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Two types of phosphorodiamidate morpholino oligomers (PMOQOs) were tested for inhibition of growth of
Salmonella enterica serovar Typhimurium. Both PMOs have the same 11-base sequence that is antisense to the
region near the start codon of acpP, which is essential for lipid biosynthesis and viability. To the 3’ end of each
is attached the membrane-penetrating peptide (RXR),XB (R, X, and B indicate arginine, 6-aminohexanoic
acid, and (3-alanine, respectively). One peptide-PMO (AcpP PPMO) has no charge on the PMO moiety. The
second PPMO has three cations (piperazine) attached to the phosphorodiamidate linkages (3+Pip-AcpP
PPMO). A scrambled-sequence PPMO (Scr PPMO) was synthesized for each type of PMO. The MICs of AcpP
PPMO, 3+Pip-AcpP PPMO, and either one of the Scr PPMOs were 1.25 pM (7 pg/ml), 0.156 pM (0.94 pg/ml),
and >160 pM (>900 pg/ml), respectively. 3+Pip-AcpP PPMO at 1.25 or 2.5 pM significantly reduced the
growth rates of pure cultures, whereas AcpP PPMO or either Scr PPMO had no effect. However, the viable cell
count was significantly reduced at either concentration of 3+Pip-AcpP PPMO or AcpP PPMO, but not with
either Scr PPMO. In other experiments, macrophages were infected intracellularly with S. enterica and treated
with 3 pM 3+Pip-AcpP PPMO. Intracellular bacteria were reduced >99% with 3+Pip-AcpP PPMO, whereas
intracellular bacteria increased 3 orders of magnitude in untreated or Scr PPMO-treated cultures. We
conclude that either AcpP PPMO or 3+Pip-AcpP PPMO inhibited growth of S. enterica in pure culture and that

3+Pip-AcpP PPMO reduced intracellular viability of S. enferica in macrophages.

Salmonella is a food- and waterborne bacterial pathogen
that causes a variety of diseases, including gastroenteritis and
typhoid fever. It is an intracellular bacterium that invades,
replicates, and grows inside epithelial cells and macrophages.
Emerging antibiotic-resistant strains of Salmonella enterica se-
rovar Typhi (27, 32) and Typhimurium (11, 19) have increased
the need to discover new and effective antibiotics against re-
sistant strains.

Synthetic oligonucleotide mimetics are an experimental class
of compounds that modulate expression of specific genes (12,
18, 21, 29, 30, 33). Some examples are peptide nucleic acids,
phosphorothioate oligonucleotides, locked nucleic acids, 2'-O-
methyloligoribonucleotides, and phosphorodiamidate mor-
pholino oligonucleotides (PMOs). The specificity of action in
bacteria is determined by complementary base pairing between
the synthetic oligonucleotide and its target, which is usually,
but not always, an RNA (12, 33).

Antisense PMOs and peptide nucleic acids have been shown
to inhibit growth in pure cultures of a few types of bacteria (16,
17, 22, 23, 26), including S. enterica (31). There are few, if
any, reports of inhibition of intracellular bacterial growth using
antisense oligomers.

Antisense oligomers require assistance to gain entry into bac-
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terial cells because of their relatively high molecular weights and
polar characteristics. Recently, antisense oligomers have been
conjugated to membrane-penetrating peptides, which are com-
posed of repeating patterns of cationic and nonpolar residues.
Peptide-oligomer conjugates are significantly more effective in
inhibiting expression of their specific targets than their noncon-
jugated counterparts (13, 16). Apparently the membrane-pene-
trating peptide carries its cargo (the antisense oligomer) across
the gram-negative outer membrane after which it traverses the
plasma membrane by an unknown mechanism.

Cationic charges were introduced into the linkages between
the bases of PMO (B. Geller, B. Mellbye, D. Weller, J. Hass-
inger, and M. Reeves, submitted for publication). One type of
cationic linkage included a side moiety of piperazine (Pip). It
was hypothesized that cationic PMOs with Pip linkages would
obviate the need for membrane-penetrating peptides. Al-
though this was found not to be true, peptide conjugates of
PMOs with Pip (Pip-PMOs) were significantly more potent
than the peptide conjugate of the equivalent noncharged
PMO. In the present report, a Pip-PMO-peptide conjugate is
tested against S. enterica and compared to the equivalent non-
charged PMO-peptide conjugate.

Bacteria that grow within eukaryotic host cells pose a chal-
lenging situation for antisense antibiotics. Not only must the
oligomer penetrate the bacterial cell, but it must first enter
the eukaryotic cell and retain its structural integrity within the
endosome. Cationic membrane-penetrating peptides are gen-
erally thought to enter eukaryotic cells by first binding to pro-
teoglycans and then being internalized by endocytosis (1, 20,
28). Recently we reported that a conjugate of a PMO and the
membrane-penetrating peptide (RXR),XB (X is 6-aminohex-
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anoic acid, and B is B-alanine) was effective in delivering an-
tisense PMOs into Escherichia coli (25). PMO conjugates of
(RXR),XB have been shown previously to enter mammalian
cells, where they can modulate gene expression (4, 7, 10, 24,
36). These results suggest that PMO-(RXR),XB conjugates
have potential for use against intracellular bacteria.

In this report, we test the hypothesis that peptide-PMOs
(PPMOs) targeted to a specific, essential gene (acpP, which is
required for synthesis of lipids), can inhibit intracellular
growth of S. enterica.

MATERIALS AND METHODS

Bacterial strains. Salmonella enterica serovar Typhimurium 14028s was used in
all experiments. Liquid cultures were grown aerobically at 37°C in either Muel-
ler-Hinton II broth (for MIC assay) or LB broth (for growth curves and to infect
tissue cultures).

PMO. Peptide-PMOs were synthesized at AVI BioPharma (Corvallis, OR)
as described previously (31; Geller et al., submitted). The base sequence of all
AcpP PMOs is 5'-CTTCGATAGTG-3', which is complementary to bases 6 to
16 of the coding region of acpP. The base sequence of all scrambled-sequence
(Scr) control PPMOs is 5'-TCTCAGATGGT-3'. The positions of Pip are
indicated by the plus symbol: AcpP, 5'-C+TTCGA+TAG+TG-3'; scrambled,
5'-TC+TCAGA+TGG+T-3". (RXR),XB is attached by its carboxy terminus to
the 3" end of each PMO. The amino terminus of the peptide moiety is acetylated.

MIC. MIC was determined by the microdilution method (8). To control
nonspecific toxicity, Scr PPMOs with a scrambled base sequence that is not
complementary to any gene in S. enterica were also tested. In all cases, the MIC
of the control PPMO was above the limit of measurement, which was 160 p.M.

Growth curves. Single-colony, overnight (18-h) cultures in LB broth were
diluted 2 X 1072 into LB broth. The starting concentration of bacterial cells was
9.0 X 107 CFU/ml (standard deviation, 0.8 X 107 CFU/ml). PPMO was imme-
diately added to a final concentration of 1.25 uM or 2.5 uM. The diluted cultures
were grown aerobically at 37°C. Growth was monitored at various times after
addition of the PMO by measuring the optical density (1-cm light path) of the
cultures in a spectrophotometer (600 nm). Samples were removed after 24 h,
diluted, and spread on LB broth plates to determine the number of viable cells.

Tissue culture. RAW264.7 murine macrophages (American Type Culture
Collection, Manassas, VA; catalogue number TIB-71) were grown in Dulbecco
modified Eagle medium (DMEM) (Gibco-BRL, Rockville, MD) supplemented
with 10% fetal bovine serum (HyClone, Ogden, UT), glutamine (Gibco-BRL),
sodium pyruvate (Gibco-BRL), and nonessential amino acids (Gibco-BRL) at
37°C in an atmosphere containing 5% CO,. Salmonellac were prepared by
diluting a 15-h culture 5 X102 into LB broth and growing aerobically at 37°C for
3 h. Exponential-phase bacteria were harvested by centrifugation at 5,000 X g for
5 min and resuspended in DMEM. Approximately 3 X 10° bacterial cells were
added to each culture of 3 X10° macrophages in a total volume of 1 ml. The
multiplicity of infection varied from 0.08 to 0.1. The infected cultures were
centrifuged at 250 X g for 5 min and then incubated for 30 min at 37°C and 5%
CO.,. The cells were washed four times with phosphate-buffered saline (PBS) and
then incubated for 1 h at 37°C and 5% CO, in DMEM plus 10 pg/ml gentamicin
to kill extracellular bacteria. The cells were again washed two times in PBS and
then treated with 3 uM peptide-PMO in DMEM plus 10 pg/ml gentamicin. After
2, 18, and 42 h of treatment, one culture from each treatment group and one
untreated culture were washed two times with PBS, and the cells were removed
by trypsinization for 10 min. Viable macrophages were counted in a hemocy-
tometer using trypan blue, and then the culture was lysed in 0.1% Triton X-100.
The lysate was diluted and spread on LB plates to innumerate viable bacteria.
The growth medium plus gentamicin and peptide-PMO were replaced at 2 and
18 h posttreatment to the cultures that were not harvested and lysed. For a
control to show the bactericidal efficacy of gentamicin on extracellular bacteria,
a control culture without macrophages was infected with 3 X 10° bacteria and
incubated with DMEM plus 10 pg/ml gentamicin. At 2, 18, and 42 h posttreat-
ment, samples were diluted and spread on LB plates, but there were no colonies
detected at any time point. The experiment was repeated three times.

Statistical analysis. Treatment group means were analyzed by one-way anal-
ysis of variance using GraphPad InStat 3.0 (San Diego, CA).
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FIG. 1. Structures of PMOs used in this study. The drawing on the
left illustrates the noncharged PMO, which is representative of the
type used for AcpP PPMO. The drawing on the right illustrates the Pip
derivative (Pip-PMO). See Materials and Methods for the positions of
modifications. All PMOs are covalently attached at the 3’ end to the
carboxy terminus of the peptide (RXR),XB (not shown).

RESULTS

Growth curves. Two different PPMOs targeting acpP were
added separately at the same concentration (2.5 pM) to grow-
ing cultures of S. enterica serovar Typhimurium 14028s. Optical
densities were monitored at various times for 24 h. Both
PPMOs are 11 bases in length, have the same base sequence
that is antisense to the region immediately 3" of the start codon
of acpP mRNA, and have the membrane-penetrating peptide
(RXR),XB attached to the 3’ end of the PMO. The PPMOs
differ in that the AcpP PPMO has no charge on the PMO
moiety, whereas the PMO with three cations (piperazine) at-
tached to the phosphorodiamidate linkages (3+Pip-AcpP
PPMO) has three positive charges on the PMO moiety (Fig. 1).
The positions of Pip in the interbase linkages is indicated in
Materials and Methods. For a control for nonspecific effects,
identical cultures were grown with 2.5 wM scrambled base
sequence (Scr) PPMOs.

The growth rate and final optical density of the culture with
3+Pip-AcpP PPMO were lower than those of the untreated
culture (Fig. 2A). There was no apparent decrease in the
growth rate or final optical density of cultures with AcpP
PPMO or with either one of the Scr PPMOs.

The viable cell count was measured after 24 h of growth. The
viable cell count of the culture with 3+Pip-AcpP PPMO was
significantly (P < 0.001) lower by over 4 orders of magnitude
than the counts for untreated or 3+Pip-Scr PPMO-treated
cultures (Fig. 2B). The culture with AcpP PPMO, despite no
apparent effect on the growth rate or final optical density (Fig.
2A), had a significantly (P < 0.001) lower viable cell count by
more than 10-fold compared to untreated or Scr PPMO-
treated cultures (Fig. 2B). A similar effect has been observed in
cultures of E. coli treated with AcpP PMOs (9, 14). There was
no significant difference (P > 0.05) in viable cells of cultures
treated with either one of the Scr PPMOs compared to the
untreated culture.

The viable cell count of the culture with 3+Pip-AcpP PPMO
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FIG. 2. Growth of Salmonella in pure culture. Growing cultures of
S. enterica serovar Typhimurium were not treated (open squares) or
treated with 2.5 pM AcpP PPMO (open triangles), 3+Pip-AcpP
PPMO (solid triangles), Scr PPMO (open circles), or 3+Pip-Scr
PPMO (X). Growth was monitored by optical density (A) and viable
cell count at 24 h (B). The open bar in panel B represents the viable
cell count immediately before treatment with PPMO. Error bars indi-
cate standard deviation (n = 3). ODy,, optical density at 600 nm.

was also significantly (P < 0.001) reduced nearly 3 orders of
magnitude compared to the starting CFU/ml immediately
prior to adding the PPMO, which was 9.0 X 107 CFU/ml.
MIC. The MICs were determined for both AcpP PPMOs
using S. enterica 14028s as the indicator strain (Table 1). Both
PPMOs inhibited growth at concentrations that are similar to
or less than the MIC of ampicillin. The 3+Pip-AcpP PPMO
was eight times more potent than the AcpP PPMO on a molar

TABLE 1. MICs of PPMOs using Salmonella enterica 14028s

MIC
PPMO or antibiotic

uM pg/ml
AcpP PPMO 1.25 7
3+Pip-AcpP PPMO 0.156 0.94
Scr PPMO >160 >900
3+Pip-Scr PPMO >160 >1,000
Antibiotic ampicillin 20 7
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FIG. 3. Intracellular growth of Salmonella in macrophages. Identi-
cal cultures of macrophages were infected with Salmonella for 30 min.
Extracellular bacteria were removed by washing and treatment with
gentamicin. After 1 h of incubation in gentamicin, the macrophages
were washed again and then treated with 3 pM 3+Pip-AcpP-
(RXR),XB or 3 uM 3+Pip-Scr-(RXR),XB. Untreated and nonin-
fected (no bacteria) control cultures were also included. At 2 h (open
bars), 18 h (striped bars), and 42 h (checkered bars) posttreatment, the
numbers of viable Salmonella (A) and macrophages (B) were counted
from one culture of each treatment group and control. The solid black
bar in panel B indicates the number of macrophages in one identical
culture immediately prior to infection. The error bars represent stan-
dard deviations (n = 3).

basis. Scr PPMOs with either a neutral PMO or 3+Pip-PMO
moiety had no effect on growth at 160 wM or less.

Intracellular growth in macrophages. Mouse macrophages
were infected intracellularly with S. enterica 14028s and treated
2 h postinfection with 3 wM 3+Pip-AcpP PPMO. Prior to
treatment, extracellular bacteria were removed by washing the
macrophages and then adding gentamicin to the culture me-
dium. The viabilities of bacteria and macrophages were mea-
sured at 2, 18, and 42 h postinfection. Controls included cul-
tures infected but not treated, infected and treated with
3+Pip-Scr PPMO, and uninfected macrophages.

The results show that intracellular bacteria decreased signif-
icantly in the culture treated with 3+Pip-AcpP PPMO (Fig.
3A). Between 2 and 18 h of treatment, bacteria were reduced
56%. At 18 h posttreatment, there was a highly significant (P <
0.001) difference in intracellular bacteria between the culture
treated with 3+Pip-AcpP PPMO and either one of the other
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two cultures. After 42 h of treatment with 3+ Pip-AcpP PPMO,
the number of CFU decreased over 2 orders of magnitude, and
the differences between the culture treated with 3+Pip-AcpP
PPMO and either the untreated or Scr-treated culture were
highly significant (P < 0.01).

In comparison, the number of viable intracellular bacteria
increased significantly in the culture treated with 3+Pip-Scr
PPMO or in the untreated culture (Fig. 3A). Between 2 and
18 h, intracellular bacteria increased in both of these controls
by nearly 2 orders of magnitude. After 42 h, the number of
viable intracellular bacteria had increased by more than 3
orders of magnitude. There was no significant difference in the
number of CFU between untreated and 3+Pip-Scr PPMO
cultures at any time point.

Analysis of the viable macrophages from these cultures in-
dicates no significant difference (P > 0.05) over the 42 h of
treatment (Fig. 3B). All infected cultures showed a slight de-
crease in viable macrophages, whereas the uninfected culture
showed a statistically insignificant increase in viable cells over
the 42-h monitoring period.

DISCUSSION

The most important result of these experiments is that a
PMO-peptide conjugate inhibited intracellular growth and vi-
ability of S. enterica in macrophages. This shows that a cationic
PMO-peptide conjugate can enter macrophages, apparently
enter the Salmonella-containing vacuoles, cross two bacterial
membranes, and effectively deliver the PMO cargo to its target
in the bacterial cytoplasm.

PMO-(RXR), conjugates have been shown previously to
efficiently enter eukaryotic cells (1, 4, 34, 35). In fact, this was
the rationale for choosing the (RXR), peptide for these ex-
periments with intracellular bacteria. Although other arginine-
rich, amphipathic peptides are also effective in carrying PMOs
into eukaryotic cells, (RXR), or closely related derivatives are
the most favorable tested thus far (2, 3, 34). (RXR),-PMOs
have been shown to accumulate in endosomes (3). The unusual
6-aminohexanoic acid and B-alanine impart stability against
degradation (35), which would likely be important for struc-
tural integrity and antibiotic action in the harsh, proteolytic
environment of the Salmonella-containing vacuole.

Our results show that 3+Pip-AcpP PPMO reduced the num-
ber of intracellular bacteria. However, it is unclear whether the
killing of bacteria was caused directly by the PPMO or whether
the effects of the PPMO on bacterial growth rate enabled the
macrophages to kill the bacteria. The 2-log-unit reduction in
viable cells in pure culture compared to the starting concen-
tration of viable cells at 0 h (Fig. 2B) shows that the 3+Pip-
AcpP PPMO can directly kill bacteria, at least in pure culture
conditions.

In pure culture, 2.5 uM AcpP PPMO had no apparent effect
on the growth rate or final culture density (Fig. 2A), although
it significantly reduced the number of viable cells from the 24-h
culture. Previous results with AcpP PMOs and cultures of E.
coli have also shown a similar effect (9, 14). The cause of this
effect is unknown. We speculate that at relatively low concen-
trations of PPMO (near the MIC), the rate of uptake of
oligomer into the bacterial cell is sufficiently low that the con-
centration of acyl carrier protein cannot be reduced to the
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point where growth is affected within the short number of
generations required to reach stationary phase. Under our
growth conditions, this was only 5.7 generations. When the
cells from the 24-h culture are plated, the PPMO already
accumulated within the cells would continue to inhibit trans-
lation of acyl carrier protein. As the acyl carrier protein is
diluted with each cell division, it eventually becomes limiting
for growth. This limit would presumably occur before the col-
ony becomes visible. Some of our results are consistent with
this speculation. Under the growth conditions used to measure
the MIC, the cultures were diluted 300 times more than those
used to measure the growth curves. By definition, there was no
visible growth in cultures with 1.25 pM or higher AcpP PPMO
using the dilution specified in the standard protocol for mea-
suring MIC (8). In addition, increasing the concentration of
AcpP PPMO to 50 uM from 2.5 puM resulted in a significant
reduction in growth rate under conditions used to measure the
growth curve (data not shown).

The MIC indicates that both AcpP PPMO and 3+Pip-AcpP
PPMO have a potency greater than that for ampicillin. These
MICs provide target concentrations that may needed to
achieve clinical efficacy. Previous pharmacokinetic analysis in
rats indicate that single bolus treatment of a similar PPMO
achieved serum concentrations of 1 to 100 wg/ml in rat serum,
depending on the dose (6). This suggests that serum concen-
trations of PPMOs may exceed the MICs shown in Table 1 and
that the potency of the PPMOs may be adequate to have an
effect in vivo. Further testing of PPMOs in animal models of
intracellular infections will be required to address the issue of
in vivo efficacy.

The reason for the lower MIC of 3+Pip-AcpP PPMO com-
pared to the noncharged AcpP PPMO is unknown. Perhaps
the more uniform distribution of cationic charges along the
length of the conjugate enables it to interact more favorably
(for transfer across the membrane) with the anionic charges of
the membrane lipids. Alternatively, the positive charges on the
Pip-PMO may cause it to bind more tightly to its anionic
mRNA target.

The novelty of the structure and antisense strategy of
PPMOs suggests that they may play a role in addressing the
urgent need for new antibiotics to combat antibiotic-resistant
bacteria, particularly for gram-negative bacteria (15). PPMOs
have been tested in numerous antibiotic-resistant genera and
species, including Salmonella, E. coli, Klebsiella pneumoniae,
and Burkholderia, and in every case the antibiotic-resistant
strains were susceptible to PPMOs (B. Geller, unpublished
data). We have found that a PPMO targeted to an essential
gene in Mycobacterium avium inhibited intracellular growth (B.
Geller and L. Bermudez, unpublished data). We are confident
that PPMOs will be applicable to many kinds of bacterial
infections, including those caused by intracellular and antibi-
otic-resistant bacteria.
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