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A fundamental challenge in gene therapy is to develop approaches
for delivering nucleic acid-based gene interfering agents, such as
small interfering RNAs and ribozymes, to the appropriate cells in
a way that is tissue/cell specific, efficient, and safe. Using human
cytomegalovirus (HCMV) infection of differentiated macrophages
as the model, we showed that Salmonella can efficiently deliver
RNase P-based ribozyme sequence in specific human cells, leading
to substantial ribozyme expression and effective inhibition of viral
infection. We constructed a functional RNase P ribozyme (M1GS
RNA) that targets the overlapping mRNA region of two HCMV cap-
sid proteins, the capsid scaffolding protein (CSP) and assemblin,
whichareessential forviral capsidformation.Substantialexpression
of ribozymes was observed in human differentiated macrophages
that were treated with attenuated Salmonella strains carrying the
ribozyme sequence constructs. A reduction of 87–90% in viral CSP
expression and a reduction of about 5,000-fold in viral growthwere
observed in cells that were treated with Salmonella carrying the
sequence of the functional ribozyme but not with those carrying
the sequence of a control ribozyme that contained mutations abol-
ishing the catalytic activity. Toour knowledge, this study showedfor
the first time that ribozymes expressed following targeted gene
transferwithSalmonella-basedvectorsarehighlyactiveandspecific
in blocking viral infection. Moreover, these results demonstrate the
feasibility todevelopSalmonella-mediatedgene transferof RNaseP
ribozymes as an effective approach for gene-targeting applications.
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Human cytomegalovirus (HCMV), a common opportunistic
pathogen, causes significant morbidity and mortality in

immunocompromised or immunologically immature individuals,
including neonates, AIDS patients, and transplant recipients (1).
Macrophages and their progenitor cells, such as monocytic cells,
represent the major reservoirs for HCMV. HCMV can establish
latent infection in undifferentiated monocytic cells but engage in
productive and lytic replication in terminally differentiated
macrophages, leading to viral pathogenesis. Thus, blocking
HCMV infection and replication in macrophages is central in
treating and preventing HCMV-associated diseases.

Nucleic acid-based gene interference technologies, including
ribozymes and small interfering RNAs, represent promising
gene-targeting strategies for specific inhibition of mRNA se-
quences of choice (2). Altman and colleagues have previously
shown that RNase P of Escherichia coli contains a catalytic
RNA subunit (M1 RNA) that can be engineered to cleave tRNA
substrates and other target RNAs, including specific mRNAs
(3, 4). A sequence-specific ribozyme, M1GS, constructed by at-
taching to M1 RNA a guide sequence (GS) complementary to a
target mRNA (Fig. 1 A and B), is effective in blocking mRNA
expression in cultured cells (4, 5). M1GS-based strategy repre-
sents a unique nucleic acid-based interference approach because
of the use of M1 RNA, one of the most efficient catalytic RNAs
found in nature (3). Previous studies have shown that M1GS

RNAs and RNase P are effective in cleaving both viral and
cellular mRNAs and blocking their expression in cultured cells,
including inhibition of gene expression of human influenza and
herpes viruses (5–7).

A fundamental challenge in gene-targeting therapy is to devel-
op approaches for delivering genetic material to the appropriate
cells of a patient in a way that is tissue/cell specific, efficient, and
safe (8, 9). Many of the vectors currently in use are based on
attenuated or modified viruses, or synthetic vectors in which
complexes of DNA, proteins, and/or lipids are formed in parti-
cles. Like all other nucleic acid-based interference approaches,
delivery and expression of M1GS sequences in specific cell types
and tissues is central in developing this technology for gene-
targeting applications.

Invasive bacteria, such as Salmonella, which possess the ability
to enter human cells, are capable of transferring genetic material
to host cells, leading to efficient expression of the transferred
genes (9). Attenuated Salmonella strains have recently been
shown to function as a carrier system for delivery of nucleic
acid-based vaccines and antitumor small hairpin RNAs
(shRNAs) for cancer therapy (10–13). In these studies, plasmid
constructs, which contained the transgenes under the control of
an eukaryotic expression promoter, were introduced to the
attenuated bacterial strains. These attenuated strains can target
specific cells, such as dendritic cells, macrophages, and epithelial
cells, and survive within the target cells to a limited extent. How
the plasmid DNA from a bacterial vector is transferred to the
host is not completely understood. It is generally believed that
once bacteria undergo lysis intracellularlly, the plasmid content
is released, leading to expression of the encoded transgenes in
the construct by cellular machinery (11, 14). Macrophages
represent the major in vivo reservoir for Salmonella following
their systemic dissemination (15) and, therefore, are considered
an optimal target for a Salmonella-based gene therapy.

Using HCMV infection of differentiated macrophages as the
model, we in this study provide direct evidence that Salmonella
can efficiently deliver the M1GS sequence into human differen-
tiated macrophages, leading to substantial expression of the ribo-
zymes. M1GS ribozymes were constructed to target the region of
the mRNA encoding the HCMV capsid scaffolding protein
(CSP). CSP completely overlaps with and is within the 3′ coding

Author contributions: Y.B., H.L., S.L., and F.L. designed research; Y.B., H.L., G.-P.V., H.G.,
and S.U. performed research; Y.B., H.L., G.-P.V., H.G., S.L., and F.L. contributed new
reagents/analytic tools; Y.B., H.L., G.-P.V., H.G., S.U., T.Z., S.L., and F.L. analyzed data;
and Y.B., H.L., G.-P.V., H.G., S.L., and F.L. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.
1To whom correspondence should be addressed at: Program in Comparative Biochemistry,
University of California, Berkeley, CA 94720. E-mail: liu_fy@berkeley.edu.

2To whom correspondence should be addressed at: School of Public Health, University of
California, Berkeley, CA 94720. E-mail: sangwei@berkeley.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0912813107/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.0912813107 PNAS ∣ April 19, 2010 ∣ vol. 107 ∣ no. 16 ∣ 7269–7274

BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/cgi/content/full/0912813107/DCSupplemental
http://www.pnas.org/cgi/content/full/0912813107/DCSupplemental
http://www.pnas.org/cgi/content/full/0912813107/DCSupplemental
http://www.pnas.org/cgi/content/full/0912813107/DCSupplemental


sequence of another viral capsid protein, assemblin (1). Both CSP
and assemblin are essential for HCMV capsid formation and
replication (1). Our results showed that targeted gene delivery
of RNase P ribozyme by Salmonella to HCMV-infected cells
resulted in effective inhibition of viral gene expression and repli-
cation. Furthermore, these results demonstrate the feasibility of
developing Salmonella-based vectors for delivering RNase P ribo-
zymes for treatment of viral diseases.

Results
In Vitro Cleavage of HCMVmRNA Sequence by M1GS Ribozyme.Using
DMS, we employed an in vivo mapping approach (5) to deter-
mine the accessibility of the region of the CSP mRNA in
HCMV-infected cells, and we chose a highly accessible region
as the cleavage site for M1GS RNA. A functional ribozyme,
M1-C1, was constructed by covalently linking the 3′ terminus
of an engineered M1GS ribozyme, V57, with a guide sequence
of 18 nucleotides that is complementary to the targeted mRNA
sequence. V57 is a M1 RNA variant (G190 → U190 and

A258 → C258) generated from an in vitro selection procedure,
and ribozymes derived from this variant are among the most ac-
tive M1GS RNAs in cleaving the CSP mRNA and the thymidine
kinase (TK) mRNA of herpes simplex virus 1 (HSV-1) (Fig. 1)
(16). A control ribozyme, M1-C2, was derived from M1-C1 by
introducing several point mutations (A347C348 → C347U348 and
C353C354C355G356 → G353G354A355U356) at the catalytic P4
domain. These mutations reduced the activity of M1 RNA in
cleaving a pre-tRNA by at least 10,000-fold (7). M1-C2 is there-
fore expected to be catalytically inactive.

Incubation of a substrate containing the CSP mRNA sequence
with functional ribozyme M1-C1 yielded efficient cleavage
(Fig. 1, lane 2). In contrast, cleavage by M1-C2 was barely de-
tected (Fig. 1, lane 3). Gel-shift assays indicate that the binding
affinity of M1-C2 to the CSP mRNA substrate, measured as the
dissociation constant (Kd), is similar to that of M1-C1 (Fig. 1C).
Since M1-C2 contains the same antisense guide sequence and
exhibits similar affinity to the CSP mRNA substrate as M1-C1
but is catalytically inactive, this ribozyme was used as a control
for the antisense effect in our experiments (see below).

Efficient Gene Delivery for the Expression of Ribozymes in Macro-
phages by Salmonella. The DNA sequence coding for M1-C1
and M1-C2 were cloned into vector pU6, which contains a
GFP expression cassette, and placed under the control of the
small nuclear U6 RNA promoter. This promoter, which is tran-
scribed by RNA polymerase III, has previously been shown to
express M1GS RNA and other RNAs steadily (5, 17). To deter-
mine whether Salmonella-mediated delivery for expression of a
M1GS RNA with an incorrect guide sequence could affect the
CSP mRNA, the DNA sequence for ribozyme M1-TK, which
was derived from V57 and targeted the HSV-1 TK mRNA
(16), was also cloned into vector pU6. No cleavage of the CSP
mRNA substrate by M1-TK was observed in vitro (Fig. 1, lane
4). The DNAs of constructs containing the M1GS sequence were
transformed into auxotrophic Salmonella strain SL7207, which is
attenuated in virulence and pathogenesis in vivo and has been
shown to function efficiently as a gene delivery carrier for the
expression of several transgenes in mammalian cells (12, 13).

Four sets of experiments were carried out to characterize
Salmonella carrying the plasmids with the ribozyme sequences.
First, growth analyses of Salmonella were performed. There
was no significant difference in the growth kinetics of Salmonella
carrying no constructs or constructs pU6-M1-C1, pU6-M1-C2,
pU6-M1-TK, and the pU6 empty vector in LB broth (Fig. 2A),
indicating that the presence of the ribozyme sequence does
not result in an impaired viability of the bacterial carrier. Second,
Northern analysis indicated that neither the GFP nor the M1GS
RNA transcript was detected in Salmonella carrying different
ribozyme constructs. Furthermore, no GFP signal was observed
when Salmonella was examined under a fluorescence microscope.
These results suggested that M1GS RNA, which was under the
control of the U6 expression cassette, was not expressed in the
Salmonella vector. Third, to determine whether Salmonella can
efficiently deliver the M1GS sequences into human cells, differ-
entiated macrophage THP-1 cells were infected with Salmonella
SL7207 carrying pU6-M1-C1, pU6-M1-C2, pU6-M1-TK, and the
pU6 empty vector. At 24 h postinfection, more than 80% of cells
were GFP positive, indicating efficient gene transfer mediated by
Salmonella. Fourth, to examine the ribozyme expression after
Salmonella-mediated gene transfer, total RNAs were isolated
from Salmonella-infected cells at 24 h postinfection. The levels
of M1GS RNAs (Fig. 2B) were assayed with Northern analyses,
using H1 RNA [the RNA subunit of human RNase P (3)] as the
internal control (Fig. 2C). Similar levels of ribozymes were found
when cells were infected at the same multiplicity of infection
(MOI) with Salmonella carrying different ribozyme sequences.
The M1GS RNAs appeared to be exclusively expressed in the

Fig. 1. (A and B) Schematic representation of a natural substrate (ptRNA)
(A) and a complex formed between a M1GS RNA and its mRNA substrate
(B). (C) Overall cleavage rate [ðkcat∕KmÞs] and binding affinity (Kd ) in reactions
with ribozymes (average values of triplicate experiments). (D) Cleavage of
the CSP mRNA substrate by M1GS RNA. The substrate (20 nM) was incubated
alone (lane 1), with 5 nM of M1-C1 (lane 2), M1-C2 (lane 3), or M1-TK (lane 4).
Reactions were carried out for 40 min in buffer A (50 mM Tris.HCl, pH 7.5,
100 mM NH4Cl, and 100 mM MgCl2) at 37 °C.
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nuclei as they were detected only in the nuclear but not the
cytoplasmic RNA fractions. This is consistent with previous
observations that the transcripts expressed by the U6 promoter
are primarily localized in the nuclei (7, 17).

Inhibition of Viral Gene Expression by Ribozymes Delivered via Salmo-
nella-Based Vector.To determine the effect of the M1GS sequence
delivered by Salmonella on HCMV gene expression, differen-
tiated THP-1 cells were first treated with Salmonella carrying
the U6-M1GS plasmids. The Salmonella-containing cells were
then isolated by FACS analysis based on GFP expression, and in-
fected with HCMVat a multiplicity of infection (MOI) of 0.05–1.
Total RNAs were isolated from the infected cells at 8–72 h post-
infection. The expression levels of CSP and assemblin mRNAs
were determined by Northern analyses. The level of the 5-kb long
viral immediate-early transcript (5-kb RNA), whose expression is

not regulated by assemblin and CSP under the assay conditions
(1), was used as an internal control for the quantitation of expres-
sion of the target mRNAs (Fig. 3A). A reduction of about
90� 8% and 90� 9% (average of three experiments) in the ex-
pression levels of CSP and assemblin mRNAwas observed in cells
that expressed M1-C1, respectively (Fig. 3B and Table 1). In
contrast, a reduction of less than 10% in the expression levels
of these two mRNAs was observed in cells that were treated with
Salmonella carrying the M1-C2 or M1-TK sequences. The CSP
protein levels in cells that were treated with Salmonella carrying
the M1-C1 sequence-containing plasmid were also reduced. Pro-
teins were isolated from cells at 24–72 h postinfection, separated
in SDS-polyacrylamide gels, and transferred to identical mem-
branes. One of the membranes was stained with an anti-CSP anti-
body, and another membrane was stained with a monoclonal
antibody against human actin (Fig. 3 C and D). The latter serves
as an internal control for the quantitation of CSP protein expres-
sion. A reduction of about 87% in the protein level of CSP (from
three independent experiments) was observed in cells treated
with Salmonella carrying the M1-C1 sequence, while a reduction
of less than 10% was found in cells that were treated with Salmo-
nella carrying the plasmids expressing the M1-C2 or M1-TK
RNAs. The low level of inhibition found in cells treated with
Salmonella carrying the M1-C2 sequence was presumably due
to an antisense effect because M1-C2 exhibited similar binding
affinity to the target sequence as M1-C1 but was catalytically

Fig. 2. (A) Analysis of growth in LB broth of Salmonella strain SL7207 and its
derivatives that carried constructs of the sequence of M1-C1, M1-C2, and
M1-TK. (B and C) Northern analyses of the expression of M1GS ribozymes
in differentiated THP-1 macrophages that were treated with Salmonella car-
rying the empty vector (-, lane 1, 4) or with Salmonella carrying constructs
that contained the sequence of M1-C1 (lanes 2 and 5) and M1-C2 (lanes 3
and 6). RNA samples (25 μg) were separated on 2% agarose gels that
contained formaldehyde, transferred to nitrocellulose membranes, and
hybridized to a [32P]-radiolabeled probe that contained the DNA sequence
coding for M1 RNA (lanes 1–3) (B) or H1 RNA (lanes 4–6) (C), the RNA subunit
of human RNase P (3).

Fig. 3. (A–D) Expression levels of HCMV mRNAs (A and B) and proteins
(C and D). Differentiated THP-1 cells were first treated with Salmonella carry-
ing the empty vector (-, lanes 1–2, 5–6, 9–10, and 13–14) or with Salmonella
carrying constructs that contained the sequence of M1-C2 (lanes 3, 7, 11, and
15) and M1-C1 (lanes 4, 8, 12, and 16). The cells were then either mock-
infected (lanes 1, 5, 9, and 13) or infected with HCMV (lanes 2–4, 6–8,
10–12, and 14–16) and were harvested at 12–72 h postinfection. In Northern
analysis (A and B), RNA samples (25 μg) were separated on agarose gels,
transferred to nitrocellulose membranes, and hybridized to [32P]-radiola-
beled probes that contained the sequence of the HCMV 5-kb transcript (lanes
1–4) and CSP mRNA (lanes 5–8). For Western analyses (C and D), protein sam-
ples (35 μg) were separated in SDS-polyacrylamide gels. Themembranes were
stained with the antibodies against human actin (C) and HCMV CSP (D).
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inactive. These results suggest that the significant reduction
of CSP expression in cells treated with the M1-C1-containing
Salmonella is due to Salmonella-mediated gene delivery of the
ribozyme.

Inhibition of HCMV Growth by Salmonella-Mediated Gene Delivery of
Ribozyme.To determine whether Salmonella-mediated gene deliv-
ery of ribozymes inhibits the growth of HCMV, differentiated
THP-1 cells were first treated with Salmonella carrying the
ribozyme sequences. The Salmonella-containing cells were then
isolated by FACS analysis based on GFP expression and infected
by HCMVat an MOI of 1–5. We harvested the infected cultures
(cells and culture medium together) at one-day intervals through
seven days postinfection and determined the viral titers of
these samples. At six days postinfection, a reduction of at least
5,000-fold in viral yield was observed in cells that were treated
with Salmonella carrying the vector containing the M1-C1 se-
quence (Fig. 4). In contrast, no significant reduction was found
in cells that were treated with Salmonella that carried the empty
vector plasmid, or plasmids containing the M1-C2 and M1-TK
sequence (Fig. 4).

Blocking Viral Capsid Maturation by Salmonella-Mediated Gene Deliv-
ery of M1GS Ribozymes. HCMV CSP is essential for viral capsid
maturation and assembly (1). Meanwhile, it is possible that the
observed reduction of viral growth in cells that were treated with
M1-C1 sequence-containing Salmonella is not necessarily due to
specific M1GS RNA-mediated cleavage of CSP mRNA but is
due to other effects of the ribozyme or Salmonella on viral lytic

replication that are unrelated to the consequence of the ribozyme
cleavage or the inhibition of viral CSP expression. To further de-
termine the antiviral mechanism of the Salmonella-mediated
gene delivery of M1GS against the CSP mRNA, two sets of ex-
periments were performed to investigate which step of the viral
lytic cycle was blocked in cells treated with M1-C1 sequence-
containing Salmonella. First, we examined the expression of other
viral genes. Inhibition of CSP/assemblin expression is not
expected to affect the expression of other viral genes, including
immediate-early (α), early (β), and late (γ) genes (1). The levels of
the IE2 (an α-transcript) and US2 mRNA (a β-transcript) were
examined using Northern analyses, whereas the levels of viral
protein UL44, a viral early late (βγ) protein and gB, a viral late
(γ) protein were assayed with Western analyses. We observed no
significant difference in the levels of these genes among Salmo-
nella-treated cells (Table 1), suggesting that the Salmonella-
mediated delivery of M1-C1 specifically inhibits the expression
of its target and does not affect overall viral gene expression.

The second set of experiments was performed to determine
whether viral genomic replication as well as capsid maturation
is affected in cells treated with Salmonella that carried the ribo-
zyme constructs. Cells were first treated with Salmonella, and the
Salmonella-containing cells were then isolated by FACS analysis
based on GFP expression and infected with HCMV. Total DNA
was isolated from HCMV-infected cell lysates, and the level of
intracellular viral DNA was determined by PCR detection of
the HCMV IE1 sequence, using levels of β-actin DNA as the in-
ternal control (Fig. 5). The amount of intracellular viral DNA
detected by the PCR assay should represent the replication level
of the viral genome because HCMV replicates only in an episo-
mal form and does not integrate its DNA into the host genome
(1). To determine the level of mature capsids assembled in in-
fected cells and examine viral capsid formation, we assayed
the level of encapsidated viral DNA. DNA samples were isolated
from HCMV-infected cell lysates that were treated with DNase I.
The encapsidated viral DNAs are resistant to DNase I digestion,
whereas those that are not packaged in the capsid will be suscep-
tible to degradation. When the DNA samples from cell lysates
that were not treated with DNase I were assayed, no significant
difference in the level of total intracellular (both encapsidated
and uncapsidated) viral DNA were observed (Fig. 5, lanes
1–3). However, when the samples were first treated with DNase

Table 1. Levels of inhibition of HCMV gene expression in
differentiated THP-1 cells that were treated with Salmonella
carrying constructs that contained the sequence of M1-C1 (M1-C1),
M1-C2 (M1-C2), and M1-TK (M1-TK), as compared to that in cells
treated with Salmonella carrying an empty pU6 vector construct
with no ribozyme sequence (THP-1); the values shown are the
means of triplicate experiments and the values of standard
deviation that were less than 5% are not shown

Viral gene class

Ribozymes

THP-1 M1-TK M1-C1 M1-C2

IE2 mRNA α 0% 0% 0% 1%
US2 mRNA γ 0% 0% 0% 1%
CSP mRNA γ 0% 2% 90 ± 8% 9%
Assemblin mRNA γ 0% 0% 90 ± 9% 8%
UL44 protein β,γ 0% 0% 2% 1%
CSP protein γ 0% 0% 87 ± 9% 2%
gB protein γ 0% 1% 4% 3%
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Fig. 4. Growth of HCMV in differentiated THP-1 cells that were treated with
Salmonella carrying the empty vector construct or constructs containing the
sequence of M1-C1, M1-C2, and M1-TK (see Supporting Information).

Fig. 5. Level of total intracellular and encapsidated viral DNA as determined
by semiquantative PCR. Total DNA (lanes 1–3) or DNase I-treated DNA
samples (lanes 4–6) were isolated from differentiated THP-1 cells that were
treated with Salmonella carrying the empty vector construct (-, lanes 1 and 4)
or carrying constructs that contained the sequence of M1-C1 (lanes 2 and 5)
or M1-C2 (lanes 3 and 6) and were infected with HCMV at MOI of 1. We
determined the levels of viral IE1 sequence by PCR using human β-actin
DNA as the internal controls. The radiolabeled PCR products were separated
in 4% nondenaturing polyacrylamide gels.
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I and then assayed, the “encapsidated”DNA was hardly detected
in cells that were treated with Salmonella carrying the M1-C1 ex-
pression plasmid (Fig. 5, lane 5). These observations suggest that
Salmonella-mediated gene delivery of ribozymes against the CSP
mRNA does not affect the replication of viral DNA but blocks
DNA encapsidation and capsid formation.

Activation of Toll-Like Receptor 9 in Salmonella-Infected Cultured
Cells. It is known that bacterial DNAs, which contain unmethy-
lated CpG motifs, can potently activate the Toll-like receptor 9
(TLR9) pathway (18, 19). To assess whether gene transfer by
Salmonella vectors activates TLR9 expression, the levels of
TLR9 mRNA in cells that were infected with SL7207 carrying
different ribozyme constructs after 4-h infection were determined
using quantitative RT-PCR, with the level of human actin mRNA
as the internal control. The levels of TLR9 mRNA in cells in-
fected with Salmonella carrying pU6-M1-C1, pU6-M1-C2, and
the pU6 empty vector were similar and were at least 3-fold higher
than those in uninfected cells. These results suggest that infection
of the attenuated Salmonella vectors led to modest activation of
TLR9 pathway in cells and that activation of TLR9 did not ac-
count for the observed antiviral effects associated with Salmonella
containing M1-C1 because similar levels of TLR9 mRNA were
found in cells infected with SL7207 carrying different ribozyme
constructs.

Discussion
Nucleic acid-based gene interference strategies, such as antisense
oligonucleotides, ribozymes or DNAzymes, and RNA interfer-
ence, represent powerful research tools and promising therapeu-
tic agents against human diseases (2). The RNase P ribozyme-
based technology represents an attractive approach for gene in-
activation by using M1 RNA, a highly active RNA enzyme found
in nature (3). The properties and activities of RNase P ribozyme,
as well as the simple design of the guide sequence, make M1GS
an attractive and unique gene-targeting agent that can be gener-
ally used for antiviral as well as other in vivo applications. For
nucleic acid-based gene interfering approaches including
M1GS ribozyme to be successful as a therapeutic tool for prac-
tical applications, one of the most important issues is targeted
gene delivery of these agents to specific types of cells and tissues.
This study demonstrates targeted gene delivery of RNase P ribo-
zymes into specific human cells by Salmonella.

In the current study, we constructed a M1GS RNA targeting
the overlapping region of HCMV CSP and assemblin mRNAs.
The ribozyme cleaved the target mRNAs efficiently in vitro
and, furthermore, reduced their expression levels by 87–90%
and inhibited viral growth by about 5,000-fold in human macro-
phages that were treated with Salmonella carrying the plasmid of
the M1-C1 sequence. In contrast, a reduction of less than 10% in
the levels of CSP expression and viral growth was observed in cells
that were treated with Salmonella carrying the plasmids of the
M1-C2 and M1-TK sequences. M1-TK targets an unrelated
mRNA, and M1-C2 is catalytically inactive and contains an iden-
tical guide sequence to M1-C1. Thus, the observed reduction in
viral gene expression and inhibition of viral growth in cells treated
with the M1-C1-containing Salmonella is primarily attributed to
Salmonella-mediated gene delivery of the functional ribozyme
sequence for targeted cleavage of HCMV CSP mRNA.

Several lines of evidence presented in our study indicate that
the Salmonella-mediated gene transfer is efficient, and ribozymes
expressed following the Salmonella-mediated gene transfer are
active and specific. First, targeted gene transfer of the ribozyme
constructs by Salmonella yields substantial expression of the
ribozymes (Fig. 2). Furthermore, more than 80% of the cells were
GFP positive, suggesting efficient transfer of the ribozyme con-
struct, which also contained the GFP expression cassette. Second,
the presence of ribozyme sequences in Salmonella did not signif-

icantly affect the viability and gene transfer ability of the bacteria
(Fig. 2). Third, the ribozymes expressed following transfer effec-
tively and specifically inhibited the expression of CSP/assemblin.
No reduction in the expression levels of other viral genes exam-
ined (e.g., IE2, US2, UL44, and gB) was observed in cells treated
with M1GS-containing Salmonella (Table 1). Furthermore, the
ribozyme expression does not affect the replication of viral geno-
mic DNA (Fig. 5). Fourth, the inhibition of viral growth and cap-
sid maturation appears to result from the reduction of CSP and
assemblin. We observed that the level of capsid formation (DNA
encapsidation) and the expression of CSP greatly decreased in
cells treated with Salmonella carrying the sequence of M1-C1
but not M1-C2 or M1-TK (Figs. 3 and 5). Together, these results
suggest that Salmonella can function as a gene transfer vector for
efficient delivery of RNase P ribozyme in human macrophages
and that the ribozymes expressed following gene transfer are
active and specific in inhibiting only the expression of their target
mRNA and do not affect the expression of other viral genes and
genome replication.

The fundamental challenge in gene therapy is to develop
approaches for delivering genetic material to the appropriate
cells of the patient in a way that is tissue/cell specific, efficient,
and safe (8, 9). Tissue-specific vectors have been only partially
obtained by using carriers that, in nature, infect certain cell types,
such as herpes simplex virus does for cells of the nervous system
(8, 9). Salmonella-based vectors exhibit several unique and attrac-
tive features as a gene delivery tool. First, the Salmonella-based
vector is low cost and easy to prepare, store, and transport. Sec-
ond, one of the most interesting aspects associated with the use of
attenuated Salmonella as a vector is the possibility of administer-
ing these bacteria via the oral route, a strategy that has proved to
be successful in terms of efficacy and acceptability (20, 21). In
fact, the antityphoid fever vaccine based on the attenuated strain
Ty21a is one of the few live vaccines licensed for human use and
has been extensively used to immunize both adults and children
(21, 22). Third, it is conceivable to generate attenuated mutants
with more than one independent deletion leading to an attenu-
ated phenotype (23). This will eliminate the risk of reversion fol-
lowing horizontal gene transfer. Furthermore, different mutants
have been identified, which are not harmful even for immuno-
compromised hosts (24). Fourth, while some safety considera-
tions for the use of Gram-negative bacteria refer to the toxic
effect of LPS, this concern has mostly been ruled out by oral de-
livery and by the fact that Salmonella strains have been widely
used as vaccines both in human and veterinary medicine
(9, 20). Finally, integration of bacteria-delivered DNA in host cell
genome is not common (25), and oncogenesis promotion of the
bacterial infection has not been known. Thus, the low-cost, safe,
noninvasive administration and lifelong suitability of the therapy,
combined with easy preparation of the bacterial carrier, support
the notion that Salmonella represents an attractive and promising
gene delivery tool for gene therapy for human diseases, including
viral infections.

It is well established that bacterial infection elicits various in-
nate immune responses, including activation of TLR4 and TLR9,
which can be induced by bacterial LPS and the unmethylated
CpG motifs of bacterial DNA, respectively (18, 19). While some
of these responses are beneficial to the host (e.g., inhibiting
bacterial infection and replication), some other responses may
have unwanted side effects (e.g., induction of apoptosis), leading
to potential cytotoxicity. To avoid these responses and reduce po-
tential cytotoxicity, mutations have been introduced to bacterial
vectors in order to inactivate the expression of specific bacterial
components (e.g., LPS) (20). Alternatively, bacteria carrying
transgenes that modulate these responses (e.g., inhibition of
TLR9 expression) can be used (19). Further experiments to gen-
erate mutant Salmonella strains and examine the innate immune
responses and cytotoxicity associated with these mutants should
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facilitate the development of better Salmonella-based vectors for
gene therapy applications.

HCMV is a member of the herpesvirus family, which includes
different viruses such as herpes simplex virus and Epstein-Barr
virus (1). Macrophages represent the major reservoirs for HCMV
as this virus can establish both primary and latent infections in
these cells, leading to pathogenesis such as life-threatening
complications in immunocompromised individuals. Eliminating
infection in macrophages is central to the treatment and preven-
tion of HCMV-associated diseases. Our study provides direct evi-
dence that Salmonella-mediated gene transfer of a RNase P
ribozyme can specifically block HCMV infection and replication
in human differentiated macrophages. Future studies, including
the construction of Salmonella strains through mutagenesis stra-
tegies, should lead to the generation of Salmonella vectors with
better gene transfer efficiency and less toxicity. Moreover, inves-
tigation of the expression and activity of the ribozymes following
gene transfer should provide insight into the mechanism of Sal-
monella-mediated gene transfer of RNase P ribozymes. These
studies will facilitate the development of RNase P ribozymes
as a promising gene-targeting agent for in vivo applications.

Materials and Methods
Growth of Viruses and Cells.Human fibroblasts and THP-1 cells (American Type
Culture Collection) were maintained in DMEM and RPMI medium 1640
supplemented with 10% (vol∕vol) fetal bovine serum, respectively. The pro-
pagation of HCMV (AD169) in cells was carried out as described previously (7).

Ribozyme and Substrate Constructs. The DNA sequence that encodes the CSP
mRNA substrate was constructed by PCR using pGEM3zfðþÞ as a template and
oligonucleotides AF25 (5′-GGAATTCTAATACGACTCACTATAG-3′) and sSCP3
(5′-CGGGATCCGTAACGCTCCCATCCGGACGGTGGTTCATCCTATAGTGAGTCGT-
ATTA-3′) as 5′ and 3′ primers, respectively. Plasmid pV57 contained the DNA
sequence coding for V57 RNA (16). The DNA sequence that encodes ribozyme
M1-C1 was constructed by PCR using pV57 as the template and oligonucleo-
tides AF25 as the 5′ primer and M1CSP3 (5′-CCCGCTCGAGAAAAAATGGTG-
TCCGGATGGGAGCGTTATGTGGAATTGTG -3′) as the 3′ primer. M1GS RNAs
and the CSP mRNA substrate were synthesized in vitro by T7 RNA polymerase
and cleavage and binding assays were carried out (see SI Text) (7). M1-TK was
generated from pV57 as described previously (16).

Expression of Ribozymes by Salmonella-Mediated Delivery. The auxotrophic
Salmonella typhimurium aroA strain SL7207 was kindly provided by Bruce
A. D. Stocker (Stanford University, Stanford, CA). Salmonella carrying
different constructs were obtained by transforming SL7207 with plasmids
pU6, pU6-M1-C1, pU6-M1-C2, and pU6-M1-TK. Construct pU6 contained
the GFP expression cassette and, in addition, the small U6 RNA promoter,
which was used for the expression of ribozymes in human cells.

To study gene transfer of ribozyme by Salmonella vectors, THP-1 cells were
allowed to differentiate into adherent macrophage-like cells in the presence
of 100 ng∕mL tetradecanoyl phorbol acetate (Sigma) for 24 h (26) and
then seeded into cultured wells at a concentration of 1 × 106 cells∕mL.
The differentiated cells were then infected with Salmonella at a MOI of
10–20 bacteria∕cell. Cultures were centrifuged at 200 × g for 5 min and
incubated at 37 °C for 30 min to allow phagocytosis to occur. Under these
conditions, essentially most of cells were infected with bacteria. The medium
was then replaced with fresh medium containing gentamicin (20 μg∕mL) and
incubated for the indicated times. Cells were harvested and the expression of
ribozymes was assayed using Northern analyses (see SI Text) (7).

Studies of Viral Gene Expression, Growth, and Genome Replication. Differen-
tiated THP-1 cells (approximately 1–5 × 106 cells) were first incubated with
Salmonella carrying different constructs at a MOI of 10–20 bacteria∕cell.
The medium was then replaced with fresh medium containing gentamicin
(20 μg∕mL) and incubated for 16 h to allow the expression of the ribozymes.
The Salmonella-containing cells were then subjected to FACS using a FACS-
Vantage SE sorter (Becton Dickinson), and a population of GFP-positive cells
(usually 1–5 × 105 cells with a positive fluorescence of >99%) was isolated.
The isolated cells were incubated for 8 h and then either mock-infected
or infected with HCMV as described previously (7). The multiplicity of HCMV
infection (MOI) is specified in Results. The infected cells were incubated for
another 8–72 h. The RNA and protein samples were isolated from infected
cells, and the expression of specific mRNAs and proteins was assayed by
Northern and Western analyses, respectively (see SI Text) (7). Total and
encapsidated (DNase I-treated) DNAs were isolated and used as the PCR
templates for a semiquantitative PCR, and inhibition of HCMV growth by
ribozymes was studied as described previously (7) (see SI Text).
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