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ABSTRACT

Vesicular stomatitis virus (VSV) has been extensively studied as a vaccine vector and oncolytic agent. Nevertheless, safety con-
cerns have limited its widespread use in humans. The type III lambda interferon (IFN-�) family of cytokines shares common
signaling pathways with the IFN-�/� family and thus evokes similar antiviral activities. However, IFN-� signals through a dis-
tinct receptor complex that is expressed in a cell type-specific manner, which restricts its activity to epithelial barriers, particu-
larly those corresponding to the respiratory and gastrointestinal tracts. In this study, we determined how IFN-� expression from
recombinant VSV would influence vector replication, spread, and immunogenicity. We demonstrate that IFN-� expression se-
verely attenuates VSV in cell culture. In vivo, IFN-� limits VSV replication in the mouse lung after intranasal administration and
reduces virus spread to other organs. Despite this attenuation, however, the vector retains its capacity to induce protective CD8
T cell and antibody responses after a single immunization. These findings demonstrate a novel method of viral vector attenua-
tion that could be used in both vaccine and oncolytic virus applications.

IMPORTANCE

Viruses such as VSV that are used as vaccine vectors can induce protective T cell and antibody responses after a single dose. Ad-
ditionally, IFN-� is a potent antiviral agent that has certain advantages for clinical use compared to IFN-�/�, such as fewer pa-
tient side effects. Here, we demonstrate that IFN-� attenuates VSV replication and spread following intranasal virus delivery but
does not reduce the ability of VSV to induce potent protective immune responses. These findings demonstrate that the type III
IFN family may have widespread applicability for improving the safety and efficacy of viral vaccine and oncolytic vectors.

Generating protective immune responses after a single immu-
nization can often be challenging using traditional, nonrep-

licating vaccine platforms. However, viral vaccine vectors can ef-
ficiently induce T cell and antibody responses that are necessary
for effective protection from infection. Vesicular stomatitis virus
(VSV), a negative-strand RNA virus, has been studied extensively
as a vaccine vector and oncolytic agent (reviewed in reference 1),
as it offers several advantages over other systems. For example,
effective methods for recovering recombinant VSV vectors (2)
and for expressing foreign genes from the VSV genome (3, 4) have
been developed, and foreign antigen expression from the viral
genome can lead to the development of protective T cell and an-
tibody responses after a single dose. Human infection with VSV is
rare and usually asymptomatic (5, 6), reducing the probability
that preexisting immunity would limit the effectiveness of the vec-
tor. Additionally, VSV can potentially be delivered via a variety of
immunization routes, including the intranasal route, which has
the added advantage of needle-free administration.

Despite these advantages, the use of VSV as a vaccine vector in
humans has been limited due to safety concerns, requiring further
investigation into methods of attenuating the virus prior to its
widespread deployment as a vaccine vector. Mutations or dele-
tions of the viral glycoprotein severely attenuate viral pathogenesis
and spread, but these mutations can also reduce the immunoge-
nicity of the vector, especially when delivered intranasally (7–9).
Vectors with mutations in the matrix protein that prevent viral
evasion of the interferon (IFN) response maintain immunogenic-
ity but still induce rapid weight loss in mouse models (10–14).
Other methods of attenuating viral replication such as gene trans-

location (12, 13, 15, 16) and insertion of foreign genes into the
VSV genome (7, 10, 13, 17–19) have also been employed with
various degrees of success.

IFNs, including type I (IFN-�/�), type II (IFN-�), and type III
(IFN-�1, -2, and -3; originally also known as interleukin-29 [IL-
29], -28A, and -28B), are currently being investigated for their
antiviral, immune-potentiating, and antitumor activities. IFN-�,
the most recently described IFN type, shares structural homology
with the interleukin (IL)-10 family of cytokines (20–22) and sig-
nals through a unique receptor complex composed of the IFN-
�R1 and IL-10R2 chains (20, 21). When activated, this receptor
complex uses the same Jak-STAT signaling cascade as the type I
IFN receptor and therefore exhibits many of the same antiviral
and immune system-activating activities (23). In contrast to the
ubiquitous expression of the IFN-�/� receptor, expression of the
IFN-� receptor chain is limited primarily to cells of the epithelial
lineage (20, 21, 24–26), restricting IFN-� antiviral activity to cer-
tain tissues, including the lung, intestine, and liver. In fact, IFN-�
plays a particularly important role in combating respiratory virus
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infections, as it is the dominant IFN produced in the lung (27–29).
This signaling pattern of IFN-� makes the cytokine a superior
choice compared to type I IFNs in vaccination and therapeutic
applications because it limits hematopoietic toxicities and other
harmful side effects that are caused by systemic activation of IFN
signaling cascades (30).

In this report, we demonstrate how expression of IFN-� from
the VSV genome affects vector replication, selectivity, and spread.
IFN-� expression significantly reduces viral replication in IFN-�-
responsive cell types. Additionally, vector replication is attenuated
in the respiratory tract of mice when delivered intranasally, thus
limiting systemic spread to other organs. However, despite reduc-
tion of VSV dissemination in vivo, the vector remains highly im-
munogenic compared to control nonattenuated vectors. There-
fore, the results presented here demonstrate that expressing IFN-�
from VSV offers a unique approach to vector attenuation.

MATERIALS AND METHODS
Cell lines. Hamster BHK-21 (BHK) epithelial cells and mouse BNL 1ME
A.7R.1 (BNL) hepatocellular carcinoma cells were maintained in Dul-
becco modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum, 50 U/ml penicillin, and 2 mM L-glutamine. Immortalized
mouse hepatocytes (MMHD3) were maintained in RPMI 1640 medium
containing 10% fetal bovine serum, 100 ng/ml epidermal growth factor
(BD Biosciences), 16 ng/ml insulin-like growth factor II, and 10 �g/ml
insulin (Sigma, St. Louis, MO).

Plasmids and recombinant viruses. The open reading frame of the
murine IFN-�2 gene (IL-28A) was codon optimized and chemically syn-
thesized with the addition of the XhoI and NheI restriction sites at the 5=
and 3= ends, respectively (GenScript). This IL-28 gene was subsequently
cloned into the pVSV1XN plasmid or pVSVXN2 plasmid for expression
from the 1st (VSV28.1) or 5th (VSV28.5) position of the VSV genome,
respectively (4, 7).

Recombinant VSV expressing IFN-� was recovered as previously de-
scribed (2). Briefly, BHK cells were infected with vaccinia virus (VACV)
expressing the T7 RNA polymerase and incubated for 1 h in serum-free
DMEM. Infected cells were then transfected with the generated VSV ge-
nomes encoding IFN-�2 and with expression vectors for the VSV N, P,
and L proteins under the control of a T7 promoter. After 48 h, superna-
tants were filtered through a 0.2-�m-pore-size filter to remove VACV and
passaged onto fresh BHK cells. Upon observation of cytopathic effects
(�2 days), the medium was collected and filtered through a 0.1-�m-pore-
size filter. Recovered viruses were then plaque purified, expanded, and
stored at �80°C until use. The titer of recovered virus stocks was deter-
mined by a plaque assay on BHK cells.

Empty recombinant VSV and VSV expressing green fluorescent pro-
tein (GFP) from the 1st position (VSVGFP.1) were provided by J. Rose
(Yale University).

Reverse transcription (RT) and real-time PCR. RNA was isolated
from tissues using an RNeasy minikit (Qiagen, Valencia, CA), and 500 ng
of RNA was reverse transcribed using a High Capacity cDNA reverse
transcription kit (Applied Biosystems). Quantitative PCR was performed
using an Applied Biosystems 7500 real-time PCR system and SYBR green
reaction mix (Applied Biosystems). Primer sequences were as follows: for
VSV N, 5=-GAT AGT ACC GGA GGA TTG ACG ACT A-3= (forward) and
5=-TCA AAC CAT CCG AGC CAT TC-3= (reverse); and for GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), 5=-CAT GAG AAG TAT
GAC AAC AGC CT (forward) and 5=-AGT CCT TCC ACG ATA CCA
AAG T-3= (reverse).

Infection procedures. Female BALB/c mice 6 to 8 weeks of age were
purchased from Charles River Laboratories (Wilmington, MA) and
housed at the Yale University School of Medicine animal facilities. All
experiments were performed in accordance with Yale Institutional Ani-
mal Care and Use Committee-approved procedures. Mice were lightly

anesthetized with 30% isoflurane (Baxter) diluted in propylene glycol
(vol/vol) and infected intranasally with 1 	 106 PFU of VSV, VSVGFP.1,
VSV28.1, or VSV28.5 diluted in 25 �l of serum-free DMEM.

For experiments where viral RNA levels were determined, mice were
infected as described above and euthanized at the indicated times via
anesthetic overdose. Serum was collected, and tissues were excised and
flash frozen in liquid nitrogen. Serum and tissues were stored at �80°C
until further analysis.

Immunological assays. For neutralization assays, serum was serially
diluted in phosphate-buffered saline (PBS) in a 96-well plate. Dilutions
were then incubated with 100 PFU of VSV for 1 h at 37°C to allow serum
antibodies to bind virus. The neutralization mixture was then added to
96-well tissue culture plates with 4 	 103 BHK cells in DMEM. Plates were
subsequently incubated at 37°C for 72 h and observed for cytopathic ef-
fects. Antibody titers were determined according to the lowest serum di-
lution that yielded 100% neutralization of VSV.

Memory T cell responses were determined using an IFN-� enzyme-
linked immunospot (ELISPOT) set (BD Biosciences) following the man-
ufacturer’s protocol. Briefly, 96-well plates were coated overnight with
purified anti-mouse IFN-� antibody (1:200). Plates were rinsed and then
blocked for 2 h using DMEM supplemented with 10% fetal bovine serum,
100 �g/ml penicillin, and 2 mM L-glutamine. Splenocytes were purified
from mice by passaging spleens through 70-�m-pore-size strainers (BD
Falcon) and treating the cell suspension with ACK lysing buffer (Lonza).
After being washed with Hanks’ balanced salt solution (Invitrogen), cells
were suspended in DMEM and seeded at 2 	 105 cells/well. A VSV N
peptide (MPYLIDFGL [31]) was used at 10 �g/ml to stimulate the cells
overnight at 37°C. Cells were washed from plates using PBS-Tween
(0.05% [vol/vol]), and biotinylated anti-mouse IFN-� antibody (1:250)
was added for 2 h at 25°C. After washing, streptavidin-horseradish perox-
idase (HRP) (1:100) was added to wells and incubated for 1 h at 25°C.
Following the final washes, 3-amino-9-ethyl-carbazole (AEC) chromogen
substrate (BD Biosciences) was added to the wells and allowed to develop
at 25°C for 20 to 40 min. Distilled water was added to stop the reaction,
and the plates were allowed to air dry before spot-forming cells (SFC) were
counted.

IFN-� detection and activity. BHK or MMHD3 cells were infected
with VSV, VSV28.1, or VSV28.5 (multiplicity of infection [MOI] 
 1),
and samples were collected at the indicated time points. Media were col-
lected and either mixed with 2	 SDS sample buffer or used to treat
MMHD3 cells to determine STAT1 activation results. Attached cells were
washed once with PBS and collected in 500 �l of 2	 SDS sample buffer.
Proteins were separated on a 10% SDS gel, transferred to a nitrocellulose
membrane, and probed with anti-mouse IFN-� (Santa Cruz Biotechnol-
ogies) or anti-phospho-STAT1 (Tyr701; Cell Signaling Technology).
Blots were subsequently stripped and reprobed with anti-actin (Santa
Cruz Biotechnologies), anti-VSV (a gift from the laboratory of J. Rose), or
anti-STAT1 (Cell Signaling Technology) antibodies. Appropriate second-
ary antibodies were used for detection, and blots were developed using
chemiluminescence.

Statistical data analysis. Student’s t test was used to determine signif-
icant differences in virus plaque sizes, virus titers, and CD8 T cell re-
sponses. P values of �0.05 were considered statistically significant.

RESULTS
Generation of VSV vectors expressing functionally active
IFN-�. The VSV genome sequentially encodes 5 proteins (3=-N, P,
M, G, L-5=), which are transcribed in the indicated order in de-
creasing abundance (32–34). We initially chose to make a VSV
that expresses IFN-� from the 5th position (VSV28.5; Fig. 1A), as
these viruses are typically easier to recover (J. Rose, personal com-
munication). However, since the level of VSV mRNA synthesis
decreases sequentially for each viral protein (35), successful ex-
pression from the 1st position of the genome can lead to levels of
protein synthesis that are more than 3-fold higher (7). Therefore,
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to maximize secretion of IFN-� from our VSV vector, we also
generated a recombinant VSV vector that expresses IFN-� from
the 1st position (VSV28.1; Fig. 1A). Control viruses included
empty recombinant VSV (VSV) and VSV encoding GFP from the
1st position (VSVGFP.1; Fig. 1A). We confirmed that IFN-� is
indeed expressed and secreted at greater levels from VSV28.1-
infected cells than from the VSV28.5-infected cells at both 6 and
12 h postinfection (p.i.) of BHK cells (Fig. 1B).

We next determined if the vector-expressed IFN-� is function-
ally active by measuring its ability to stimulate STAT1 phosphor-
ylation. Media from VSV-, VSV28.5-, and VSV28.1-infected
MMHD3 cells all stimulated STAT1 phosphorylation when trans-
ferred onto IFN-�-responsive MMHD3 cells (Fig. 1C). To show
that the phosphorylation of STAT1 is due specifically to a type III
IFN response initiated by IFN-� in VSV28.5- and VSV28.1-in-
fected cells, we measured STAT1 phosphorylation in the presence
and absence of VACV B18R protein. The secreted B18R protein

shares significant regions of homology with the IFN-�/� receptor
and therefore effectively blocks type I, but not type III, IFN signal-
ing (36). Recombinant B18R was added to the media collected
from MMHD3 cells infected with the VSV vectors before the me-
dia were transferred to fresh MMHD3 cells. The results clearly
demonstrate that STAT1 phosphorylation in the presence of B18R
was substantially reduced only when MMHD3 cells were treated
with media from VSV-infected cells and not when they were
treated with media from VSV28.5- or VSV28.1-infected cells, in-
dicating that phosphorylation of STAT1 resulted from a type III
IFN response induced by vector-expressed IFN-� (Fig. 1C).

This experiment was also performed using BHK cells for the
initial infection by either VSV or the VSV28 vectors. BHK cells are
defective in their IFN signaling pathways and consequently do not
produce IFNs after infection with the VSV vectors. In contrast to
MMHD3 cells, STAT1 phosphorylation was observed only in
VSV28.5- and VSV28.1-infected cells and was not observed in
VSV-infected cells regardless of the presence or absence of B18R
(Fig. 1C). Thus, we conclude that IFN-� is expressed in greater
amounts from the 1st-position vector, is functionally active, and
specifically stimulates type III IFN signaling.

VSV28 vectors are attenuated in IFN-�-responsive cells. To
determine if IFN-� expression from the VSV28.5 and VSV28.1
vectors impacts their replication, cell lines were chosen that do
(IFN-� responsive) or do not (IFN-� nonresponsive) express
IFN-�R1. Mouse BNL hepatoma cells do not express IFN-�R1
and therefore do not directly respond to IFN-� (37). To model
normal cells in cell culture, the mouse immortalized hepatocyte
MMHD3 cell line was chosen (38). These cells require exogenous
growth factors for survival, can be differentiated in culture, and
display many properties of normal hepatocytes, including respon-
siveness to the type III IFNs (39). As expected, consistent with the
differential sensitivities of these cell lines to IFN-�, there were
approximately 60-fold-higher mRNA levels of IFN-�R1 and
6-fold-higher levels of IL-10R� mRNA in MMHD3 cells than in
BNL cells (Fig. 2A).

In order to further investigate the IFN-� sensitivity of these cell
lines, we tested the ability of IFN-� to induce expression of IFN-
stimulated genes (ISGs). We stimulated BNL and MMHD3 cells
with 10 or 100 ng/ml of IFN-� for 24 h and determined the relative
mRNA amounts of representative ISGs using quantitative RT-
PCR. The canonical ISGs OAS and IFIT3 were efficiently induced
by 10 or 100 ng/ml of IFN-� in MMHD3 cells but not in BNL cells
(Fig. 2B), consistent with the different levels of receptor expres-
sion in these cell types.

We found that the VSV28.5 virus is attenuated in IFN-�-re-
sponsive MMHD3 cells compared to VSV but not in cells that are
IFN-� nonresponsive (hamster BHK cells), as measured by rela-
tive virus plaque sizes in culture following low-MOI infection
(Fig. 2C; images of typical plaques in MMHD3 or BHK cells are
shown). VSV expressing the structurally related IL-22 cytokine
from the 5th position (VSV22.5) exhibited plaque sizes compara-
ble to those of VSV. Thus, the attenuation (reduced plaque size) of
VSV28.5 that we observed in the MMHD3 cells is the result of
IFN-� expression and not the result of inserting the cytokine into
the 5th position of the viral genome.

In similarly conducted plaque size assays, we found that
VSV28.1 was attenuated compared to a control VSV vector ex-
pressing GFP from the 1st position (VSVGFP.1) as measured by
relative plaque sizes in IFN-�-responsive MMHD3 cells but not in

FIG 1 Expression of functionally active IFN-� (IL-28) protein from VSV. (A)
Genomic diagrams of the VSV vectors generated in this study. All five genes
encoding the nucleocapsid (N), the phosphoprotein (P), the matrix protein
(M), the glycoprotein (G), and the RNA-dependent RNA polymerase (L) were
present in the viruses. The mouse IFN-�2 (IL-28A) gene was inserted either
upstream of the L gene in the 5th position (VSV28.5) or upstream of the N gene
in the 1st position (VSV28.1). Control viruses with either no insert (VSV) or
the GFP gene inserted in the 1st position (VSVGFP.1) are also depicted. (B)
Immunoblot analysis of glycosolated or unglycosolated IFN-� protein ex-
pressed in the lysates or media collected from BHK cells infected with the
designated viruses at either 6 or 12 h p.i. Molecular mass values are indicated.
(C) Immunoblot of STAT1 (p-STAT1� [91 kDa] and a splice variant, STAT1�
[84 kDa]) phosphorylation in MMHD3 cells incubated for 30 min with media
from either MMHD3 or BHK cells collected after a 24-h infection with VSV,
VSV28.5, or VSV28.1. Media were treated with or without soluble B18R pro-
tein to block IFN-�/� before transfer onto MMHD3 cells as designated. Mo-
lecular mass values are indicated.
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FIG 2 VSV expressing IFN-� is attenuated in IFN-�-responsive cells. (A) Total RNA was prepared from MMHD3 or BNL cells, and IL-10R� and IFN-�R1
mRNA was quantified by quantitative RT-PCR. (B) MMHD3 or BNL cells were treated with or without 10 ng/ml or 100 ng/ml IFN-� for 24 h and harvested for
total RNA isolation. ISGs OAS and IFIT3 were quantified by quantitative RT-PCR. (C to E) MMHD3, BNL, or BHK cells were infected with serially diluted virus,
and at 2 days p.i., plaques were stained and then visualized and photographed under a light microscope for quantification of the average relative plaque size by
measuring the area of an ellipse that was fitted to the plaque. The bar graphs depict the mean individual plaque areas, with error bars representing the standard
errors of the means. Representative images of plaques are shown above each graph. (F) MMHD3 cells were infected with VSVGFP.1 or VSV28.1 at MOIs of 0.01
and 0.1, and media were collected at 10 and 24 h p.i. to quantify viral production by a standard plaque assay. *, P � 0.05; **, P � 0.01.
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IFN-�-nonresponsive mouse BNL or hamster BHK cells (Fig. 2D;
images of typical plaques in MMHD3 cells, BHK cells, and BNL
cells are shown). In the nonresponsive BNL and BHK cells, there
was no reduction in VSV28.1 plaque sizes compared to VSVGFP.1
plaque sizes, indicating that placement of the IFN-� coding se-
quence in the first genome position is not inherently detrimental
to VSV replication. However, in the IFN-�-responsive MMHD3
cells, we found a significant reduction in plaque size with the
VSV28.1 virus to the extent that it was difficult to visual the
plaques, which could more accurately be described as foci of cells
displaying virus-induced cytopathic effects rather than as true
plaques (Fig. 2D).

A number of studies have centered on ways to further improve
the safety and selectivity of VSV for clinical use. The VSV matrix
(M) protein, in addition to being a viral structural protein, also
binds to the nuclear pore complex and prevents export of cellular
mRNA. Specific point mutations in the M protein (such as dele-
tion of methionine at position 51 [�M51]) abrogate the ability of
M protein to block mRNA export and, as a consequence, make
VSV hypersensitive to the cellular IFN response. Stojdl and col-
leagues first demonstrated that VSV�M51 not only retains the
ability to kill cancer cells but also is attenuated in normal cells and
mice (40), a finding that was subsequently confirmed in other
tumor models (41–43). We therefore wanted to compare the at-
tenuation levels of our VSV28.1 vector and the well-characterized
VSV�M51 vector. We found that the VSV28.1 virus displayed a
reduction in plaque size in IFN-sensitive MMHD3 cells similar to
that seen with VSV encoding the �M51 mutation (Fig. 2E). There-

fore, VSV28.1 shows a level of attenuation in IFN-responsive cells
similar to that seen with the highly attenuated �M51 mutant.

Since VSV28.1 was significantly more attenuated in IFN-re-
sponsive cells than VSV28.5, we also examined VSV28.1 in repli-
cation assays measuring virus production over time. In these as-
says, the amount of VSV28.1 virus produced by 10 or 24 h p.i. at
MOIs of 0.01 and 0.1 was measured in the IFN-�-responsive
MMHD3 cells. We found a 
2-log decrease in replication for the
VSV28.1 virus compared to the control VSVGFP.1 virus by 24 h
p.i. (Fig. 2F). In conclusion, we established that the VSV28 vectors
are clearly attenuated in IFN-�-responsive cells.

VSV28.1 is attenuated in vivo and yet induces protective im-
mune responses. As we found that VSV28.1 was significantly
more attenuated in cell culture than VSV28.5, we focused our in
vivo analyses on VSV28.1. After intranasal infection with recom-
binant VSV, the virus initially replicates in the lung and subse-
quently spreads to peripheral organs via the blood (44). However,
unlike naturally derived wild-type (WT) VSV isolates, which can
also spread throughout the brain (45), recombinant VSV is effi-
ciently controlled in the olfactory bulb by the host type I IFN
response (46, 47). To directly measure virus replication in the lung
and peripheral organs, mice were infected by the intranasal route
with 1 	 106 PFU of either VSVGFP.1 or VSV28.1, and viral RNA
(Fig. 3A) or titers (Fig. 3B) were measured by quantitative RT-
PCR at both day 1 and day 2 or by plaque assay at day 1 p.i. in the
lung and spleen. VSV28.1 levels were markedly reduced in both
the lung and spleen relative to VSVGFP.1 levels. This trend of
comparatively reduced RNA levels was also observed in the liver

FIG 3 Reduced replication and spread of VSV28.1 following intranasal infection of mice. (A and B) Mice were intranasally infected with 1 	 106 PFU of
VSVGFP.1 or VSV28.1. The lungs and spleen were harvested, and viral genomic RNA (VSV-N) (A) or viral titers (B) were quantified by quantitative RT-PCR or
by a plaque assay, respectively. (C and D) Mice were left uninfected or intranasally infected with 1 	 106 PFU of VSV or its UV-inactivated equivalent (C) or 1
	 106 PFU of VSV, VSVGFP.1, or VSV28.1 (D). Average weight loss was measured daily until mice had recovered. Error bars represent the standard errors of the
means (n 
 5). *, P � 0.05; **, P � 0.01.

IFN-� Attenuates VSV

September 2014 Volume 88 Number 18 jvi.asm.org 10913

http://jvi.asm.org


and cervical lymph node, although the difference between the lev-
els in the two viruses did not reach statistical significance in these
tissues (data not shown). As previously reported (48), we observed
no pathology in the lung following intranasal VSV infection (data
not shown). Thus, we conclude that the 1st position VSV28.1
vector is attenuated for replication and spread in vivo.

Although the systemic infection that follows intranasal infec-
tion with recombinant WT VSV is typically not fatal, mice are
known to lose 10% to 15% of their body weight by day 3 to day 5
p.i. due to induction of tumor necrosis factor alpha (TNF-�) (14).
The mice subsequently regain weight, reaching preinfection levels
by day 10 to 20. This assay has previously been employed to mea-
sure attenuation of other VSV vectors (7, 8). We first tested
whether viral replication is necessary for induction of weight loss
in this model. BALB/c mice were intranasally immunized with 1 	
106 PFU of VSV or its equivalent of UV-inactivated VSV, and mice
were weighed for 18 days p.i. No measurable weight changes were
observed in mice immunized with UV-inactivated virus (Fig. 3C),
suggesting that VSV replication is required to induce TNF-� and
subsequent weight loss during VSV infection. To test whether
weight loss induced by VSV28.1 differed from that induced by
VSVGFP.1, mice intranasally infected with 1 	 106 PFU of VSV,
VSVGFP.1, or VSV28.1 were weighed over 10 days. Similar levels
of initial VSV-induced weight loss were observed with the VSV,
VSVGFP.1, and VSV28.1 vectors (Fig. 3D), indicating comparable
levels of early TNF-� production after infection with these viruses.

At 4 and 8 weeks p.i., we examined the immune response to
VSV generated in the mice in two ways. First, we assessed the
memory CD8 T cell response to the immunodominant epitope of
the VSV N protein (Fig. 4A); second, we assessed the neutralizing
antibody response induced to the VSV G protein (Fig. 4B). We
found that despite the reduced replication and spread exhibited by
VSV28.1 in the lung and spleen (Fig. 3A and B), compared to the
VSV and VSVGFP.1 vectors, the VSV28.1 virus generated robust
although moderately lower CD8 T cell (Fig. 4A) and comparable
neutralizing antibody (Fig. 4B) responses in infected animals.
Thus, despite its marked attenuation, the VSV28.1 vector retains
its ability to induce potent immune responses.

Because we observed somewhat reduced CD8 T cell responses
to VSV28.1, we next analyzed the protective potential of the mem-
ory T cells elicited by this virus. Furthermore, since we observed
reduced viral titers in mice after VSV28.1 infection, we also deter-
mined if replication is required to induce protection from chal-
lenge. Mice were left uninfected or were intranasally immunized
with either 1 	 106 PFU of VSV or its equivalent of UV-inacti-
vated VSV (Fig. 5A and B) or with 1 	 106 PFU of VSV,
VSVGFP.1, or VSV28.1 (Fig. 5C and D). One month later, all mice
were challenged intranasally with 1 	 106 PFU of a VSV encoding
the Chandipura serotype G protein VSV(G)ch, which is not neu-
tralized by antibody generated to the parental Indiana serotype
VSV strain. Postchallenge, the mice were weighed every 1 to 2
days, and average weights from each group are shown in Fig. 5A
and C. Only the groups that were originally uninfected or immu-
nized with UV-inactivated virus exhibited weight loss after VS-
V(G)ch challenge (Fig. 5A and C). In contrast, mice that were
immunized with VSV, VSVGFP.1, or VSV28.1 were all protected
from weight loss following challenge (Fig. 5A and C).

Splenocytes from these mice were then subjected to IFN-�
ELISPOT assays 2 weeks postchallenge to measure CD8 T cell
recall responses (Fig. 5B and D). The CD8 T cell responses in mice

initially infected with VSV, VSVGFP.1, and VSV28.1 were all
higher than the CD8 T cell responses exhibited by unimmunized
mice or mice immunized with UV-inactivated virus, consistent
with the observed protection of the animals from weight loss.
These results indicate that although replication is required for
induction of T cell responses with protective properties, the re-
duction in viral titers and primary T cell responses exhibited by
VSV28.1 does not affect its ability to protect mice from challenge.

DISCUSSION

Viral vaccine vectors induce strong and often protective anti-
body and T cell responses, and yet their use in humans has been
limited mainly due to safety concerns. In this study, we demon-
strated that IFN-� expression during administration of a VSV-
based vaccine vector helps to minimize spread while maintaining
the immunogenicity of the vector. Many vaccines focus on gener-
ating protective antibodies since antibodies act early to bind, neu-
tralize, and clear entering pathogens. In some cases, however, T
cell responses could play a significant role in protection (recently
reviewed in reference 49). Although we observed a slight decrease
in T cell responses to VSV28.1 compared to VSVGFP.1 at 4 and 8
weeks p.i., these responses were still far above what we observe in

FIG 4 VSV28.1 induces CD8 T cell and antibody responses similar to those of
nonattenuated vectors. Mice were intranasally infected with 1 	 106 PFU of
VSV, VSVGFP.1, or VSV28.1. At 4 and 8 weeks p.i., the splenic VSV-specific
CD8 T cells were quantified by IFN-� ELISPOT assays (A), and VSV neutral-
izing antibody titers were measured in the serum (B). Error bars represent
standard errors of the means (n 
 5).
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uninfected mice and were protective against subsequent virus
challenge. Additionally, neutralizing antibody responses re-
mained equivalent to those seen with the nonattenuated viruses.
Therefore, we expect that IFN-� expression would not limit VSV’s
efficacy as a vaccine vector. However, although we did not inves-
tigate whether different or weaker T cell epitopes would be more
significantly affected by vector attenuation mediated by IFN-�
expression, this possibility is a topic for future investigation.

Despite the fact that VSV28.1 displayed reduced replication
and subsequent spread compared to control VSVGFP.1 in in-
fected mice, the animals lost similar amounts of weight after in-
fection. Weight loss following intranasal VSV infection is abro-
gated in the absence of TNF-� (14), implicating the cytokine in
this process. However, the similar weight loss phenotypes ob-
served here were not entirely unexpected for two reasons. First,
the initial round of virus infection and replication of VSV28.1 is
likely to be similar to that of VSVGFP.1, as IFN-� protein expres-
sion and accumulation would be necessary to reduce virus repli-
cation and spread. In fact, this can be observed in our in vitro data,
where little reduction in virus is seen early after infection (Fig. 2F).
Second, an important cellular source of TNF-� may be virus-
specific T cells, which we find are similar in VSVGFP.1- and
VSV28.1-infected animals.

Although attenuating VSV vectors can result in reduced im-
munogenicity, the immunostimulatory properties of IFN-� may
help VSV28.1 maintain its ability to induce protective immune
responses. In DNA vaccine studies, IFN-� expression augments
CD8 T cell responses while preventing development of regulatory
T cells (50–52). However, the mechanism by which IFN-� acts to
promote immune responses remains unclear. Certain subsets of

immune cells express the IFN-� receptor (53, 54), but IFN-� sig-
naling in epithelial cells may also contribute indirectly to immune
activation. Furthermore, since IFN-� can in some cases induce a
tolerogenic phenotype in immune cells (54), the potential adju-
vant properties of the cytokine may depend on the inflammatory
environment present during expression.

Due to its neurotropic properties, the degree of attenuation
required for VSV’s use in humans might rise above that which we
achieved through expression of IFN-�. For example, although we
did not observe any overt neuropathogenicity in our experiments,
we were still able to detect some viral genomes in the brains of
mice (data not shown). Additional methods of VSV attenuation
could easily be employed in combination with IFN-� expression.
For instance, matrix protein mutations, which interfere with
VSV’s ability to shut down host antiviral defenses (40), may fur-
ther attenuate the vector while still allowing robust expression of
IFN-�. Furthermore, encoding IFN-� may be a useful strategy for
attenuating other viral vaccines or vaccine vectors. For example,
some adenovirus vaccines consist of an orally delivered, enteric
live virus that effectively protects against the acute respiratory dis-
tress syndrome associated with certain adenovirus strains. Despite
the success of these vaccines, occasional viral transmission to un-
vaccinated contacts (55–57) and replication in the respiratory
tract of vaccinated individuals with some adenovirus strains (57,
58) suggests that the development of attenuated vaccine vectors
for this infection would be beneficial. Additionally, many replica-
tion-incompetent adenovirus-based vaccine- and gene-delivery
vectors can undergo homologous recombination during produc-
tion to generate replication-competent virus contaminants (59,
60). Using IFN-� to attenuate adenovirus vaccines and vectors

FIG 5 VSV28.1 immunization protects from subsequent virus challenge. (A and C) Mice were immunized intranasally with PBS (Uninfected), 1 	 106 PFU of
VSV, or the equivalent of 1 	 106 PFU of UV-inactivated VSV (A) or with PBS, VSV, VSVGFP.1, or VSV28.1 (C). At 1 month p.i., all groups were challenged with
1 	 106 PFU of VSV(G)ch, and weight loss was measured for 2 weeks postchallenge. The average weight for each group is shown. (B and D) Splenocytes collected
from mice 2 weeks postchallenge were assayed to quantify splenic VSV-specific CD8 T cells by IFN-� ELISPOT assays (n 
 5). *, P � 0.05; ***, P � 0.001.
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may help reduce viral replication in the respiratory tract and/or
intestinal epithelium and thus improve the safety profiles of these
vaccines and gene-delivery vehicles.

In addition to the antiviral activities of IFN-�, the cytokine also
exhibits antitumor properties. In mouse models of melanoma,
IFN-� promotes cell cycle arrest and apoptosis in vitro and reduces
tumor vascularity, slows growth, and prevents metastasis in vivo
(37, 61). Similarly, in models of hepatoma and fibrosarcoma,
IFN-� prevents tumor growth and metastasis (62, 63). The in vivo
antitumor activity of IFN-� in these studies was mediated mainly
by the indirect recruitment and activation of natural killer and
CD8 T cells rather than by its antiproliferative effects (61–63).
Overall, the antitumor properties of IFN-� combined with VSV’s
propensity to specifically target tumors suggest that the VSV28.1
vector presented in this study may also be useful in cancer immu-
notherapies.
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