tetramethyl benzidine (TMB) substrate
solution (Fisher) as directed by the manufacturer. The titers were reported as the
reciprocal of the highest dilution of serum that gave an optical density at 450 nm
(OD450) of �0.1.

Plaque reduction neutralization test (PRNT). Serum samples were heat inac-
tivated at 55°C for 45 min and serially diluted 2-fold in DMEM–2% FBS.
Samples were incubated with 500 PFU of vaccinia virus (strain Western Reserve)
diluted in DMEM–2% FBS for 1 h at 37°C. The serum and virus inoculum were
absorbed onto CV1 cells for 1 h at 37°C. The inoculum was removed, and
DMEM–2% FBS was added to the cells. The plates were incubated for 48 h at
37°C and visualized by crystal violet staining. The neutralization activity was
determined by the reduction in number of plaques for serum samples incubated
with virus compared to the virus-only control.

Immunizations and challenge. Mice were anesthetized with isoflurane and
immunized intranasally with 1 � 105 to 1 � 108 PFU of rM51R-B5R and/or
rM51R-L1R in a total volume of 10 �l. On week 4, the mice were anesthetized
and boosted intranasally with recombinant B5R (20 �g) and/or L1R (20 �g)
proteins plus Salmonella flagellin (1 �g) or 1 � 106 PFU of rSV5-B5R and
rSV5-L1R in a total volume of 10 �l. Mice that received a single primary
immunization with 1 � 108 PFU of rM51R-B5R and rM51R-L1R on week 0
are indicated on figures as rM51R(B�L) 1° only. Mock-infected mice re-
ceived only flagellin (1 �g) on week 4. Vector-only (indicated as
rM51R�rSV5) control mice received 1 � 107 PFU of empty rM51R vector on
week 0 and 1 � 106 PFU of empty rSV5 vector on week 4. Mice were challenged
intranasally on week 7 postprime with 1.7 � 106 PFU of vaccinia virus (strain
Western Reserve), which is equivalent to 20 times the median tolerated dose
(MTD50). The challenge mice were monitored daily for weight loss and disease
progression. Mice were euthanized when they lost more than 30% of their
original weight, as required by IACUC guidelines of Wake Forest University
Health Sciences.

CD8 T-cell depletion. BALB/c mice were primed and boosted as described
above. These mice were challenged on week 8 postprime instead of week 7
postprime as described above. On days �2, 0, and 2 postchallenge, mice were
given 0.3 mg of monoclonal antibody against CD8 (clone 2.43). The efficiency of
CD8 depletion was assessed by flow cytometry. In wt nondepleted mice, the
percentage of CD8 T cells was 13% of total splenocytes. After three depletions
the percentage of CD8 T cells was �1% of the total splenocytes.

Statistical analysis. Statistical analysis for weight loss was performed with the
SigmaStat, version 3.5, software package by repeated measures analysis of vari-
ance.

RESULTS

rM51R vaccine vectors expressing poxvirus antigens repli-
cate to similar levels as the parental rM51R vaccine vector.
The vaccinia virus B5R and L1R genes were inserted into a
separate transcription unit between the M and G genes of the
rM51R virus (Fig. 1A) using reverse genetics (described in the
Materials and Methods section). Both the B5R and L1R genes
lack their transmembrane domains, resulting in truncated pro-
teins that run at 35 kDa and 21 kDa, respectively (4, 5). An HA
tag was added to the C terminus of each of the proteins for
detection of the poxvirus antigens.

Protein expression by rM51R-B5R and rM51R-L1R viruses
was measured by Western blot analysis. BHK cells were in-
fected over a range of MOIs, and the cell lysates were analyzed
at 6 h postinfection. Protein expression for both B5R and L1R
was detected using an antibody against the HA epitope tag. In
Fig. 1B, high levels of protein expression were detected for
both rM51R-B5R and rM51R-L1R viruses. The levels of B5R
expression were higher than those for L1R. To measure the
effect of protein expression on the replication of the vectors, a
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single-step growth curve was performed in BHK cells. Cells
were infected at an MOI of 10, and virus titers at various times
postinfection were determined by plaque assay. Similar growth
kinetics were observed for each of the vectors in the single-step
experiments (Fig. 1C) and also in multiple-step growth exper-
iments (data not shown), indicating that expression of B5R and
L1R proteins did not hinder the replication of the rM51R
vaccine vectors.

Mice immunized with rM51R vaccine vectors expressing
B5R and L1R seroconvert to L1R but not B5R. Mice were
immunized with the rM51R vectors expressing B5R and L1R

to determine whether they developed detectable antibody
titers after primary immunization or after boosting with B5R and
L1R antigens. Mice primed with rM51R-B5R and rM51R-L1R
viruses were boosted by two different methods: (i) intranasal
inoculation with purified soluble B5R and L1R with Salmo-
nella flagellin as an adjuvant (Fig. 2, �B�L�flagellin) or (ii)
intranasal inoculation with recombinant SV5 vectors express-
ing B5R and L1R [Fig. 2, �rSV5(B�L)]. Another group of
mice received a single primary immunization with rM51R-B5R
and rM51R-L1R vectors [rM51R(B�L) 1° only]. As negative
controls mice were mock infected and boosted with flagellin

FIG. 1. Expression of B5R and L1R and growth kinetics of recombinant M protein mutant VSV vaccine vectors expressing poxvirus antigens.
(A) Schematic diagram showing the insertion of the B5R and L1R genes into the rM51R vector. (B) BHK cells were infected with rM51R-B5R
or rM51R-L1R virus vectors for 6 h at the indicated multiplicity. B5R and L1R protein expression was measured by Western blot analysis using
an antibody against the HA epitope tag. (C) Analysis of single-step growth comparing the vectors expressing B5R and L1R to the parental rM51R
vector in BHK cells infected at an MOI of 10. The results are an average of two experiments.
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(Fig. 2B, Mock); vector-only control mice (rM51R�rSV5)
were immunized with rM51R vector and boosted with rSV5
vector, in which each vector lacked the B5R and L1R antigens.
As a positive control mice were immunized with a single sub-
lethal dose of vaccinia virus.

Figure 2A shows the timeline of the experiment. Serum was
collected on week 3 (week 3 postprime), mice were boosted at
week 4, and serum was collected at week 6 (week 2 postboost).
Antibody titers were determined by ELISA using purified
B5R, L1R, or VSV as antigen. The limit of detection for the
ELISA was a serum dilution of 1:100. Figure 2B and C show
titers for individual mice, with the number of individual mice
with titers above the detection limit on the x axis, for week 3
postprime and week 2 postboost, respectively. Figure 2B shows
that most of the mice immunized with the rM51R vaccine
vectors (Fig. 2B, filled and open triangles and filled square)
had antibody titers against B5R and L1R that were at or below
the limit of detection although a few mice had detectable titers
against L1R. All of the mice immunized with VSV vectors had
high titers against the VSV antigen. The positive-control mice
immunized by a sublethal dose of vaccinia virus (Fig. 2B, open
squares) had high antibody titers against both B5R and L1R
but not against VSV, as expected. Mice that were boosted
with the purified proteins with flagellin (Fig. 2B, filled tri-
angles) had seroconverted to L1R but not B5R; however,
the titers for L1R were lower than those observed for the
positive control (Fig. 2C).

Vaccinia virus neutralizing antibody activity was measured
by PRNT for the serum collected at week 6 postprime (Fig. 2C,
week 2 postboost shown). In mice immunized with rM51R
vectors, the PRNT primarily assays antibody against L1R since
most of the vaccinia virus stock used in this assay consists of
IMV particles. Mice that were immunized with rM51R vaccine
vectors that expressed both B5R and L1R (Fig. 2C, filled and
open triangles and closed square) had detectable neutralizing
activity although at a serum dilution of 1:40, the activity was
less than 50% (Fig. 2D). The positive-control mice that were
immunized with a sublethal dose of vaccinia virus (Fig. 2D,
open squares) had neutralizing antibody activity that was
�90% at a serum dilution of 1:1,280. The neutralizing antibody
activity measured in Fig. 2D correlated with the ELISA titers
against L1R shown in Fig. 2C, where mice that were boosted
with recombinant proteins plus flagellin had higher neutraliz-
ing activity than mice that were boosted with rSV5 expressing
B5R and L1R or mice that received only a single immuniza-
tion. These data indicate that although vaccinia virus infection
induces high serum IgG levels and neutralizing antibody activ-
ity, the purified proteins or proteins expressed from viral vec-
tors are relatively inefficient at inducing antibody titers de-
tected by ELISA or neutralizing activity.

Mice immunized with the rM51R vaccine vectors are pro-
tected from lethal vaccinia virus challenge. Mice immunized
with the rM51R-B5R and rM51R-L1R vaccine vectors were
infected with vaccinia virus intranasally with 20 MTD50 (1.7 �
106 PFU/mouse) to determine whether they were protected
from lethal vaccinia virus challenge in the absence of high
antibody titers. Mice that showed signs of terminal illness or
lost 30% of their original weight were euthanized according to
IACUC guidelines and were scored as nonsurvivors.

The results shown in Fig. 3A are represented as the percent-

FIG. 2. Antibody titers for mice immunized with the rM51R vaccine
vectors. (A) Immunization schedule. Five- to 7-week-old BALB/c mice
were immunized intranasally with 108 PFU of rM51R-B5R and rM51R-
L1R viruses. At week 4 mice were boosted intranasally with purified B5R,
L1R, and flagellin [rM51R(B�L) �B�L�flagellin] or 106 PFU of rSV5-
B5R and rSV5-L1R [rM51R(B�L) � rSV5(B�L)] or did not re-
ceive a boost [rM51R(B�L) 1° only]. As negative controls, mice were
mock infected and boosted with flagellin (Mock), immunized with
empty rM51R vector and boosted with empty rSV5 vector (vector only;
rM51R � rSV5). As a positive control mice were immunized with a
single sublethal dose (200 PFU) of vaccinia virus (vaccinia). On week
7 immunized mice were challenged intranasally with a lethal dose
(1.7 � 106 PFU/mouse) of vaccinia virus. (B and C) Antibody titers for
individual mice determined by ELISA. Serum was collected at week 3
(B) and week 6 (C); the limit of detection was a serum dilution of
1:100. Data shown are from a representative experiment in which five
mice were used per group. Similar results for each of these groups have
been reproduced in two or more similar experiments. Number of mice
with detectable titers is given in parentheses on the x axis. The recip-
rocal of the highest dilution of serum that gave an OD450 of �0.1 above
background is shown on the y axis. (D) Virus-neutralizing activity was
determined by PRNT for the serum collected on week 6 used in panel
C. Data shown are the average of five individual mice per group. The
error bars represent the standard error of the mean.
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age of mice that survived lethal challenge as a function of time
postchallenge with vaccinia virus. All of the mock-immunized
(Fig. 3A, filled circle) and 10 out of 15 of the mice immunized
with vector only (open circle) died by day 8 postchallenge.
Three out of 20 of the mice in the positive-control group
immunized with a single sublethal dose of vaccinia virus (Fig.
3A, open square) died. Nearly all of the mice that were immu-
nized with rM51R vectors survived lethal challenge. All of the
mice that were immunized with rM51R vectors and boosted
with the purified proteins plus flagellin (Fig. 3A, filled triangle)
survived the challenge, and only 2 out of 15 mice in the im-
munized group that did not receive the boost (filled square)
and 1 mouse from the immunized group that was boosted with
rSV5-B5R and rSV5-L1R (open triangle) died on day 7 post-
challenge. Single immunizations with either recombinant pro-
teins plus flagellin (13a) or rSV5 vectors that expressed B5R
and L1R (K. M. Clark and G. D. Parks, unpublished data) did
not protect against lethal intranasal vaccinia virus challenge

although protective immunity could be induced by multiple
immunizations with these agents. These results demonstrate
that mice immunized with the rM51R vectors were protected
from lethal vaccinia virus challenge in the absence of high
antibody titers.

Mice that have been immunized still exhibit signs and symp-
toms of vaccinia virus infection after a lethal challenge by the
respiratory route. In Fig. 3B, disease progression as indicated
by weight loss was monitored for 12 days after the challenge for
the mice described previously (Fig. 2 and 3A). The data are
presented as the percentage of the original weight as a function
of time. The mice that were mock infected or immunized with
vector only lost the most weight, and those that survived re-
covered to only �80% of their original weight. The positive
controls that were immunized with a single sublethal dose of
vaccinia virus (Fig. 3B, open square) lost the least amount of
weight. The mice immunized with the rM51R vaccine vectors
that received a boost of purified proteins plus flagellin (Fig. 3B,
filled triangle) or rSV5 vectors expressing B5R and L1R (open
triangle) lost similar amounts of weight and recovered to al-
most their original weights. The immunized mice that did not
receive a boost (Fig. 3B, filled square) lost more weight and
took longer to recover than the mice that did receive a boost.
The difference in weight loss between mice that were boosted
and the mice that did not receive a boost was statistically
significant (P � 0.05, by repeated measures analysis of vari-
ance) from days 6 to 10. Based on these results and the higher
antibody titers shown in Fig. 2, mice were immunized with
rM51R vaccine vectors and boosted with purified proteins us-
ing flagellin as an adjuvant in our subsequent experiments.

Immunization with low titers of rM51R vaccine vector pro-
tects against lethal challenge with vaccinia virus. The minimal
amount of rM51R vaccine vector that would protect against
lethal challenge was determined by immunization with 10-fold
serial dilutions of rM51R-B5R and rM51R-L1R viruses rang-
ing from 105 to 108 PFU/mouse. As described above and out-
lined in Fig. 2A, the mice were boosted with purified protein
plus flagellin and challenged with a lethal dose of vaccinia
virus. Nearly all of the rM51R virus-immunized mice survived
the challenge (Fig. 4A). One out of 10 mice from the group
that received 105 PFU/mouse (Fig. 4A, open circle) died on
day 6 postchallenge. All of the mock-infected mice (filled cir-
cle) died by day 9 postchallenge. These results show that com-
plete protection can be achieved by immunization with the
combined rM51R-B5R and rM51R-L1R viruses at titers as low
as 106 PFU/mouse.

Disease progression following vaccinia virus challenge was
monitored by weight loss for 11 days after the challenge (Fig.
4B). These results demonstrate that mice immunized with the
rM51R vectors recovered from lethal challenge when immu-
nized with titers as low as 106 PFU, but mice that received 108

PFU showed the least signs of vaccinia virus-induced disease
even though this difference was not statistically significant.
Antibody titers measured at weeks 3 and 6 were similar to
those described above (Fig. 2), with no statistical difference
observed between the titers measured over the range of doses
(data not shown).

Protection can be achieved by immunization with B5R or
L1R vectors alone. To determine whether immunization with
either B5R or L1R vectors alone would protect against lethal

FIG. 3. Survival and weight loss for mice immunized with the
rM51R vaccine vectors after lethal vaccinia virus challenge. Mice were
immunized and challenged as in Fig. 2. (A) Percentage of animals that
survived lethal vaccinia virus challenge. (B) Disease progression mea-
sured by weight loss after challenge. Data shown are the average of two
or more similar experiments. The error bars represent the standard
error of the mean. A statistically significant difference (P � 0.05) was
observed in weight loss for mice that received a single inoculation or a
single inoculation and a boost between days 6 and 10. Statistical anal-
ysis was performed using a repeated measures analysis of variance.
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challenge with vaccinia virus, mice were immunized intrana-
sally with 8 � 106 PFU/mouse of rM51R-B5R or rM51R-L1R
or both of the vaccine vectors. On week 4, the immunized mice
were boosted with flagellin plus purified B5R, L1R, or both
proteins and challenged as described above. As controls, mice
were mock infected or immunized with a sublethal dose of
vaccinia virus as described above. Nearly all of the mice that
were immunized with a single antigen survived the challenge
(Fig. 5A). Two out of 10 mice from the B5R (Fig. 5A, open
circle) group and 1 out of 10 from the L1R (filled triangle)
group died after the challenge. All of the mice that received
both antigens (open triangle) survived. These results indicate
that mice immunized with B5R or L1R alone were significantly
protected from lethal challenge.

The mice that were immunized with both rM51R-B5R and
rM51R-L1R (open triangle) vectors lost weight in amounts
similar those of the L1R group (closed triangle) but recovered
faster and closer to their original weights than mice immunized

with either of the single antigens (Fig. 5B). The L1R group
(filled triangle) loss less weight and recovered faster than the
B5R group (open circles). These results indicated that immu-
nization with B5R or L1R alone does protect against lethal
challenge, but L1R provides protection and prevents weight
loss slightly better than B5R. However, immunization with
both antigens provides the best protection and reduces the
severity of disease progression.

Mice immunized with rM51R vaccine vectors had earlier
antibody responses upon challenge. The protection of mice by
immunization with rM51R vectors in the absence of high an-
tibody titers suggests that protection could be due to an earlier
recall response during the vaccinia virus challenge. To deter-
mine if mice immunized with the rM51R vaccine vectors were
able to mount an earlier antibody response upon challenge,
serum was collected at weeks 1 and 2 postchallenge (weeks 8
and 9 postprime) from the mice described in the legend of in
Fig. 2. The IgG antibody titers against B5R and L1R were
determined by ELISA as described previously. On week 1
postchallenge, mice that were immunized with the rM51R vac-

FIG. 4. Survival and weight loss for mice immunized with increas-
ing doses of the rM51R vaccine vectors. Mice were immunized and
challenged as described in the legend of Fig. 2 with 10-fold serial
dilutions of rM51R-B5R and rM51R-L1R viruses ranging from 105 to
108 PFU. On week 4 the mice were boosted with purified B5R, L1R,
and flagellin and challenged on week 7 as described above. (A) Per-
centage of animals that survived lethal challenge. (B) Weight loss after
challenge. Data shown are the average of two experiments (n 	 10 for
each experimental group). The error bars represent standard error of
the mean.

FIG. 5. Survival and weight loss for mice immunized with either
B5R or L1R alone. Mice were immunized as described in the legend
of Fig. 2 with 8 � 106 PFU of either rM51R-B5R or rM51R-L1R
viruses or with both viruses and then boosted with purified B5R, L1R,
or both proteins plus flagellin and challenged. (A) Percentage of ani-
mals that survived lethal challenge. (B) Weight loss after challenge.
Data shown are the average of two experiments (n 	 10 for each
experimental group). The error bars represent the standard error of
the mean.
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cine vectors and boosted had higher titers against B5R, L1R,
or both than the mock-infected mice (Fig. 6A, filled circle) or
mice immunized with vector only (open circle). This time
frame correlates with the weight gain for mice immunized with
rM51R-B5R and rM51R-L1R when all mock-infected mice
had died or had been euthanized due to excessive weight loss
(Fig. 3, 4, and 5). By week 2 postchallenge all the surviving
mice had similar antibody titers against both B5R and L1R
(Fig. 6B). These results indicate that mice immunized with the
rM51R vaccine vectors and boosted had earlier antibody re-
sponses upon the challenge than mice that were naïve to pox-
virus antigens. These results indicate a potential role for anti-
bodies produced by a recall response in the protection against
lethal vaccinia virus challenge in the absence of high antibody
titers after the primary immunization and boost.

B cells but not CD8 T cells are involved in protection me-
diated by rM51R vaccine vectors. The early antibody response
upon challenge in mice that were immunized with rM51R
vaccine vectors that expressed B5R and L1R suggests an im-
portant role for B cells in protection against lethal challenge,
despite the low IgG titers and neutralizing antibody activity
prior to challenge. To determine the role of B cells in protec-
tion against lethal vaccinia virus challenge, Jh knockout mice
were immunized intranasally with 1 � 108 PFU of both
rM51R-B5R and rM51R-L1R at week 0. At week 4, mice were
boosted intranasally with recombinant B5R and L1R plus
flagellin as described above. One group of mice received a
single primary immunization with rM51R-B5R and rM51R-
L1R vectors [rM51R(B�L) 1°only]. As controls mice were

mock infected or immunized with a sublethal dose of vaccinia
virus as described above. On week 7, all mice were challenged
intranasally with 20 MTD50 (1.7 � 106 PFU/mouse) of vaccinia
virus.

As shown in Fig. 7A, all of the mock-infected (15 out of 15)
and vaccinia virus-immunized (13 out of 13) mice (filled circle
and open triangle, respectively) died by day 9 postchallenge.
Seven out of 10 mice that were immunized with both rM51R-
B5R and rM51R-L1R and boosted with recombinant pro-
teins B5R and L1R plus flagellin survived the lethal chal-
lenge (Fig. 7A, open circle). Only three out of nine mice that
received a single primary immunization with rM51R-B5R
and rM51R-L1R (Fig. 7A, filled triangle) survived the chal-
lenge. The difference in survival between mice that received
a single immunization and mice that received a heterologous
boost was not statistically significant. However, a compari-
son of the difference in survival between wt mice and Jh

FIG. 6. Antibody titers after vaccinia virus challenge. Serum was col-
lected from the mice used in the experiment described in the legend of
Fig. 2 at week 1 (A) and week 2 (B) postchallenge. Antibody titers from
individual mice were measured by ELISA as described in the legend of
Fig. 2. Five mice were used per group. Similar results for each of these
groups have been reproduced in two or more similar experiments.

FIG. 7. Survival of Jh knockout mice and mice acutely depleted of
CD8 T cells after lethal vaccinia virus challenge. (A) Jh knockout mice
were immunized, boosted, and challenged as described in the legend of
Fig. 2. Data shown are the results of two experiments. Mock, n 	 15;
rM51R(B�L) � B�L�flagellin, n 	 10; rM51R(B�L) 1° only, n 	 9;
and vaccinia, n 	 13. (B) wt BALB/c mice were immunized, boosted,
and challenged on week 8 as described in the legend of Fig. 2. CD8 T
cells were acutely depleted on days �2, 0, and 2 postchallenge by
injection of 0.3 mg of monoclonal antibody against CD8 (clone 2.43).
Data shown are from 5 mice per group.
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knockout mice revealed a statistically significant difference,
regardless of whether the mice received a boost or only a
primary immunization (P � 0.05). These data indicate that B
cells are important in the protection that is mediated by
rM51R vaccine vectors. However, the observation that some of
the Jh knockout mice that were immunized with the rM51R
vaccine vectors survived suggests that additional components
of the immune response can provide partial protection.

To address the role of CD8 T cells in protecting rM51R
vaccine vector-immunized mice during lethal vaccinia virus
challenge, CD8 T cells were depleted prior to challenge. CD8
T cells, as well as B cells, have been shown previously to
contribute to protection of mice immunized with attenuated
vaccinia viruses although the relative importance of these in-
dividual components of the immune system may vary with the
dose and strain of virus (6, 49). Wild-type BALB/c mice were
immunized and boosted as described above. Mice that were
mock infected or immunized with a sublethal dose of vaccinia
virus were used as controls. T cells were depleted in immu-
nized mice with monoclonal antibody against CD8 on days �2,
0, and 2 postchallenge. The mock-infected animals were not
depleted of their T cells prior to challenge. All mice were
challenged intranasally with 20 MTD50 (1.7 � 106 PFU/mouse)
of vaccinia virus and monitored daily for survival.

Depletion of CD8 T cells had little, if any, effect on protec-
tion of mice immunized with rM51R-B5R and rM51R-L1R,
regardless of whether they received a boost (Fig. 7B, open
circle and filled triangle). In contrast, all of the vaccinia virus-
immunized mice died by day 11 postchallenge. These results
indicate that CD8 T cells are important for protection medi-
ated by sublethal vaccinia virus infection but are not required
for protection mediated by rM51R vaccine vectors.

DISCUSSION

The data presented here are proof of principle that M pro-
tein mutants of VSV can be effective vaccine vectors. Protec-
tion against lethal challenge with vaccinia virus was achieved
with a single inoculation of rM51R vectors although the addi-
tion of a heterologous boost with recombinant proteins and
flagellin provided the best protection against vaccinia virus-
induced disease (Fig. 3). Neutralizing antibodies against the G
protein prevent boosting with the same serotype of VSV vec-
tors. VSV vectors with different serotypes of G protein or that
lack G protein have been used to circumvent neutralizing
antibodies for multiple administrations of VSV (36, 39). In
principle, the rM51R vectors can be modified to contain G
proteins of different serotypes. We chose instead to use the
rSV5 vectors and recombinant proteins plus flagellin for
boosting in these experiments. Neither the purified proteins
(K. N. Delaney and S. B. Mizel, unpublished data) nor the
rSV5 vectors (Clark and Parks, unpublished) elicited protec-
tion with a single immunization. However, both were effective
as boosting agents in the reduction of vaccinia virus-induced
morbidity.

There are two types of challenge models in mice for vaccinia
virus: systemic (intraperitoneal [i.p.] or intravenous [i.v.]) and
respiratory (intranasal [i.n.]) challenge. The requirements for
protection can be different for these two models (25). The
respiratory route reflects the natural route of transmission of

smallpox in its aerosolized form. We hypothesize that a
vaccine delivered via the mucosal route would be more
effective against a lethal respiratory challenge. Other VSV
vaccines have generated better immune responses when given
intramuscularly (i.m.) or i.p. rather than by the i.n. route of
inoculation (34, 35). However, rM51R-B5R and rM51R-L1R
vectors provided better protection when given via the i.n. route
rather than by i.m. inoculation (C. L. Braxton and D. S. Lyles,
unpublished data).

There are a number of challenges to overcome to elicit a
protective immune response to poxviruses. One challenge is
that there are two infectious forms of the virus. The IMV form
is transmitted predominately from host to host, and the EEV
form is important for long-range dissemination within the host
(11, 21, 32). Both the IMV and EEV forms of poxviruses give
rise to neutralizing antibodies (17, 21). Antibodies that neu-
tralize IMV do not neutralize the EEV form of the virus (27).
Previous studies of the immunogenicity of subunit vaccines
against smallpox have included antigens from the IMV (L1R,
A27L, and D8L) and EEV (B5R, A33R, A34R, and A36R)
virions (8, 15, 17, 20, 21, 25). These studies demonstrated that
vaccines that contained multiple antigens provided better pro-
tection than the individual antigens alone (15, 21). In this study
we chose to use L1R and B5R because they are representative
antigens of the IMV and EEV forms, respectively, that have
been shown to induce neutralizing antibodies (17, 48). Mice
immunized with either the rM51R-L1R or rM51R-B5R vec-
tors alone were protected from lethal intranasal challenge,
with rM51R-L1R virus inducing better survival and less weight
loss than rM51R-B5R virus (Fig. 5). Immunization with both
rM51R-B5R and rM51R-L1R vectors provided better protec-
tion than immunization with rM51R-L1R or rM51R-B5R
alone (Fig. 5). This result compares favorably with many pre-
vious studies in which antigens from both IMV and EEV were
required for protection (15, 20, 21, 25).

Another challenge in establishing a protective immune re-
sponse is that B5R, L1R, and other poxvirus antigens are not
highly immunogenic when administered as purified proteins
plus adjuvant or as DNA vaccines, as indicated by the multiple
immunizations needed for protection (8, 15, 17, 20, 21, 50).
The need for multiple immunizations may reflect the need for
a high antigen dose since a sublethal dose of vaccinia virus
induces high antibody titers (Fig. 2). In our experiments, mice
that received a heterologous boost with recombinant proteins
and flagellin usually had detectable antibody titers against L1R
after boosting while titers against B5R often remained unde-
tectable. These mice also had higher levels of neutralizing
antibody activity than mice that received a single immunization
of rM51R-B5R and rM51R-L1R or mice that were boosted
with rSV5 vaccine vectors expressing B5R and L1R although
the neutralizing activity was low. The difference in antibody
responses against these two antigens cannot be due to differ-
ences in antigen expression since B5R was expressed at higher
levels than L1R (Fig. 1).

Despite the low antibody titers and neutralizing activity fol-
lowing immunization with rM51R vectors, immunized mice
were protected from lethal intranasal challenge with vaccinia
virus (Fig. 3, 4, and 5). This protection appears to be mediated
at least in part by memory B cells specific for B5R and L1R,
which respond more quickly and effectively than naïve B cells
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during the challenge. The evidence for this comes from the
high antibody titers against B5R and L1R in mice immunized
with rM51R-B5R and rM51R-L1R 1 week after challenge (Fig.
6A) and from results in Jh knockout mice that lack mature B
cells, in which the ability of rM51R vectors to induce protec-
tion was reduced (Fig. 7A). Jh knockout mice that were im-
munized with the rM51R vaccine vectors were still partially
protected from lethal challenge, which indicates that addi-
tional components of the immune response are also important
for protection. This partial protection does not appear to be
due to CD8 T cells since their depletion had little, if any, effect.
The partial protection observed in Jh knockout mice could be
mediated by other T-cell subsets as well as by induced elements
of the innate immune system. For example, several studies
have established the importance of complement in the clear-
ance of vaccinia virus (7, 28). Although poxvirus antigen-spe-
cific IgG may play a dominant role in complement-mediated
clearance of vaccinia virus, it is quite possible that acute-phase
reactants, such as C-reactive protein (CRP) and mannan-bind-
ing lectin (MBL), or elements of the alternative pathway (31)
might also contribute to the activation of complement and the
clearance of virus. In this regard, we have found that rabbits
given more than two exposures to a flagellin fusion protein
vaccine exhibit some degree of hepatic activation (S. B. Mizel,
unpublished observations). It is possible that the M51R vac-
cine vectors sensitize the mice to flagellin-induced production
of acute-phase reactants such as CRP and MBL. This might
also account for the occasional survival of mice immunized
with vectors that do not express B5R or L1R (Fig. 3). In future
studies, we propose to evaluate this interesting possibility.

The results presented here can be generalized as an alter-
native strategy for the attenuation of live-virus vaccines. The
usual strategy for attenuation of viral vectors, including VSV,
is to decrease the ability of the vector to replicate (12, 13,
34–37, 41, 42, 46). The attenuation strategy utilized here was
based on an M protein mutation that prevents suppression of
the host antiviral response. This mutation attenuates the
pathogenicity of the virus and promotes the adaptive immune
response by increasing the innate immune response (2, 3).
Ahmed et al. have shown that rM51R virus is cleared from the
nasal epithelium during an intranasal infection by day 2 and is
attenuated for spread to the central nervous system, where an
isogenic control virus with wild-type M protein (rwt virus)
spreads through the nasal mucosa and is detected in the olfac-
tory bulb on day 7 after infection (2). The anti-VSV antibody
levels induced by rM51R virus were comparable to those in-
duced by rwt virus, indicating the potential use of rM51R as a
vaccine vector (2). In this study we have shown that rM51R can
be used as a vaccine vector and that it protects mice from lethal
intranasal vaccinia virus challenge. Complete protection was
observed when mice received a heterologous boost with
recombinant proteins and flagellin; however, even with the
boost, the mice lost more weight than the positive controls
that were immunized with the sublethal dose of vaccinia
virus. This result indicates that rM51R vectors can be fur-
ther improved to achieve the level of protection afforded by
a sublethal infection. The addition of immunostimulatory
molecules may further increase the immunogenicity of the
vector; however, future research is necessary to determine
their potential enhanced effect on rM51R vectors.
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