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Live-attenuated vesicular stomatitis virus (VSV) vectors expressing foreign antigens induce potent immune
responses and protect against viral diseases in animal models. Highly attenuated (VSV-CT1) or single-cycle
VSV (VSVAG) vectors induce immune responses lower than those generated by attenuated wild-type VSV
vectors when given intranasally. We show here that reduced spread of the more highly attenuated or single-
cycle vectors to other organs, including lymph nodes, correlates with the reduction in the immune responses.
A reverse transcription, real-time PCR assay for VSV genomic RNA (gRNA) sequences showed long-term
persistence of gRNA from replicating vectors in lymph nodes, long after viral clearance. Such persistence may
be important for induction of potent immune responses by VSV vectors.

Vesicular stomatitis virus (VSV), a nonsegmented negative-
strand RNA virus, infects cattle, horses, and pigs, causing ve-
sicular lesions. Other mammals, including humans and mice,
are also infected in areas of enzootic outbreaks (16, 22). Live-
attenuated VSV-based vectors expressing specific foreign pro-
teins produce strong immune responses and protect against
viral diseases in many animal models (4-6, 12, 14, 15, 18, 19),
including a monkey model for AIDS (3, 11, 17). A live-atten-
uated VSV vector expressing human immunodeficiency virus
proteins is moving into clinical trials as an AIDS vaccine.
Given the importance of the VSV vector system, we wanted to
determine the extent of vector replication and persistence in
vivo.

A recombinant wild-type VSV (rwt) derived from DNA (7)
is already attenuated for pathogenesis in mice compared to the
wild-type VSV (14). We have also characterized a highly at-
tenuated VSV mutant with a truncation of the VSV G cyto-
plasmic tail to 1 amino acid (20). This CT1 mutation eliminates
all vector-associated pathogenesis after intranasal (i.n.) inocu-
lation of mice (9, 13). Previous studies showed that the VSV-
CT1 vector induces humoral and cellular immune responses,
but these responses are four- to fivefold lower than those
generated by rwtVSV when given in. (9). In contrast, the
highly attenuated CT1 vector, or a single-cycle vector lacking
the VSV G gene (VSVAG), induced immune responses com-
parable to rwtVSV when given intramuscularly (10).

Spread of VSV vectors in vivo. We hypothesized that after
i.n. immunization, the rwt vector might need to replicate ex-
tensively and spread to other organs to induce strong immune
responses. To examine the extent of replication of rwtVSV and
VSV-CT1 in detail during an in vivo infection, groups of four
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to seven, 8-week-old BALB/c mice were infected i.n. with 5 X
10° PFU of each virus. We harvested lungs, liver, spleen,
plasma, and lymph nodes from mice at various times after
infection. We determined virus titers from snap-frozen, ho-
mogenized tissue and expressed them as PFU per gram or as
PFU/ml in the case of plasma titers (Fig. 1). The brain was
omitted from these experiments because a previous study from
our lab, focusing on neurotropism of our attenuated, rwtVSV
virus, showed that it spread only to the olfactory bulb and no
farther into the brain after i.n. administration in young mice
(24).

Within the lungs and lymph nodes, we observed the highest
titers for rwtVSV at the first time point, 12 h postinfection
(hpi) (Fig. 1A and B). In contrast, the peak VSV-CT1 titers in
all organs occurred at 24 hpi. At 12 hpi, we recovered a total of
9.5 X 10° PFU rwtVSV from the organs tested. This amount
was twice the input virus amount (5 X 10° PFU), a clear
indication that the virus was replicating. In contrast, the total
amount of VSV-CT1 recovered was less than the input
amount. However, the increase in titers from 12 to 24 hpi
suggested that VSV-CT1 was replicating after i.n. inoculation
but that replication of VSV-CT1 was less efficient than that of
rwtVSV in vivo. Our data indicate that VSV-CT1 and rwtVSV
replicate and spread in a similar pattern by initially replicating
within the lungs and then likely traveling to peripheral organs
via the blood. In addition, VSV-CT1 was cleared faster than
rwtVSV from the lungs and lymph nodes (Fig. 1A and B).
VSV-CT1 reached peak titers nearly as high as rwtVSV in
lungs and lymph nodes (Fig. 1), while it grew to titers 10- to
30-fold lower than rwtVSV in tissue culture (20).

We also performed a control experiment to ensure that the
CT1 mutant was not reverting in vivo, because the spread in
vivo seemed greater than expected based on the 30-fold re-
duced growth in tissue culture. The deletion of 28 amino acids
from the cytoplasmic tail of G in the CT1 mutant is easily
detected from the more rapid mobility of the mutant G protein
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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FIG. 1. Replication and spread of recombinant VSV vectors following intranasal inoculation. Eight-week-old BALB/c mice were inoculated
with 5 X 10° PFU of rwtVSV (solid squares) and VSV-CT1 (open triangles). Lungs (A), lymph nodes (B), spleen (C), liver (D), and plasma
(E) were harvested at various times postinoculation. Virus plaque assays were used to determine viral titers in the indicated tissues. The graph
represents average PFU per gram of tissue or per milliliter of plasma = the standard error of the mean.

(SDS-PAGE). To examine this issue, we infected BHK cells
with rwtVSV or VSV-CT1 obtained from lymph nodes har-
vested at 24 hpi. The stock of virus from these cells was then
used to infect BHK-21 cells. At 4 hpi cells were labeled with
[**S]methionine for 25 min, and cell lysates were analyzed by
SDS-PAGE. As shown in Fig. 2, the CT1 G protein from the
recovered virus had a mobility identical to the CT1 G encoded
by the input virus and a mobility faster than the rwtVSV G
protein. This result indicates that there was no reversion of the
mutation after replication in the mouse (20).

Reverse transcription real-time PCR assay. We next devel-
oped a reverse transcription, real-time PCR assay for more
sensitive detection of VSV genomic RNA (gRNA) in animals
and for following spread of the single-cycle AG VSV vector
that cannot be detected by plaque assay. To generate a stan-
dard curve for determination of genome copy number, we
isolated gRNA from purified rwtVSV, calculated RNA copy
numbers from the RNA concentration and molecular weight of
the RNA, and set up reverse transcription reactions using
gRNA copy numbers ranging from 10* to 10°® copies. These

standard curves showed that we could reliably detect 100 cop-
ies of gRNA (Fig. 3F). In the first step of the assay, VSV
gRNA was isolated from tissues with a QIAmp vRNA mini kit
(Valencia, CA). Then, 1 pg of RNA isolated from each sample
and each of the separate standard curve reaction mixtures was
reverse transcribed using the N1 forward (plus-strand) primer
in a 50-pl reaction mixture. In the second step of the reverse
transcription real-time PCR assay, the N1 forward and N2
reverse primers and dual-labeled N3 probe were added to the
TaqMan Universal PCR master mix (see the legend to Fig. 3
for primer sequences). Standard curves were included with
every experiment. Real-time PCR was carried out on an ABI
7500 real-time sequence detection system (Applied Biosys-
tems).

In addition to the standard curves, we also included the
appropriate controls, including reverse-transcribed RNA sam-
ples from mock-infected animals and RNA samples from in-
fected animals in which reverse transcriptase was omitted from
the reaction mixture. All of these control samples still gener-
ated a fluorescent signal detected by the real-time PCR system
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FIG. 2. Proteins expressed by input and recovered viruses. An
SDS-PAGE of lysates from BHK cells infected with viruses and la-
beled with [*S]methionine between 4 and 5 h postinfection is shown.
Input (I) viruses are designated VSV(I) and VSV-CT1(I). Viruses
indicated VSV(R) and VSV-CT1(R) are viruses recovered from in-
fected lungs at 24 h postinfection. The gel image was collected on a
FujiFilm BAS-1800 II system. VSV protein positions are indicated.

but at high (C;) values that were typically greater than 35. The
level we define as background in the assays for gRNA from
mice (Fig. 3) represents a threshold cycle number two cycles
earlier than detected in any control RNA samples from the
same tissue of an uninfected mouse. Four to seven animals
were used for each experimental group.

The real-time assay revealed long-term persistence of
genomic RNA from replication-competent viruses. Figure 3A
to E shows the results of the assays for VSV-CT1 and rwtVSV
gRNA in the indicated organs at various times after infection.
The highest concentrations of rwtVSV gRNA were found in
the lungs and lymph nodes within 24 hpi, while concentrations
in the spleen, liver, and plasma were lower and reached their
peak by 24 hpi. Interestingly, concentrations of live virus and
genome copies per gram of organ were highest within the
draining lymph nodes for rwtVSV and VSV-CT1 vectors (Fig.
1B and 3B). There may be an active mechanism for virus
concentration in the lymph nodes. Alternatively, virus passively
transferred to the lymph node from the bloodstream or lym-
phatics may actively replicate in the lymph nodes to higher
titers than at other sites.

There was a downward trend in gRNA levels after 24 h, just
as was seen with the viral titers (Fig. 3A and B), but there were
striking differences in the rates of change of virus titers and
gRNA levels. For example, within the first 4 days of infection,
rwtVSV titers in the lung dropped nearly 1,000-fold (Fig. 1A),
while gRNA levels fell only10-fold during the same time period
(Fig. 3A). Peak VSV-CT1 titers in the lung dropped from
1.9 X 10° PFU/g at 24 h to undetectable (<50 PFU/g) levels by
4 days postinfection (dpi) (Fig. 1A). In contrast, VSV-CT1
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gRNA levels dropped less than 10-fold during that same time
period (Fig. 3A). The slow kinetics of gRNA decline suggest
that it likely persists for even longer times. We considered the
possibility that this signal might represent some conversion of
viral sequences into DNA by an unknown mechanism. How-
ever, this possibility was ruled out by control experiments that
left out the reverse transcription step prior to the real-time
assay.

A similar pattern of gRNA persisting longer than infectious
virus was found in the lymph nodes. Titers of rwtVSV in lymph
nodes fell approximately 10,000-fold from 12 h to 4 dpi (Fig.
1B), while the genomic RNA levels peaked at 24 hpi and only
declined 5-fold at 4 dpi (Fig. 3B). Genomic RNA levels of
VSV-CT1 in the lymph nodes decreased nearly 100-fold from
1 to 4 dpi (Fig. 3B), but infectious VSV-CT1 dropped below
detection by 4 dpi (Fig. 1B). Furthermore, we consistently
detected low levels of rwtVSV gRNA even at 20 dpi in lung,
lymph nodes, spleen, and liver (Fig. 3). In the case of the
rwtVSV vector in the lymph nodes and spleen and the VSV-
CT1 vector in the lymph nodes, this persistence of gRNA
extended for at least 60 dpi (Fig. 3B and C). The levels were
typically 1,000- to 10,000-fold lower than levels seen at the
peak of infection but were clearly detectable. Results showing
persistence of VSV gRNA in mice have not been reported
previously. However, persistence of VSV RNA (New Jersey
serotype) was detected by nonquantitative PCR in hamsters
(1). In cattle infected intradermally on the tongue with VSV
New Jersey, RNA was detected in the tongue and draining
lymph nodes of infected tissues up to 5 months postinfection
(8), long after infectious virus was cleared. The robust immune
responses seen after VSV infection of mice may be explained,
in part, by the long-term persistence of VSV gRNA and pre-
sumably viral proteins in lymph nodes and elsewhere.

The real-time assay showed limited spread and lack of per-
sistence of genomic RNA from single-cycle vectors. To deter-
mine if the spreading and persistence of VSV genomes after
infection required more than one cycle of virus replication, we
used a VSV recombinant (VSVAG) that lacks the VSV glyco-
protein (G) gene. This virus was grown by complementation in
cells expressing the VSV G protein (21). The VSVAG virus
infects cells and undergoes only a single round of replication
because it does not produce virus particles capable of infecting
other cells.

We inoculated mice i.n. with 5 X 10° PFU of VSVAG,
harvested organs at various times postinfection, and assayed
them for the presence of gRNA just as in the previous exper-
iments. Within the lung, levels of VSVAG gRNA were similar
to VSV-CT1 levels throughout the time course (Fig. 3A). How-
ever, in contrast to VSV-CT1 and rwtVSV, the single-cycle
virus did not spread to other organs except for lymph nodes.
There it was present only transiently during the first 4 days, at
levels close to background (Fig. 3B). We conclude that signif-
icant spreading to other organs after intranasal inoculation
requires more than one cycle of virus replication. The fact that
only a low level of RNA from the single-cycle VSVAG vector
appeared in these lymph nodes indicates that active replication
plays an important role in virus concentration in lymph nodes.

Vector immune responses correlate with extent of virus
spread and persistence. The cellular immune responses gen-
erated by the rwt, CT1, and AG vectors correlate with the
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FIG. 3. Spread and persistence of genomic RNA following intranasal inoculation. Eight-week-old BALB/c mice were inoculated with 5 X 103
PFU of rwtVSV (solid squares), VSV-CT1 (open triangles), and VSVAG (solid circles). At various times postinoculation, lungs (A), lymph nodes
(B), spleen (C), liver (D), and plasma (E) were harvested. Real-time PCR was carried out using N1 forward (5'-GATAGTACCGGAGGATTG
ACGACTA-3") and N2 reverse (3’-TCAAACCATCCGAGCCATTC-5") primers and dual-labeled N3 probe (5'—carboxyfluorescein-TGCACC
GCCACAAGGCAGAGA-6-carboxytetramethylrhodamine-3"). The graph represents the average number of genome copies per gram of tissue
or per milliliter of plasma * the standard error of the mean. Horizontal lines indicate the levels we defined as the background, representing a
threshold cycle number of two cycles earlier than detected in any control RNA samples from the same tissue of an uninfected mouse.

extent of replication and spread seen here. The primary cellu-
lar immune responses (measured using major histocompatibil-
ity complex [MHC] I tetramers) generated by the rwt vector
are about four- to fivefold higher than those generated by
the CT1 vector after intranasal inoculation (9). Responses to the
single-cycle AG vector given i.n. are even lower still (10). The
reduced ability of the highly attenuated and single-cycle vec-
tors to spread to sites such as lymph nodes and spleen and
prime immune responses after in. inoculation is likely the
reason for the reduced responses. However, all three vectors
generate strong and comparable cellular immune responses
when given intramuscularly (10), suggesting that spread from
the muscle to sites where immune responses are generated
might be a much more efficient process than spread from the
lung.

Possible models for persistence of VSV genomic RNA.
Persistence of VSV genomic RNA long after infectious virus
is cleared could be explained by two models. In the first
model, there would be a low level of long-term replication
that persists in just a few cells, perhaps in the lymph nodes.
However, VSV infection generates rapid and potent cellular
immune responses, and cells harboring replicating VSV
would have to be resistant to attack by T cells. VSV infec-
tion also induces neutralizing antibody production by 7 dpi
(I. D. Simon and J. K. Rose, unpublished results). Any
infectious virus produced should therefore be neutralized
and the infectious cycle stopped. We therefore favor a sec-
ond model in which whole virus particles or nucleocapsids
containing RNA are trapped, for example, in the lymph
node capsule, and cleared very slowly. There is also a hybrid
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model in which virus is trapped and occasionally released to
cause an infection.

We have attempted to distinguish among these models by
developing a real-time assay highly specific for positive-strand
VSV mRNA sequences present only in infected cells and not in
virions. If mRNA sequences were persisting long term, it
would be an indication that replication was also persisting. So
far we have not been able to develop a VSV mRNA-specific
assay that does not also detect positive-strand RNA sequences
in RNA purified from virions. This RNA may represent full-
length antigenomic RNA packaged in virions. Packaging of
antigenomic RNA has been reported for rabies virus, a distant
relative of VSV in the rhabdovirus family (2).

Neutralizing antibody titers to VSV continue to increase for
up to 90 days after intranasal infection of mice and persist for
2 years (a mouse life span), often with only two- to fourfold
decreases in titer (J. K. Rose, unpublished results). The in-
crease in neutralizing antibody titer presumably involves selec-
tion for B cells producing higher-affinity antibodies to VSV G
protein. This selection could be driven by persistence of G
protein in lymph nodes. Recent studies from Turner et al. (23)
using a sensitive assay for activation of antigen-specific T cells
have shown persistence of VSV-encoded antigen in mouse
lymph nodes for at least 6 weeks following an acute VSV
infection. These findings are consistent with our findings of
persistence of VSV gRNA sequences in lymph nodes. Such
persistence of low levels of viral genomes and virus-encoded
antigens could help explain potent immune responses and of-
ten lifelong immunity generated following acute viral infec-
tions.
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