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Streptococcus pyogenes is an exclusively human pathogen
causing a wide range of clinical manifestations from mild
superficial infections to severe, life-threatening, invasive dis-
eases. S. pyogenes is consistently susceptible toward peni-
cillin, but therapeutic failure of penicillin treatment has
been reported frequently. At the same time, streptococcal
resistance to alternative antibiotics, e.g., macrolides, is com-
mon. To reduce the application of antibiotics for treatment
of S. pyogenes infections, it is mandatory to develop novel
therapeutic strategies. Antisense peptide nucleic acids
(PNAs) are synthetic DNA derivatives widely applied for hy-
bridization-based microbial diagnostics. They have a high
potential as therapeutic agents, because PNA antisense tar-
geting of essential genes was shown to reduce growth of
several pathogenic bacterial species. Spontaneous cellular up-
take of PNAs is restricted in eukaryotes and in bacteria. To
overcome this problem, PNAs can be coupled to cell-pene-
trating peptides (CPPs) that support PNA translocation
over the cell membrane. In bacteria, the efficiency of
CPP-mediated PNA uptake is species specific. Previously,
HIV-1 transactivator of transcription (HIV-1 TAT) pep-
tide-coupled anti-gyrA PNA was shown to inhibit growth
of S. pyogenes. Here, we investigate the effect of 18 CPP-
coupled anti-gyrA PNAs on S. pyogenes growth and
virulence. HIV-1 TAT, oligolysine (K8), and (RXR),XB
peptide-coupled anti-gyrA PNAs efficiently abolished bacte-
rial growth in vitro. Consistently, treatment with these three
CPP-PNAs increased survival of larvae in a Galleria mello-
nella infection model.

INTRODUCTION

Streptococcus pyogenes (group A streptococcus [GAS]) is a
Gram-positive, exclusively human pathogen responsible for a
variety of diseases ranging from mild self-limiting superficial
infections of the throat or skin to life-threatening invasive diseases,
including bacteremia and necrotizing fasciitis. The global burden
of streptococcal infections is high, with 18 million invasive
infections per year and 500,000 deaths." The impact of GAS dis-
eases is especially high in resource-limited settings, and a rise of
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global invasive disease burden caused by GAS has been reported
recently.” Untreated superficial infections often lead to the
development of severe invasive infections or autoimmune

1,3
sequelae.

To date, penicillin is the standard treatment of streptococcal phar-
yngitis, because GAS is invariably susceptible toward penicillin.
Macrolides are recommended as alternate antibiotics for the
treatment of S. pyogenes infections in patients who are allergic to
B-lactams or in cases of penicillin failure.” Resistance rates to mac-
rolides in the United States have remained relatively low.” In
contrast, a rise of macrolide resistance in S. pyogenes has been
observed in Europe, followed by a decrease in erythromycin resis-
tance in several European countries.” Today, a major goal of public
health is to limit the application and distribution of antibiotics.
One possible strategy is the application of antisense therapeutics
targeting essential genes or antibiotic-resistance genes. Desired fea-
tures of S. pyogenes-specific antimicrobials are a high specificity for
the target gene, effective uptake into the bacterial cell, low unspe-
cific toxicity, high stability, and—for the eradication of intracellular
bacteria—import into eukaryotic cells. Antisense peptide nucleic
acids (PNAs) potentially combine these properties and have been
tested as antimicrobial agents in many bacterial species. PNAs
are synthetic DNA derivatives, which bind sequence specific to
DNA and RNA and are able to form stable duplexes and triplexes.”
The nucleic acid sugar-phosphate backbone is replaced by a
pseudo-peptide backbone, resulting in a high chemical stability
and resistance to nucleases and proteases.”® Cellular uptake of
PNAs is limited by bacterial membranes and cell walls. Coupling
of PNAs to cell-penetrating peptides (CPPs) may facilitate PNA
translocation into bacteria and thereby enhance antimicrobial effi-
ciency. CPPs are naturally occurring or designed peptides that are
able to penetrate cell membranes and have been used for the
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Table 1. CPP-PNA Anti-gyrA Conjugates for Antisense Studies in S. pyogenes

CPP CPP Sequence CPP-PNA Designation Reference
AntennaPedia homeodomain RQIKIWFQNRRMKWKK Ant-anti-gyrA PNA 16
(Penetratin) Ant-anti-gyrA scPNA
ELA-anti-gyrA PNA ~
ELA Dansyl-G-C-ELALE LALEALEAALELA Y
ELA-anti-gyrA scPNA
TAT-anti-gyrA PNA
HIV-1 TAT (48-57) GRKKRRQRRRYK 8
TAT-anti-gyrA scPNA
hCalcitonin-anti-gyrA PNA .
Human calcitonin LGTYQDFNKFHTFPQTAIGVGAP "
hCalcitonin-anti-gyrA scPNA
(KFF);K-anti-gyrA PNA
(KFF);K KFFKFFKFFK 20
(KFF);K-anti-gyrA scPNA
MAP-anti-gyrA PNA -
MAP KLALKLALKALKAALKLA e
MAP-anti-gyrA scPNA
mVE-cadherin-anti-gyrA PNA s
mVE-cadherin (pVEC) LLIILRRRIRKQAHAHSK 22
mVE-cadherin-anti-gyrA scPNA
M918-anti-gyrA PNA )
M918 MVTVLFRRLRIRRACGPPRVRV >
M918-anti-gyrA scPNA
R6-anti-gyrA PNA
Oligoarginin (R6) RRRRRR
R6-anti-gyrA scPNA -
R10-anti-gyrA PNA
Oligoarginin (R10) RRRRRRRRRR
R10-anti-gyrA scPNA
L6-anti-gyrA PNA
Oligoleucine (L6) LLLLLL this work
L6-anti-gyrA scPNA
K8-anti-gyrA PNA )
Oligolysin (K8) KKKKKKKK 0
K8-anti-gyrA scPNA
PDESTK-anti-gyrA PNA .
PDESTK PDESTK -
PDESTK-anti-gyrA scPNA
TLM-anti-gyrA PNA
TLM PLSSIFSRIGDP 2
TLM-anti-gyrA scPNA
TP10-anti-gyrA PNA .
TP10 AGYLLGKINLKALAALAKKIL »
TP10-anti-gyrA scPNA
Transportan-anti-gyrA PNA R
Transportan GWTLNSAGYLLGKINLKALAALAKKIL 0
Transportan-anti-gyrA scPNA
VT5-anti-gyrA PNA R
VT5 DPKGDPKGVTVTVTVTVTGKGDPKPD .
VT5-anti-gyrA scPNA
(RXR),XB-anti-gyrA PNA .
(RXR),XB RXRRXRRXRRXRXB o

(RXR),XB-anti-gyrA scPNA

introduction of different kinds of cargo into eukaryotic cells and
bacteria.”'” Typical examples of CPPs used in bacteria are the syn-
thetic (KFF);K and the HIV-1 transactivator of transcription
(HIV-1 TAT)-derived peptides. (KFF);K facilitated uptake of
PNAs, among others, in Escherichia coli and Staphylococcus
aureus.'”'* HIV-1 TAT was able to penetrate Listeria monocyto-
genes, S. aureus, and S. epidermidis.'>'* We observed previously
that HIV-1 TAT-coupled anti-gyrA PNAs were able to inhibit

growth in S. pyogenes.'” In this study, we tested anti-gyrA PNAs
coupled to 18 different CPPs. We selected CPPs, which have
been tested before as carrier molecules in eukaryotic cells and
were known to exhibit low toxicity (Table 1). We found that
HIV-1 TAT, oligolysine (K8), and (RXR),XB-coupled anti-gyrA
PNAs efficiently abolished growth of S. pyogenes in vitro. In a
Galleria mellonella infection model, treatment of infected larvae
with these CPP-PNAs increased survival.

Molecular Therapy: Nucleic Acids Vol. 18 December 2019 445


http://www.moleculartherapy.org

CFU/mI
B

102 T T T

P A @ @ S o SRS e
O 7 E F Qo(@&oo\ S F T <

& S
& &° S < &
& NS 2
R «

Figure 1. Reduction of the Bacterial Count following Treatment of

S. pyogenes 591 (M49) with 10 uM CPP-Anti-gyrA PNAs for 6 h

PNA conjugates are indicated by the name of the respective CPP. Data are pre-
sented as mean values and SD. The experiment was performed twice.

RESULTS

Design of CPP-Coupled Anti-gyrA PNAs Specific for S. pyogenes
In a previous study, we observed antimicrobial effects of peptide-
coupled anti-gyrA antisense PNAs specific for S. pyogenes.'” Growth
inhibition by this construct was caused by antisense targeting of the
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essential gene gyrA. Its gene product represents the subunit A of
the DNA topoisomerase gyrase, which is involved in replication
and is thus required for bacterial growth. Since carrier molecules
show a species-specific influence on cargo uptake, we wanted to
explore the effect of a variety of CPPs coupled to anti-gyrA antisense
PNAs on S. pyogenes (Table 1). Peptides were coupled to PNAs via a
flexible ethyleneglycol linker (8-amino-3, 6-dioxaoctanoic acid). The
sequence of anti-gyrA antisense PNAs was tgcatttaag-NH,, covering
gyrA —5 to 5. The sequence of the corresponding control PNAs
(scrambled PNAs [scPNAs]) was attagactgt-NH,. scPNAs were
composed of the same base pairs as the antisense PNAs in a random-
ized order.

Antimicrobial Effect of CPP-Coupled Anti-gyrA PNAs on

S. pyogenes

To determine the impact of different CPPs on the efficacy of anti-
sense PNAs targeting S. pyogenes, a prescreening approach was per-
formed. S. pyogenes M49 strain 591 was incubated for 6 h with

== H,0
K8
. K8sc

Figure 2. Concentration-Dependent Reduction of
the Bacterial Counts following Treatment of
S. pyogenes 591 (M49) with CPP-Anti-gyrA PNAs
for6 h
PNA conjugates are indicated by the name of the
= - respective CPP: TAT (A), K8 (B), (RXR)4XB (C), Ant (D),
T mVE-cadherin (E), and ELA (F). Scrambled PNA controls
g are indicated by sc. Data are presented as mean values
and SD. Statistical significance was determined using the
Kruskal-Wallis test. Differences between PNA conjugate
samples and the mock control (H,O) were expressed as
*p < 0.05; *p < 0.01; ™p < 0.001; “**p < 0.0001.
Sample size: n =5 (A-C); n = 3 (D-F).

4 5 10

= H,0
Ant
m Art sc

4 5 10

PNA concentration (uM)

4 5 10
PNA concentration (uM)



www.moleculartherapy.org

Table 2. MIC of CPP-PNA Anti-gyrA Conjugates

CPP-PNA MIC (uM)
K8-anti-gyrA PNA 15.6
K8-anti-gyrA scPNA 62.5
TAT-anti-gyrA PNA 15.6
TAT-anti-gyrA scPNA 62.5
(RXR),XB-anti-gyrA PNA 62.5
(RXR),XB-anti-gyrA scPNA 125

10 pM CPP-anti-gyrA PNA conjugates. Reduction of bacterial
counts caused by different CPP-coupled antisense PNAs compared
with an untreated control was determined. From 18 CPP-antisense
PNA conjugates, three showed an antimicrobial effect in this assay:
TAT-anti-gyrA PNA, K8-anti-gyrA PNA, and (RXR),XB-anti-gyrA
PNA (Figure 1). Similar results were obtained with S. pyogenes
M1 strain AP1, with the exception of K8-anti-gyrA PNAs, which
did not show any antimicrobial effect in AP1 (data not shown;
Figure 3B).

Six CPP-anti-gyrA PNA conjugates were selected for further analyses:
three constructs that showed antimicrobial activity in the pilot
experiment and three constructs that did not show any effect.
Concentration-dependent bactericidal activity was investigated by
treatment of S. pyogenes in a CPP-anti-gyrA PNA conjugate concentra-
tion range from 1 to 10 pM (Figure 2). Reduction of bacterial counts was
observed following incubation of S. pyogenes with TAT-anti-gyrA PNA
(Figure 2A), K8-anti-gyrA PNA (Figure 2B), and (RXR),XB-anti-gyrA
PNA (Figure 2C), respectively. Colony-forming units (CFU) per milli-
liter in treated samples were significantly reduced compared with the
untreated control sample in a concentration range from 4 to 10 uM
PNA. TAT-anti-gyrA scPNA caused a significant reduction of CFU
per milliliter following treatment with 5 and 10 uM scPNA, hinting to-
ward a toxic effect of TAT CPP at higher concentrations (Figure 2A).
K8-anti-gyrA scPNA and (RXR),XB-anti-gyrA scPNA showed a
significant reduction of bacterial counts following treatment with
10 pM scPNA (Figures 2B and 2C). In contrast, no reduction of
CFU per milliliter was observed following incubation with an
Antennapedia homeodomain-derived CPP (Ant)-anti-gyrA PNA,
ELA-anti-gyrA PNA, mVE-cadherin-anti-gyrA PNA, and the corre-
sponding scrambled control CPP-PNAs (Figures 2D-2F).

Minimum Inhibitory Concentration

We determined the minimum inhibitory concentration (MIC) of the
CPP-antisense PNAs that showed antimicrobial activity in the kill
assay (Table 2). K8-anti-gyrA PNA and TAT-anti-gyrA PNA showed
the lowest MIC at 15.6 uM. (RXR),XB-anti-gyrA PNA was less effec-
tive with a MIC of 62.5 uM. All scPNA controls showed a lower anti-
microbial activity than the corresponding antisense constructs.

Bactericidal Kinetics of CPP-Coupled Anti-gyrA PNAs
To monitor reduction of bacterial counts over the course of the
experiment, S. pyogenes was treated with 5 pM CPP-antisense
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Figure 3. Killing Kinetics of CPP-Anti-gyrA PNA Treatment

(A) Bacterial counts following treatment of S. pyogenes 591 (M49) with CPP-anti-
gyrA PNAs. (B) Bacterial counts following treatment of S. pyogenes 591 (M49) with
CPP-anti-gyrA scPNAs. PNA conjugates are indicated by the name of the
respective CPP. Scrambled PNA controls are indicated by sc. Data are presented
as mean values and SD. Sample size: n > 3.

PNAs (Figure 3A) or scrambled control PNAs (Figure 3B). Samples
were taken at time points 2, 4, 6, and 12 h following antisense
treatment. CFUs per milliliter were determined by plating of serial
dilutions. During the course of the experiment, no complete
clearance was achieved.

Susceptibility of Different S. pyogenes Isolates to CPP-Anti-gyrA
PNAs

We determined the antimicrobial effect of CPP-PNA conjugates on
different S. pyogenes isolates representing distinct M serotypes of
epidemiological relevance. Bacterial strains were treated with 5 uM
CPP-PNA constructs.

Samples were collected after 6 h, and bacterial counts were
analyzed (Figure 4). TAT-anti-gyrA PNA exhibited antimicrobial
activity against all strains except MGAS8232 (M18). K8-
anti-gyrA PNA was effective toward all strains with the
exception of AP1 (M1). In contrast, (RXR),XB-anti-gyrA PNA
was able to reduce bacterial counts of all strains tested in this
experiment.

Hyaluronic Acid Content in Different S. pyogenes Isolates

To determine whether differential capsule production was correlated
to sensitivity toward CPP-PNA conjugates, hyaluronic acid (HA) was
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extracted from S. pyogenes strains. HA content of MGAS8232 (M18)
was significantly higher than in all other isolates tested (Figure 5).
Since TAT-anti-gyrA PNAs were not effective in MGAS8232 (M18)
(Figure 4A), this result indicates that HA represents a barrier for
TAT-antisense PNAs but neither for K8-antisense PNAs nor for
(RXR) XB-antisense PNAs.

CPP-Anti-gyrA PNAs Affect the Abundance of Target Gene
Transcripts in S. pyogenes

The influence of S. pyogenes treatment with CPP-anti-gyrA PNAs on
the amount of gyrA mRNA was investigated by reverse transcription,
followed by quantitative real-time PCR (Figure 6). Bacteria were
treated with a sublethal dose of CPP-PNA conjugates.

Following incubation, total RNA was extracted, and qRT-PCR
was performed. Transcript abundance of the 5S RNA gene
was used for normalization. The gyrA mRNA level in mock-
treated S. pyogenes samples served as control. Treatment
with 2 pM TAT-anti-gyrA PNA, K8-anti-gyrA PNA, and

448 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
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5448 (M1T1) Figure 4. Susceptibility of Different S. pyogenes
AP1 (M1) Isolates to CPP-Anti-gyrA PNA Treatment
8003 (M3) Reduction of the bacterial count following treatment of

HRO-K-035 (M4)
MGAS8232 (M18)

different S. pyogenes strains with 5 uM CPP-anti-gyrA PNAs.
PNA conjugates are indicated by the name of the respective

591 (M49) CPP. Scrambled PNA controls are indicated by sc. (A)
TAT-anti-gyrA PNA and TAT-anti-gyrA scPNA. (B) K8-anti-
gyrA PNA and K8-anti-gyrA scPNA. (C) (RXR),XB-anti-gyrA
PNA and (RXR),XB-anti-gyrA scPNA. Data are presented as
mean values and SD. Statistical significance was determined
using the Kruskal-Wallis test. Differences between PNA
conjugate samples and the corresponding mock control
(H20) were expressed as *p < 0.05; **p < 0.01. Sample size:

5448 (M1T1) n=>5.

AP1 (M1)

8003 (M3)

HRO-K-035 (M4)

MGASs232 (M18)  (RXR),XB-anti-gyrA PNA led to a significant

591 (M49) reduction of gyrA transcript compared with the
untreated control sample (Figure 6). The gyrA
mRNA level decreased to 70%, 60%, and 56%,
respectively, of the amount detected in the
mock-treated bacteria.

Evaluation of CPP-Antisense PNA Conjugates

5448 (M1T1) in a G. mellonella Infection Model

AP1 (M1) Antimicrobial efficiency of CPP-antisense PNA

8003 (M3) conjugates was evaluated in vivo, using a

HRO-K-035 (M4)

G. mellonella infection model. Larvae were infected
with S. pyogenes strain 591 (M49) and treated with
4 nmol CPP-PNAs. Survival of larvae was observed
over 7 days. We compared survival of larvae treated
with CPP-anti-gyrA PNAs with mock-treated
larvae. Larvae treated with TAT-anti-gyrA PNA,
K8-anti-gyrA PNA, or (RXR),XB-anti-gyrA PNA
showed increased survival compared with mock-
treated larvae (Figures 7A-7C). Ant-, mVE-
cadherin-, and ELA-anti-gyrA PNAs that did not
antimicrobial effects in vitro did not affect survival of infected larvae
(Figures 7D-7F).

MGAS8232 (M18)
591 (M49)

show

One promising therapeutic strategy is a combination of antisense
agents with conventional antibiotics to reduce the concentration
needed for efficient antibiotics treatment.

Previously, we observed that a combination of TAT-anti-gyrA
PNA with antibiotics targeting gyrase subunits resulted in syner-
gistic or additive antimicrobial effects on S. pyogenes in vitro."”
To test whether TAT-anti-gyrA PNA treatment could enhance
efficiency first
G. mellonella larvae with 1 pg levofloxacin, which increased
survival of infected larvae from 20% to 46% (Figure 8A). In com-
bination with 4 nmol TAT-anti-gyrA PNA, survival was increased
to 63% (Figure 8B). A comparable survival of infected larvae was
achieved by application of 15 ng levofloxacin (Figure 8A). Combi-
nation of PNA and levofloxacin also increased survival of the

antibiotics in  vivo, we treated infected
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Figure 5. Hyaluronic Acid Content of Different S. pyogenes Serotypes
Statistical significance was determined using one-way ANOVA/Tukey’s multiple
comparisons test. Data are presented as mean values and SD. Differences
between S. pyogenes serotypes and S. pyogenes MGAS8232 were expressed as
***p < 0.0001. Sample size: n = 5.

infected larvae compared with TAT-anti-gyrA PNA treatment
alone (33%) (Figure 8B).

DISCUSSION

PNAs are nucleic acid derivatives with a variety of properties
rendering them suitable as antisense molecules, including chemical
and thermal stability, strong binding to DNA and RNA, reasonable
solubility, a lack of immunogenicity, and low intracellular toxicity.””

However, poor delivery into target cells hampers application of
PNAs as antisense therapeutics. In bacteria, the cell membrane, the
bacterial cell wall, and extracellular surface structures, such as the
lipopolysaccharide layer or the capsule, represent barriers limiting
cellular uptake of PNAs. Treatment of intracellular pathogens poses
an additional challenge, because PNAs have to be delivered into
the host cell, escape the endosomal pathway, and finally penetrate
the bacteria. One possible strategy to improve cellular uptake is
PNA coupling to CPPs. The efficiency of a given CPP to enhance
delivery is species specific. In Gram-negative bacteria, among others,
(KFF);K and HIV-1-TAT have been identified as useful carriers.’**”
Growth of intracellular Salmonella enterica Serovar Typhimurium
could be inhibited by (RXR),XB-conjugated antisense peptide-
phosphorodiamidate morpholino oligomers.”® In Gram-positive
bacteria, (KFF);K was efficient in S. aureus.'?
L. monocytogenes could be targeted with HIV-1-TAT- and
(RXR)4XB-conjugated PNAs.'"* In our previous study, we found
that HIV-1-TAT-coupled anti-gyrA PNAs showed antimicrobial
activity in S. pyogenes.'”

Intracellular

The aim of this study was to compare the efficiency of potential
carrier molecules delivering antisense PNAs in S. pyogenes. We
tested 18 CPPs belonging to different classes. Three CPPs were
shown to support uptake of anti-gyrA PNAs: the cationic CPPs

1.2-
c
o 1.0
& : -
g~ 081 T 3
S 9 -
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N
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©
E’ 0.2
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Figure 6. Relative Expression of gyrA following Treatment with CPP-
Antisense PNAs

Reduction of the transcript level was observed following treatment of S. pyogenes
strains with 2 uM CPP-anti-gyrA PNAs. PNA conjugates are indicated by the name
of the respective CPP. Data are presented as mean values and SD. Statistical
significance was determined using the Mann-Whitney U-test. Differences between
PNA conjugate samples and the untreated control were expressed as “p < 0.05.
Sample size: n = 3.

K8 and HIV-1-TAT and the arginine-rich, amphipathic peptide
(RXR),XB. In general, basic residues support internalization of
CPPs into cells, because their positive charge initiates interaction
with the negatively charged surface. Specifically, it has been shown
that arginine residues were more effective than lysines and that the
replacement of lysine residues with arginine improved cellular up-
take.”>”” Here, we show that oligoarginine-coupled antisense PNAs
were not able to inhibit S. pyogenes growth, whereas K8-conjugated
anti-gyrA PNA showed an antimicrobial effect. In eukaryotic cells,
insertion of 6-aminohexanoic acid (X) or B-alanine (B) residues
into oligoarginine R8 decreased the cellular uptake but increased
the splice-correction activity of the resulting compound.”® We
observed that in contrast to R8, which did not function as a carrier
in S. pyogenes, (RXR),XB was able to mediate uptake of antisense
PNAs. Penetratin (Ant) did not support antisense PNA uptake into
S. pyogenes. This result is in accordance with an observation in
L. monocytogenes. PNA uptake into L. monocytogenes was medi-
ated by HIV-1-TAT and (RXR),XB but not by Ant.'* PDSTK, a
peptide derived from a PEST-like sequence from yeast, was able
to support PNA antisense effects in S. aureus."” We did not detect
antimicrobial activity of PDSTK-conjugated antisense PNA in

S. pyogenes.

We further analyzed the bactericidal effect of TAT-, K8-, and
(RXR),XB-anti-gyrA PNAs. All three CPP-anti-gyrA PNAs
showed a dose-dependent antimicrobial effect in kill assays. Incu-
bation of S. pyogenes with up to 5 uM K8- and (RXR),XB-conju-
gated scPNAs did not lead to the reduction of bacterial counts. In
contrast, TAT-anti-gyrA scPNA showed a sequence-independent
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Figure 7. Survival of Galleria mellonella Larvae Treated with 4 nmol CPP-PNAs following Infection with S. pyogenes
PNA conjugates are indicated by the name of the respective CPP: TAT (A), K8 (B), (RXR)4XB (C), Ant (D), mVE-cadherin (E), and ELA (F). Scrambled PNA controls are indicated
by sc. Statistical significance was determined using the log-rank test. Differences between curves were expressed as *p < 0.05; ***p < 0.0001. Sample size: n = 60 larvae

per group (A-C); n = 20 larvae per group (D-F).

antimicrobial effect in this assay, indicating a toxic influence of
the TAT peptide on S. pyogenes under these conditions. In a
previous study, we tested the effect of the TAT peptide alone on
S. pyogenes and did not observe any antibacterial activity up
to 20 uM." Six hours following treatment with 5 uM or 10 uM
TAT-, K8-, and (RXR),XB-anti-gyrA PNAs, a log CFU reduction
of three or four, respectively, was observed, but no clearance
was achieved. In contrast, L. monocytogenes could be cleared
after 20 min incubation with 8 uM TAT- and (RXR),XB-
antisense PNAs specific for the gene of RNA polymerase o subunit
(rpoA).14

MIC determination revealed that TAT-anti-gyrA PNA and K8-
anti-gyrA PNA were effective at the same MIC of 15.6 uM, whereas
the respective scrambled controls showed a MIC of 62.5 uM. Here,
no toxic effect of the TAT peptide was observed. The MICs of
(RXR)XB-anti-gyrA PNA and its corresponding scrambled control
were 625 uM and 125 uM, respectively. Compared with
L. monocytogenes, these MIC values are rather high. TAT- and

450 Molecular Therapy: Nucleic Acids Vol. 18 December 2019

(RXR),XB-anti-rpoA PNAs exhibited a MIC of 1-4 pM, depending
on the L. monocytogenes isolate tested.'*

To assess whether the bactericidal effect of the CPP-antisense PNAs
is sufficient for treatment of a S. pyogenes infection in vivo, a
G. mellonella infection model was used.” TAT-, K8-, and
(RXR)4XB-anti-gyrA  PNAs infected
G. mellonella larvae. In contrast, treatment of infected larvae with
Ant-, mVE-cadherin-, and ELA-anti-gyrA PNAs, which did not
show bactericidal activity in vitro, did not affect survival. A combina-
tion of anti-gyrA PNAs with antibiotics targeting gyrase subunit A
was shown to result in synergistic or additive antimicrobial effects
on S. aureus and S. pyogenes in vitro.">*" Here, we demonstrate
that combination therapy of infected larvae with TAT-anti-gyrA
PNAs and levofloxacin led to increased survival rates compared
with each treatment alone, supporting the idea that a combination
of antisense PNAs with conventional antibiotics is a potent strategy
to decrease the concentration of antibiotics during treatment of
S. pyogenes infections.

increased survival of
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We were surprised that from 18 CPP-PNA conjugates tested in this
study, only three showed an efficient antimicrobial effect. For future
experiments, different types of carriers should be investigated. One
possible alternative to peptide carriers is vitamin B12, which has
been successfully used in E. coli and Salmonella Typhimurium.*'
The authors showed that vitamin B12 worked more efficiently in
E. coli than (KFF);K, which is widely used in this organism.

Furthermore, we will aim at the identification of additional antisense
target genes specific for S. pyogenes. Beside other essential genes, anti-
sense targeting of virulence factor genes is a promising strategy. For
instance, antisense PNAs directed against ska, the gene coding for strep-
tokinase, could potentially diminish S. pyogenes virulence. Streptoki-
nase is involved in the lysis of fibrin clots and thereby supports bacterial
spreading. It has been shown that a small compound inhibiting ska

. . . . . . . 42
expression was able to improve survival in a murine infection model.

In this study, we were able to confirm that gyrA is a suitable
target for PNA-mediated antisense inhibition of gene expression
in S. pyogenes. We found that TAT-, K8-, and (RXR),XB-anti-
gyrA PNAs showed antibacterial activity in vitro and in vivo with
TAT-conjugated scPNAs showed
in vitro an unspecific effect, probably caused by TAT toxicity,
which was not apparent in vivo. K8-coupled anti-gyrA PNA
showed high antimicrobial efficiency in vitro and was effective
on all S. pyogenes serotypes tested except APl. In contrast,
(RXR)4XB-coupled anti-gyrA PNA showed high bactericidal effi-
ciency in the kill assay but exhibited higher MICs than TAT and
K8-PNA conjugates. Additionally, the effect of (RXR),XB-coupled

comparable characteristics.

Figure 8. Survival of Galleria mellonella Larvae
Treated with Levofloxacin Alone or in Combination
with TAT-Anti-gyrA PNA following Infection with

S. pyogenes

(A) Levo, levofloxacin. (B) TAT, 4 nmol TAT-anti-gyrA PNA.
Scrambled PNA controls are indicated by sc. Statistical
significance was determined using the log-rank test.
Differences between curves were expressed as *p < 0.05;
***p < 0.001; ***p < 0.0001. Sample size: n = 30 larvae
per group.

anti-gygrA PNA on larvae survival in the
G. mellonella infection model was
compared with the other conjugates. Overall,
our results underline the importance of suit-

lower

- NaCl + NaCl/ 3% DMSO

-@ 591 (M49) + TAT + Levo
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+ TATsc
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able vectors for PNA delivery to achieve
optimal antimicrobial function and identified
CPPs for testing of additional
S. pyogenes target genes.

efficient

MATERIALS AND METHODS

PNA Synthesis

CPP-PNAs synthesized and purified

by high-performance liquid chromatography
(HPLC) (Peps4LS, Heidelberg, Germany). Sequences of all CPP-
PNAs used in this work are listed in Table 1.

were

Bacterial Strains and Culture Conditions

S. pyogenes strains were cultured in Todd-Hewitt broth, supplemented
with 0.5% yeast extract (THY; Oxoid, Thermo Fisher Scientific, Darm-
stadt, Germany), at 37°C under a 5% CO,/20% O, atmosphere. All
strains used in this study are listed in Table 3.

Bacterial Kill Assay

Overnight cultures of the respective S. pyogenes strain were diluted
in PBS/brain heart infusion (BHI) (7/2) to approximately 2 x 10°
CFU/mL. 450 pl bacterial suspension, containing ~10° CFU, was
transferred to a 2-mL reaction tube. 50 uL PNA was added to a final
PNA concentration of 1-10 uM or as indicated. 50 pL H,O served as
mock control. The reaction tubes were incubated for 6 h at 37°C and
7 rpm (Rotor SB3; Stuart, Staffordshire, UK). Viable cell counts were
determined by plating appropriate dilutions on THY agar plates.
CFUs were determined by visual inspection following overnight incu-
bation at 37°C under a 5% CO,/20% O, atmosphere. At time point 0,
the viable cell count corresponded to 1-3 x 10° CFU/mL. The initial
CPP screen has been performed in two biological replicates. Each sub-
sequent experiment has been performed in at least three independent
biological replicates, as indicated in the figure legends.

Extraction of Total RNA

For RNA isolation, 450 pL bacterial suspension (10° CFU/mL in
THY) was prepared for each experimental condition, treated
with 2 uM CPP-PNA conjugates, and incubated in a 2-mL
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Table 3. S. pyogenes Strains

Strain M Type Isolation Reference

5448 MIT1 STSS Dr. Nikolai Siemens, Karolinska Institut, Lund, Sweden

AP1 M1 sepsis Centre for Reference and Research on Streptococci, Prague, Czech Republic
M3 8003 M3 necrotizing fasciitis Dr. Nikolai Siemens, Karolinska Institut, Lund, Sweden

HRO-K-035 M4 throat infection clinical isolate, University Medicine Rostock, Germany

MGAS8232 Mi18 ARF #

591 M49 skin R. Litticken, Aachen, Germany

AREF, acute rheumatic fever; STSS, streptococcal toxic-shock syndrome.

reaction tube for 6 h at 37°C and 7 rpm (Rotor SB3; Stuart, Staf-
fordshire, UK). Subsequently, five samples per condition were
pooled. Bacteria were pelleted immediately, shock frozen in liquid
nitrogen, and stored at —80°C until use. Bacterial cells were
disrupted in a homogenizer (Peqglab Biotechnologie, Erlangen,
Germany). Total RNA was extracted, according to the protocol,
supplied with the Direct-zol RNA MiniPrep Kit (Zymo Research,
Irvine, CA). After extraction, RNA was treated with acid phenol:-
chloroform:isoamyl alcohol (125:24:1; pH 4.5; Thermo Fisher
Scientific), and TURBO DNase (Thermo Fisher Scientific), accord-
ing to the manufacturer’s instructions. RNA was stored at —80° C
until further use.

Reverse Transcription Followed by quantitative real-time PCR
cDNA synthesis was performed using the SuperScript First-Strand
Synthesis System for RT-PCR (Invitrogen, Thermo Fisher Scientific).
Quantitative real-time PCR amplification was conducted with SYBR
Green (Thermo Fisher Scientific) using the ViiA 7 Real-Time PCR Sys-
tem (Applied Biosystems, Darmstadt, Germany). The 55 rRNA gene
served as internal control. Relative expression was calculated using
the 2742 method.** Primers were designed based on the full genome
sequence of S. pyogenes M49 strain NZ131 (NCBI: NCO011375):
gyrA-specific  primers: 5-TGAGTGTCATTGTGGCAAGAGC-3/
and 5-AGAGAATACGACGATGCACAGG-3'; 5S-specific primers:
5'-AGCGACTACCTTATCTCACAG-3' and 5'-GAGATACACCTG
TACCCATG-3'.

Determination of the MIC

MIC determination was performed following the protocol of the
Clinical and Laboratory Standards Institute (CLSI).* In MIC
assays containing CPP-PNAs, lysed horse blood (LHB)/cation-
adjusted Mueller-Hinton broth (CAMHB) medium was supple-
mented with 0.02% acetic acid and 0.4% BSA. MICs were recorded
as the lowest concentration where no turbidity was observed in the
wells.

G. mellonella Infection Model

Larvae of the greater wax moth G. mellonella were obtained from
Reptilienkosmos (Niederkriichten, Germany). For infection exper-
iments, S. pyogenes strains were grown overnight in THY, washed
twice in a 0.9% NaCl solution, and suspended in 0.9% NaCl to a
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final concentration of 1-3 x 10® CFU/mL. Larvae with a weight
of 150-200 mg were infected with 1-3 x 10° CFU/larva. Bacteria
were injected into the hemocoel of the larvae between the last
two pairs of pro-legs using a microapplicator (World Precisions
Instruments, Sarasota, FL) and a fine dosage syringe (Omnican
F; B. Braun, Melsungen, Germany; 0.01-1 mL, 0.30 x 12 mm).
As mock control, 0.9% NaCl was injected. For CPP-PNA treat-
ment, larvae were injected 30 min postinfection with 4 nmol
CPP-PNA/larva. Larvae were incubated for 7 days, and survival
was monitored daily.*°

Statistical Analyses

All experiments were performed at least three times or as indicated by
sample size (n). Statistical significance was determined using the tests
indicated in the respective figure legends. Statistical analyses were
performed using GraphPad Prism 7 software.
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