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B

acterial infections are responsible for significant morbidity
and mortality in clinical settings (1). Many infections that
would have been cured easily by antibiotics in the past now are
resistant, resulting in sicker patients and longer hospitalizations
(1, 2). The economic impact of antibiotic-resistant infections is
estimated to be between $5 billion and $24 billion per year in the
United States (3). Antibiotic resistance can be acquired genetically (e.g., via mutations in antibiotic targets) or result from
persistence, in which a small fraction of cells in a population
exhibits a non-inherited, phenotypic tolerance to antimicrobials
(1, 4, 5).
New classes of antibiotics and more effective antimicrobial
agents are needed, but few are in pharmaceutical pipelines (1,
6). High-throughput methodologies combined with traditional
molecular biology techniques have enabled the discovery of
potential drug targets for new antibiotics and antibiotic potentiators (7, 8). However, translating these targets from
identification to actual drug compounds requires a significant
amount of additional work and investment. Moreover, antibiotic drugs typically do not take advantage of targets that need
to be up-regulated to achieve antimicrobial activity. As a
result, a significant gap remains between target identification
and drug development.
In this work, we engineered bacteriophage to overexpress
proteins to target gene networks to enhance bacterial killing by
antibiotics. Phage therapy to kill bacteria has been in use since
the early 20th century (9). Phage can lyse bacteria or be modified
to express lethal genes to cause cell death (10–14). However,
phage that are directly lethal to their bacterial hosts can select
for phage-resistant bacteria in a short time (10, 11, 15). To
reduce the development of phage resistance, we sought to
develop engineered phage that would exert minimal evolution-
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ary pressures. Instead of overexpressing lethal genes, our design
targets nonessential genes and the networks they regulate that
are not directly attacked by antibiotics. Combination therapy
with different antibiotics, different bacteriophage, or antibiotics
plus phage may reduce the incidence of phage resistance and/or
antibiotic resistance (16–20). Therefore, by using a combination
of engineered antibiotic-enhancing phage and antibiotics, we
hoped to reduce the incidence of antibiotic resistance and
enhance bacterial killing.
Results
Targeting the SOS DNA Repair System. Bactericidal antibiotics (e.g.,

quinolones such as ofloxacin) induce hydroxyl radical formation
that leads to DNA, protein, and lipid damage and ultimately to
cell death (8). DNA damage induces the SOS response (21, 22),
which results in DNA repair (Fig. 1A). It has been shown that
bacterial killing by bactericidal antibiotics can be enhanced by
knocking out recA and disabling the SOS response (8). Here we
took an alternative approach and engineered M13mp18 phage to
overexpress lexA3, a repressor of the SOS response (23). Overexpression of lexA to suppress the SOS system has been demonstrated to inhibit the emergence of antibiotic resistance (24).
We used M13mp18, a modified version of M13 phage, as our
substrate, because it is a non-lytic filamentous phage and can
accommodate DNA insertions into its genome (supporting
information (SI) Fig. S1) (25).
To repress the SOS response, we placed the lexA3 gene under
the control of the synthetic PLtetO promoter followed by a
synthetic ribosome-binding sequence (RBS) (8, 23, 26, 27); we
named this phage lexA3 (Figs. 1 A and S1B) and the unmodified
M13mp18 phage unmod. PLtetO, which is an inducible promoter
in the presence of the TetR repressor, is constitutively on in
EMG2 cells, which lack TetR. PLtetO was used for convenience
for our proof-of-concept experiments described here and would
not necessarily be the promoter of choice in real-world situations. We confirmed that lexA3 suppressed the SOS response
induced by ofloxacin treatment by monitoring GFP fluorescence
in E. coli K-12 EMG2 cells carrying a plasmid with an SOSresponsive promoter driving gfp expression (Fig. S2) (8).
To test lexA3’s antibiotic-enhancing effect, we obtained time
courses for killing of E. coli EMG2 bacteria with phage and/or
of loxacin treatment. We calculated viable cell counts by
counting cfus during treatment with no phage or with 108
pfu/ml of phage and with no of loxacin or with 60 ng/ml
of loxacin (Fig. 1B). Bacteria exposed only to of loxacin were
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Antimicrobial drug development is increasingly lagging behind the
evolution of antibiotic resistance, and as a result, there is a pressing
need for new antibacterial therapies that can be readily designed
and implemented. In this work, we engineered bacteriophage to
overexpress proteins and attack gene networks that are not
directly targeted by antibiotics. We show that suppressing the SOS
network in Escherichia coli with engineered bacteriophage enhances killing by quinolones by several orders of magnitude in
vitro and significantly increases survival of infected mice in vivo. In
addition, we demonstrate that engineered bacteriophage can
enhance the killing of antibiotic-resistant bacteria, persister cells,
and biofilm cells, reduce the number of antibiotic-resistant bacteria
that arise from an antibiotic-treated population, and act as a strong
adjuvant for other bactericidal antibiotics (e.g., aminoglycosides
and ␤-lactams). Furthermore, we show that engineering bacteriophage to target non-SOS gene networks and to overexpress
multiple factors also can produce effective antibiotic adjuvants.
This work establishes a synthetic biology platform for the rapid
translation and integration of identified targets into effective
antibiotic adjuvants.
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Fig. 1. Engineered lexA3 bacteriophage enhances killing of wild-type E. coli EMG2 bacteria by bactericidal antibiotics. (A) Schematic of combination therapy
with engineered phage and antibiotics. Bactericidal antibiotics induce DNA damage via hydroxyl radicals, leading to induction of the SOS response. SOS induction
results in DNA repair and can lead to survival (8). Engineered phage carrying the lexA3 gene (lexA3) under the control of the synthetic promoter PLtetO and an
RBS (27) acts as an antibiotic adjuvant by suppressing the SOS response and increasing cell death. (B) Killing curves for no phage (black diamonds), unmodified
phage unmod (red squares), and engineered phage lexA3 (blue circles) with 60 ng/ml ofloxacin (oflox) (solid lines, closed symbols). 108 pfu/ml phage was used.
A growth curve for E. coli EMG2 with no treatment (dotted line, open symbols) is shown for comparison. lexA3 greatly enhanced killing by ofloxacin by 4 h of
treatment. (C) Killing curves for no phage (black diamonds), unmod (red squares), and lexA3 (blue circles) with 5 g/ml gentamicin (gent). 109 pfu/ml phage was
used. lexA3 phage greatly increases killing by gentamicin. (D) Killing curves for no phage (black diamonds), unmod (red squares), and lexA3 (blue circles) with
5 g/ml ampicillin (amp). 109 pfu/ml phage was used. lexA3 phage greatly increases killing by ampicillin.

reduced by about 1.7 log10(cfu/ml) after 6 h of treatment,
ref lecting the presence of persisters not killed by the drug (Fig.
1B). By 6 h, lexA3 improved the bactericidal effect of of loxacin
by 2.7 orders of magnitude compared with unmodified phage
unmod (⬇ 99.8% additional killing) and by more than 4.5
orders of magnitude compared with no phage (⬇ 99.998%
additional killing) (Fig. 1B). Unmodified phage enhanced
of loxacin’s bactericidal effect, a finding that is consistent with
previous observations that unmodified filamentous phage
augment antibiotic efficacy against Pseudomonas aeruginosa
(20). Other researchers have noted that M13-infected E. coli
exhibited impaired host stress responses to conditions such as
acid stress (28). The mechanism by which unmodified filamentous phage can augment antibiotic efficacy is not well characterized but may involve membrane disruption or impaired
stress responses. No significant bacterial regrowth was apparent with combination phage and antibiotic treatment up to 12 h
(Fig. 1B) (10, 11, 15). We confirmed that both unmod and lexA3
replicated significantly during treatment (data not shown).
To test whether lexA3 can act as an antibiotic adjuvant in
different situations, we assayed for bacterial killing with varying
initial phage inoculation doses (Fig. S3) and with varying doses
of ofloxacin (Fig. S4) after 6 h of treatment, respectively. lexA3
enhanced ofloxacin’s bactericidal activity over a wide range of
multiplicity of infection (MOI), from 1:1000 to 1:1 (Fig. S3).
lexA3’s ability to increase killing by ofloxacin at a low MOI
reflects rapid replication and infection by M13 phage. For
ofloxacin concentrations of 30 ng/ml and higher, lexA3 resulted
in much greater killing compared with no phage or unmodified
phage unmod (Fig. S4). Thus, lexA3 is a strong adjuvant for
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ofloxacin at doses below and above the minimum inhibitory
concentration (60 ng/ml, data not shown).
We next determined whether our engineered phage could
increase killing by classes of antibiotics other than quinolones.
We tested lexA3’s antibiotic-enhancing effect for gentamicin, an
aminoglycoside, and ampicillin, a ␤-lactam antibiotic. lexA3
increased gentamicin’s bactericidal action by more than 2.5 and
3 orders of magnitude compared with unmod and no phage,
respectively (Fig. 1C). lexA3 also improved ampicillin’s bactericidal effect by more than 2 and 5.5 orders of magnitude
compared with unmod and no phage, respectively (Fig. 1D). For
both gentamicin and ampicillin, lexA3’s strong antibioticenhancing effect was noticeable after 1 h of treatment (Fig. 1 C
and D). These results are consistent with previous observations
that ⌬recA mutants exhibit increased susceptibility to quinolones, aminoglycosides, and ␤-lactams (8) and indicate that
engineered phage such as lexA3 can act as general adjuvants for
the 3 major classes of bactericidal drugs.
We also found that engineered phage lexA3 is capable of
reducing the number of persister cells in populations already
exposed to antibiotics as well as enhancing antibiotic efficacy
against bacteria living in biofilms. For example, lexA3 added to
a population previously treated only with ofloxacin increased the
killing of bacteria that survived the initial treatment by ⬇ 1 and
1.5 orders of magnitude compared with unmod and no phage,
respectively (Fig. S5). In addition, simultaneous application of
lexA3 and ofloxacin improved killing of biofilm cells by about 1.5
and 2 orders of magnitude compared with unmod plus ofloxacin
and no phage plus ofloxacin, respectively (Fig. S6).
Enhancing Killing of Antibiotic-Resistant Bacteria. In addition to

killing wild-type bacteria with increased efficacy, engineered
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Fig. 2. Engineered lexA3 bacteriophage enhances killing of quinoloneresistant E. coli RFS289 bacteria by ofloxacin. Killing curves for no phage (black
diamonds), unmodified phage unmod (red squares), and engineered phage
lexA3 (blue circles) with 1 g/ml ofloxacin (oflox). 108 pfu/ml phage was used.
lexA3 greatly enhanced killing by ofloxacin by 1 h of treatment.

phage can enhance killing of bacteria that already have acquired
antibiotic resistance. We applied lexA3 with ofloxacin against E.
coli RFS289, which carries a mutation (gyrA111) that renders it
resistant to quinolone antibiotics (7, 29). lexA3 increased the
bactericidal action of ofloxacin by more than 2 and 3.5 orders of
magnitude compared with unmod and no phage, respectively
(Fig. 2). These results demonstrate that antibiotic-enhancing
phage can be used to combat antibiotic-resistant bacteria and
therefore may have the potential to bring defunct antibiotics
back into clinical use.
Increasing Survival of Mice Infected with Bacteria. To determine the

clinical relevance of antibiotic-enhancing phage in vivo, we
tested the ability of our engineered phage with ofloxacin to
prevent death in mice infected with bacteria. Mice were injected
with E. coli EMG2 i.p. 1 h before receiving different i.v.
treatments (Fig. 3A). Eighty percent of mice that received lexA3
with ofloxacin survived, compared with 50% mice that received
unmod plus ofloxacin and 20% of mice that received ofloxacin
alone (Fig. 3B). The in vivo efficacy of our antibiotic-enhancing
phage in rescuing infected mice from death demonstrates the
feasibility of our designs for clinical use.
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Fig. 3. Engineered lexA3 bacteriophage increases survival of mice infected
with bacteria. (A) Female Charles River CD-1 mice were inoculated with i.p.
injection of 8.8 * 107 cfu/mouse E. coli EMG2 bacteria. After 1 h, the mice
received no treatment or i.v. treatment with 0.2 mg/kg ofloxacin plus no
phage, plus unmodified phage unmod, or plus engineered phage lexA3 (109
pfu/mouse phage was used). The mice were observed for 5 days, and deaths
were recorded at the end of each day to generate survival curves. [Mouse
drawing reproduced under a Creative Commons Attribution 2.5 license (53).]
(B) Survival curves for infected mice treated with phage and/or ofloxacin
demonstrate that engineered phage lexA3 plus ofloxacin (closed blue circles
with solid line) significantly increases survival of mice compared with unmodified phage unmod plus ofloxacin (closed red squares with solid line), no phage
plus ofloxacin (closed black diamonds with solid line), or no treatment (open
black diamonds with dashed line).

Reducing the Development of Antibiotic Resistance. Exposure to

subinhibitory concentrations of antibiotics can lead to initial
mutations that confer low-level antibiotic resistance and eventually to more mutations that yield high-level resistance (30).
We hypothesized that engineered phage, as antibiotic adjuvants, could reduce the number of antibiotic-resistant mutants
that result from a bacterial population exposed to antimicrobial drugs. To test this hypothesis, we grew E. coli EMG2 in
media with no of loxacin for 24 h, with 30 ng/ml of loxacin for
24 h, with 30 ng/ml of loxacin for 12 h followed by unmod plus
of loxacin treatment for 12 h, or with 30 ng/ml of loxacin for
12 h followed by lexA3 plus of loxacin treatment for 12 h (Fig.
S7). Then, we counted the number of mutants resistant to 100
ng/ml of loxacin for each of the 60 samples under each growth
condition. Growth in the absence of of loxacin yielded very few
resistant cells (median ⫽ 1) (Fig. S7). However, growth with
subinhibitory levels of of loxacin produced a high number of
antibiotic-resistant bacteria (median ⫽ 1592) (Fig. S7). Treatment with unmodified phage unmod decreased the number of
resistant cells (median ⫽ 43.5); however, all samples contained ⬎ 1 resistant cfu, and more than half of the samples
had ⬎ 20 resistant cfus (Fig. S7). In contrast, lexA3 treatment
Lu and Collins

dramatically suppressed the level of antibiotic-resistant cells
(median ⫽ 2.5), resulting in a majority of samples with either
no resistant cfus or ⬍ 20 resistant cfus (Fig. S7).
Flexible Targeting of Other Gene Networks. Our phage platform

can be used to target many different gene networks to produce
effective antibiotic adjuvants. To demonstrate this feature, we
engineered phage to express proteins that regulate non-SOS
gene networks (e.g., SoxR and CsrA) or modulate sensitivity
to antibiotics (e.g., OmpF) (Fig. 4 and Fig. S1) (27). For
example, the soxRS regulon controls a coordinated cellular
response to superoxide (31). SoxR contains a [2Fe-2S] cluster
that must be oxidized for it to stimulate SoxS production,
which then controls the transcription of downstream genes that
respond to oxidative stress (31). Because quinolones generate
superoxide-based oxidative attack (7, 8), we surmised that
engineering phage to overexpress wild-type SoxR (soxR) might
affect this response and improve of loxacin’s bactericidal activity (Fig. 4 A). As shown in Fig. 4B, soxR enhanced killing by
of loxacin compared with unmodified phage unmod and no
PNAS Early Edition 兩 3 of 6
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Fig. 4. Engineered bacteriophage targeting single and multiple gene networks (other than the SOS network) as adjuvants for ofloxacin treatment (oflox). (A)
Ofloxacin stimulates superoxide generation, which normally is countered by the oxidative stress response, coordinated by SoxR (8). Engineered phage producing
SoxR (soxR) enhances ofloxacin-based killing by disrupting regulation of the oxidative stress response. (B) Killing curves for no phage (black diamonds),
unmodified phage unmod (red squares), and engineered phage soxR (blue downward-pointing triangles) with 60 ng/ml ofloxacin (solid lines, closed symbols).
108 pfu/ml phage was used. The killing curve for unmod and a growth curve for E. coli EMG2 with no treatment (dotted line, open symbols) are reproduced from
Fig. 1B for comparison and show that soxR enhances killing by ofloxacin. (C) CsrA suppresses the biofilm state in which bacterial cells tend to be more resistant
to antibiotics (35). OmpF is a porin used by quinolones to enter bacterial cells (37). Engineered phage producing both CsrA and OmpF simultaneously (csrA-ompF)
enhances antibiotic penetration via OmpF and represses biofilm formation and antibiotic tolerance via CsrA to produce an improved dual-targeting adjuvant
for ofloxacin. (D) Killing curves for csrA (black diamonds), ompF (red squares), and csrA-ompF (brown upward-pointing triangles) with 60 ng/ml ofloxacin. 108
pfu/ml phage was used. Phage expressing both csrA and ompF (csrA-ompF) is a better adjuvant for ofloxacin than phage expressing csrA (csrA) or ompF alone
(ompF).

phage (Fig. 4B). However, the exact mechanism underlying the
ability of SoxR overexpression in soxR to enhance antibiotic
killing is not clear. Overexpression of SoxR may provide
additional iron-sulfur clusters that could be destabilized to
increase sensitivity to bactericidal antibiotics (7, 8). Alternatively, because SoxR usually is kept at relatively low levels in
vivo that are unchanged by oxidative stress (32), overexpressing large amounts of SoxR may interfere with signal transduction in response to oxidative stress by titrating intracellular
iron or oxidizing species or by competing with oxidized SoxR
for binding to the soxS promoter (32–34).
CsrA is a global regulator of glycogen synthesis and catabolism, gluconeogenesis, and glycolysis, and it also represses
biofilm formation (35). Because biofilm formation has been
linked to antibiotic resistance, we hypothesized that csrAexpressing phage (csrA) would increase susceptibility to antibiotic treatment (Fig. 4C) (36). In addition, because OmpF is
a porin used by quinolones to enter bacteria (37), we hypothesized that ompF-expressing phage (ompF) would increase
killing by of loxacin (Fig. 4C). After 6 h, both csrA and ompF
increased of loxacin’s bactericidal effect by ⬇ 1 and 3 orders of
magnitude compared with unmod and no phage, respectively
(Fig. 4D).
Systems biology analysis often results in the identification of
multiple antibacterial targets that are not easily addressed by
traditional drug compounds. In contrast, engineered phage are
well suited for incorporating multiple targets into a single
antibiotic adjuvant. To demonstrate this capability, we designed
an M13mp18 phage to express csrA and ompF simultaneously
(csrA-ompF) to target csrA-controlled gene networks and increase
4 of 6 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0800442106

drug penetration (Fig. 4C) The multitarget phage was constructed by placing an RBS and ompF immediately downstream
of csrA in csrA (Fig. S1F) (27). csrA-ompF was more effective in
enhancing ofloxacin’s bactericidal effect than were its singletarget relatives, csrA and ompF, in planktonic (Fig. 4D) and
biofilm (Fig. S8) settings. Together, these results demonstrate
that engineering phage to target non-SOS genetic networks
and/or overexpress multiple factors can produce effective antibiotic adjuvants.
Discussion
Our work demonstrates that combination therapy coupling
antibiotics with antibiotic-enhancing phage has the potential to
be a promising antimicrobial strategy. Moreover, we have shown
that antibiotic-enhancing phage should have clinical relevance
because of their in vivo effectiveness in rescuing infected mice.
Thus, phage can be engineered to act as effective antibiotic
adjuvants in vitro and in vivo and may help close the gap between
antimicrobial target identification and implementation. By targeting nonessential gene networks, a diverse set of engineered
bacteriophage can be developed to supplement other antimicrobial strategies.
Despite the potential benefits described earlier in the text,
phage have yet to be accepted into clinical practice because of
a number of issues, such as phage immunogenicity, efficacy,
target bacteria identification and phage selection, host specificity, and toxin release (9–11, 38, 39). To reduce the risk of leaving
lysogenic particles in patients after treatment, our adjuvant
phage could be modified to be nonreplicative, as has been
described previously (11). A potential concern with the use of
Lu and Collins

Materials and Methods
Bacterial Strains, Phage, and Chemicals. E. coli K-12 EMG2 cells, which lack O
antigens, were obtained from the Yale Coli Genetic Stock Center (CGSC
#4401). E. coli RFS289 cells, which contain a gyrA111 mutation rendering them
resistant to quinolones, were obtained from the Yale Coli Genetic Stock
Center (CGSC #5742). M13mp18 phage was purchased from New England
Biolabs. E. coli XL-10 cells used for cloning, amplifying phage, and plating
phage were obtained from Stratagene. Chemicals were obtained from sources
described in SI Materials and Methods.
Engineering M13mp18 Phage to Target Genetic Networks. To construct engineered phage, lexA3, soxR, csrA, and ompF genes were first placed under
the control of the PLtetO promoter in the pZE11G vector (23, 27). Details are
described in SI Text. All PLtetO-gene constructs were followed by terminator T1 of the rrnB operon and preceded by a stop codon; they were PCR
amplified from the respective pZE11 plasmids with primers 5⬘ aataca
GAGCTC cTAA tccctatcagtgatagagattg 3⬘ and 5⬘ taatct CGATCG tctagggcggcggat 3⬘ and cloned into the SacI and PvuI sites of M13mp18 (Fig. S1) (25,
27). Resulting phage genomes were transformed into XL-10 cells, mixed
with 200 l overnight XL-10 cells in 3 ml top agar, 1 mM isopropyl ␤-D-1thiogalactopyranoside (IPTG), and 40 l of 20 mg/ml X-Gal, and poured
onto LB agar ⫹ chloramphenicol (30 g/ml) plates for plaque formation
and blue-white screening. After overnight incubation of plates at 37 °C,
white plaques were scraped and placed into 1:10 dilutions of overnight
XL-10 cells and grown for 5 h. Replicative form (RF) M13mp18 DNA was

Lu and Collins

collected by DNA minipreps of the bacterial cultures. All insertions into
M13mp18 were verified by PCR and restriction digests of RF DNA. Infective
phage solutions were obtained by centrifuging infected cultures for 5 min
at 16,100 ⫻ g and collecting supernatants followed by filtration through
Nalge #190 –2520 0.2 m filters (Nalge Nunc International).
Determination of Plaque-Forming Units. To obtain pfus, we added serial
dilutions of phage performed in 1X PBS to 200 l of overnight XL-10 cells in 3
ml top agar, 1 mM IPTG, and 40 l of 20 mg/ml X-Gal, and poured the mixture
onto LB agar ⫹ chloramphenicol (30 g/ml) plates. After overnight incubation
at 37 °C, plaques were counted.
Determination of Colony-Forming Units. To obtain cfu counts, 150 l of relevant
cultures were collected, washed with 1X PBS, recollected, and resuspended in
150 l of 1X PBS. Serial dilutions were performed with 1X PBS and sampled on
LB agar plates. LB agar plates were incubated at 37 °C overnight before
counting.
Flow Cytometer Assay of SOS Induction. To monitor lexA3’s suppression of the
SOS response (Fig. S2), we used a plasmid containing an SOS-response promoter driving gfp expression in EMG2 cells (PLlexO-gfp) (7) with a basic
protocol described in the SI Text.
Ofloxacin Killing Assay. To determine the antibiotic-enhancing effect of
engineered phage for ofloxacin (Figs. 1B, 4 B and D), we grew 1:500
dilutions of EMG2 cells overnight for 3 h and 30 min at 37 °C and 300 rpm
(model G25 incubator shaker; New Brunswick Scientific) to lateexponential phase and determined initial cfus, which were in the range
of ⬇ 109 cfu/ml. Then, we added 60 ng/ml ofloxacin alone or in combination
with 108 pfu/ml phage (unmodified phage unmod or engineered lexA3,
soxR, csrA, ompF, or csrA-ompF phage), and treated at 37 °C and 300 rpm. At
indicated time points, we determined cfus as described earlier. Mean
killing (⌬log 10 (cfu/ml)) was determined by subtracting mean initial
log10(cfu/ml) from mean log10(cfu/ml) after treatment to compare data
from different experiments. This protocol was replicated with E. coli
RFS289 to determine the ofloxacin-enhancing effect of engineered lexA3
phage against antibiotic-resistant bacteria (Fig. 2).
Dose–Response Assays. The initial phage inoculation dose–response experiments (Fig. S3) were conducted using the same protocol as the ofloxacin killing
assay, except that 60 ng/ml ofloxacin was added with varying concentrations
of phage. Cultures were treated for 6 h before obtaining viable cell counts.
The ofloxacin dose–response experiments (Fig. S4) also were obtained using
the same protocol as in the ofloxacin killing assay, except that 108 pfu/ml
phage was added with varying concentrations of ofloxacin, and viable cell
counts were obtained after 6 h of treatment.
Gentamicin and Ampicillin Killing Assays. To determine the antibioticenhancing effect of engineered phage for gentamicin and ampicillin, we used
the same protocol as in the ofloxacin killing assay, except we used 109 pfu/ml
initial phage inoculations. Five g/ml gentamicin and 5 g/ml ampicillin were
used in Fig. 1 C and D, respectively.
Mouse Survival Assay. Female Charles River CD-1 mice (weighing 18 –20 g)
received i.p. injections with 8.8 * 107 cfu/mouse E. coli EMG2 cells in a volume
of 0.5 ml with 8% mucin (Fig. 3). After 1 h, the mice received either no
treatment or i.v. infusions of ofloxacin alone (0.2 mg/kg), 109 pfu/mouse
unmodified phage unmod with ofloxacin (0.2 mg/kg), or 109 pfu/mouse engineered lexA3phage with ofloxacin (0.2 mg/kg). Ten mice were used per
treatment group. The mice were observed over 5 days, and deaths were
recorded at the end of each day. All mouse materials were provided by
ViviSource Laboratories, a facility approved by the United States Department
of Agriculture and by the Office of Laboratory Animal Welfare, where all in
vivo experimental work was performed.
Persister Killing Assay. Persister killing (Fig. S5) was assayed using a basic
protocol described in SI Text.
Biofilm Killing Assay. Biofilm killing (Fig. S6 and Fig. S8) was assayed using a
previously reported protocol described in SI Text (16).
Antibiotic Resistance Assay. To analyze the effect of subinhibitory concentrations of ofloxacin on the development of antibiotic-resistant mutants, we
grew 1:108 dilutions of EMG2 cells overnight in LB media containing either no
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engineered M13mp18 prototype phage described here is the
development of phage resistance resulting from the loss of the
F-plasmid required for infection (10). We have developed our
prototype phage as a proof of concept for antibiotic adjuvants
and recognize that real-world usage may necessitate the use of
phage cocktails to ensure efficacy and the ability to treat
non-F-plasmid⫺containing bacteria. Phage cocktails that target
different, multiple bacterial receptors may reduce the development of phage resistance by invading bacteria through different
means. Using phage cocktails with multiple antibiotics also could
enhance bacterial killing and reduce resistance to both phage
and antibiotics.
Our phage platform for the development of effective antibiotic adjuvants is a practical example of the application of
synthetic biology to important real-world biomedical issues.
Synthetic biology is focused on the rational and modular
engineering of organisms to create novel behaviors. The field
has produced many reports of synthetic gene circuits and
systems with interesting characteristics (40 – 45). More recently, synthetic biologists have begun to address important
industrial and medical problems (16, 46 – 48). To extend our
work beyond proof-of-concept experiments, libraries of natural phage could be modified to target gene networks and
pathways, such as the SOS response, in different bacterial
species (49, 50). This process would require the isolation and
genetic modification of natural phage with the ability to infect
the bacterial species being targeted. With current DNA sequencing and synthesis technology, an entire engineered bacteriophage genome carrying multiple constructs to target
different gene networks could be synthesized for less than
$10,000, a price that is sure to decrease in the future (51).
These technologies should enable large-scale modifications of
phage libraries to produce antibiotic-enhancing phage that can
be applied with different antibiotic drugs against a wide range
of bacterial infections. Targeting clinical bacterial strains with
libraries of engineered phage will be a crucial step in applying
this strategy against real-world infections.
Engineered phage may be adopted more readily in industrial,
agricultural, and food processing settings where bacterial biofilms and other difficult-to-clear bacteria are present (16).
Applying engineered phage as antibiotic adjuvants in nonmedical settings could be economically advantageous, reduce community-acquired antibiotic resistance, and be a prudent first step
toward gaining acceptance for clinical use (52).

ofloxacin or 30 ng/ml ofloxacin (Fig. S7). After 12 h of growth at 37 °C and 300
rpm (model G25 incubator shaker, New Brunswick Scientific), we split the cells
grown in no ofloxacin into 100-l aliquots with no ofloxacin into 60 wells in
96-well plate format (Costar 3370; Fisher Scientific). We also split the cells
grown in 30 ng/ml ofloxacin into 100-l aliquots in 60 wells with no phage and
30 ng/ml ofloxacin, with unmod and 30 ng/ml ofloxacin, or with lexA3 and 30
ng/ml ofloxacin in 96-well plates. We placed the 96-well plates in 37 °C and 300
rpm with plastic bags to minimize evaporation. After 12 h of treatment, we
plated cultures from each well on LB agar ⫹ 100 ng/ml ofloxacin to select for
mutants that developed resistance against ofloxacin. To compare results, we
constructed box-and-whisker plots using the 60 individual observations for
each treatment condition (Fig. S7).

Statistical Analysis. All cfu data were log10-transformed before analysis. For all
data points in all experiments, 3 samples were collected except where noted.
Error bars in figures indicate standard error of the mean.
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SI Materials and Methods
Bacterial Strains, Phage, and Chemicals. T4 DNA ligase and all

restriction enzymes were purchased from New England Biolabs.
PCR reactions were carried out using PCR SuperMix High
Fidelity from Invitrogen or Phusion High Fidelity from New
England Biolabs. Purification of PCR reactions and restriction
digests was carried out with the QIAquick gel extraction or PCR
purification kits (Qiagen). Plasmid DNA was isolated using the
Qiagen QIAprep Spin Miniprep kit. All other chemicals and
materials were purchased from Fisher Scientific, Inc.
Engineering M13mp18 Bacteriophage to Target Genetic Networks. To

construct engineered phage, lexA3, soxR, csrA, and ompF genes
were first placed under the control of the PLtetO promoter in the
pZE11G vector (1, 2). Using PCR with primers 5⬘ ttatca ggtacc
atgAAAGCGT TAACGGCC 3⬘ and 5⬘ atacat aagctt TTACAGCCA GTCGCCG 3⬘, lexA3 was cloned between the KpnI
and HindIII sites of pZE11G to form pZE11-lexA3. Because
soxR has an internal KpnI site, we built a synthetic RBS by
sequential PCR using 5⬘ agaggagaaa ggtacc atgGAAAAGA
AATTACCCCG 3⬘ and 5⬘ atacat aagctt TTAGT TTTGTTCATC TTCCAG 3⬘ followed by 5⬘ agtaga gaattc attaaagaggagaaa ggtacc atg 3⬘ and 5⬘ atacat aagctt TTAGT TTTGTTCATC TTCCAG 3⬘. The resulting EcoRI-RBS-soxR-HindIII
DNA was ligated to an XhoI-PLtetO-EcoRI fragment excised
from pZE11G, and the entire DNA fragment was ligated into
pZE11G between XhoI and HindIII to form pZE11-soxR (2).
Primers for csrA for cloning into pZE11G between KpnI and
HindIII to form pZE11-csrA were 5⬘ agaggagaaa ggtacc atgCTGATTC TGACTCGT 3⬘ and 5⬘ atacat aagctt TTAGTA ACTGGACTGC TGG 3⬘; and primes for cloning ompF to form
pZE11-ompF were 5⬘ agaggagaaa ggtacc atgATGAAGC
GCAATATTCT 3⬘ and 5⬘ atacat aagctt TTAGAACTG GTAAACGATA CC 3⬘. To express csrA and ompF simultaneously
under the control of PLtetO, we PCR amplified RBS-ompF DNA
from pZE11-ompF using 5⬘ ccagtc aagctt attaaagaggagaaa ggtacc
3⬘ and 5⬘ atacat GGATCC TTAGAACTG GTAAACGATA
CC 3⬘ and cloned the product between HindIII and BamHI in
pZE11-csrA to form pZE11-csrA-ompF. The resulting plasmids
were transformed into E. coli XL-10 cells.

EMG2 cells (PLlexO-gfp) (3). After growing 1:500 dilutions of
the overnight cells for 2 h and 15 min at 37 °C and 300 rpm
(model G25 incubator shaker, New Brunswick Scientific), we
applied ofloxacin and bacteriophage; cells were treated for 6 h
at 37 °C and 300 rpm (model G25 incubator shaker; New
Brunswick Scientific). Cells then were analyzed for GFP fluorescence using a Becton Dickinson FACScalibur flow cytometer
with a 488-nm argon laser and a 515–545 nm emission filter
(FL1) at low flow rate. The following photo-multiplier tube
settings were used for analysis: E00 (FSC), 275 (SSC), and 700
(FL1). Becton Dickinson Calibrite Beads were used for instrument calibration. For each sample 200,000 cells were collected
and processed with MATLAB (Mathworks).
Persister Killing Assay. We performed a persister killing assay to
determine whether engineered phage could help kill persister
cells in a population that survived initial drug treatment without
bacteriophage (Fig. S5). We first grew 1:500 dilutions of overnight EMG2 for 3.5 h at 37 °C and 300 rpm (model G25
incubator shaker; New Brunswick Scientific), followed by treatment with 200 ng/ml ofloxacin for 3 h to create a population of
surviving bacteria. Then we added no phage, 109 pfu/ml unmodified phage unmod, or 109 pfu/ml engineered phage lexA3. After
3 h of additional treatment, we collected the samples and assayed
for viable cell counts as described previously.

pression of the SOS response (Fig. S2), we used a plasmid
containing an SOS-response promoter driving gfp expression in

Biofilm Killing Assay. Biofilms were grown using E. coli EMG2
cells according to a previously reported protocol (4). Briefly, lids
containing plastic pegs (MBEC Physiology and Genetics Assay)
were placed in 96-well plates containing overnight cells that were
diluted 1:200 in 150 l LB. Plates then were inserted into plastic
bags to minimize evaporation and inserted in a Minitron shaker
(Infors HT). After 24 h of growth at 35 °C and 150 rpm, lids were
moved into new 96-well plates with 200 l LB with or without 108
pfu/ml of bacteriophage. After 12 h of treatment at 35 °C and 150
rpm, lids were removed, washed 3 times in 200 l of 1X PBS,
inserted into Nunc #262162 microtiter plates with 150 l 1X
PBS, and sonicated in an Ultrasonics 5510 sonic water bath
(Branson) at 40 kHz for 30 min. Serial dilutions, using the
resulting 150 l 1X PBS, were performed on LB plates, and
viable cell counts were determined. Mean killing (⌬log10(cfu/
ml)) was calculated by subtracting mean log10(cfu/ml) after 24 h
of growth from mean log10(cfu/ml) after 12 h of treatment (Figs.
S6 and S8).
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Flow Cytometer Assay of SOS Induction. To monitor lexA3’s sup-
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Fig. S1. Genomes of unmodified M13mp18 bacteriophage and engineered bacteriophage. Engineered bacteriophage were constructed by inserting genetic
modules under the control of a synthetic promoter (PLtetO) and RBS between SacI and PvuI restriction sites. A terminator (TermT1) ends transcription of the
respective gene(s). (A) Unmodified M13mp18 (unmod) contains lacZ to allow blue-white screening of engineered bacteriophage. (B) Engineered M13mp18
bacteriophage expressing lexA3 (lexA3). (C) Engineered M13mp18 bacteriophage expressing soxR (soxR). (D) Engineered M13mp18 bacteriophage expressing
csrA (csrA). (E) Engineered M13mp18 bacteriophage expressing ompF (ompF). (F) Engineered M13mp18 bacteriophage expressing csrA and ompF (csrA-ompF).
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Fig. S2. Flow cytometry of cells with an SOS-responsive GFP plasmid exposed to no phage (black lines), unmodified phage unmod (red lines), or engineered
phage lexA3 (blue lines) for 6 h with varying doses of ofloxacin. Where indicated, 108 pfu/ml of phage was applied. Cells exposed to no phage or unmod showed
similar SOS induction profiles, whereas cells with lexA3 exhibited significantly suppressed SOS responses. (A) No ofloxacin treatment. (B) Treatment with 20 ng/ml
ofloxacin. (C) Treatment with 60 ng/ml ofloxacin. (D) Treatment with 100 ng/ml ofloxacin. (E) Treatment with 200 ng/ml ofloxacin.
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Fig. S3. Engineered lexA3 bacteriophage enhances killing of wild-type E. coli EMG2 bacteria by bactericidal antibiotics. Phage dose–response shows that lexA3
(blue circles with solid line) is a strong adjuvant for ofloxacin (60 ng/ml) over a wide range of initial inoculations compared with no phage (black dashed/dotted
line) and unmod (red squares with dashed line). The starting concentration of bacteria was about 109 cfu/ml (data not shown).
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Fig. S4. Engineered lexA3 bacteriophage enhances killing of wild-type E. coli EMG2 bacteria by bactericidal antibiotics. Ofloxacin dose–response shows that
lexA3 (blue circles, solid line) increases killing even at low levels of drug compared with no phage (black diamonds, dash/dotted line) and unmod (red squares,
dashed line). 108 pfu/ml phage was used.
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Fig. S5. Persister killing assay demonstrates that engineered bacteriophage can be applied to a previously drug-treated population to increase killing of
surviving persister cells. After 3 h of treatment with 200 ng/ml ofloxacin, no phage (black bar), 109 pfu/ml unmodified phage unmod (red bar), or 109 pfu/ml
engineered phage lexA3 (blue bar) was added to the previously drug-treated cultures. Three additional hours later, viable cell counts were obtained and
demonstrated that lexA3 was able to reduce persister cell levels better than no phage or unmod.
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Fig. S6. Mean killing with 60 ng/ml ofloxacin after 12 h of treatment of E. coli EMG2 biofilms pregrown for 24 h. Where indicated, 108 pfu/ml of lexA3
bacteriophage was used.
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Fig. S7. Box-and-whisker plot of the total number of E. coli EMG2 cells in 60 observations that were resistant to 100 ng/ml ofloxacin after growth under various
conditions. Red bars indicate medians, red diamonds represent outliers. (A) Cells grown with no phage and no ofloxacin for 24 h had very low numbers of
antibiotic-resistant cells. Cells grown with no phage and 30 ng/ml ofloxacin for 24 h had high numbers of resistant cells because of growth in subinhibitory drug
concentrations. Cells grown with no phage and 30 ng/ml ofloxacin for 12 h followed by 109 pfu/ml unmodified phage unmod and 30 ng/ml ofloxacin for 12 h
exhibited a modest level of antibiotic-resistant bacteria. Cells grown with no phage and 30 ng/ml ofloxacin for 12 h followed by 109 pfu/ml lexA3 and 30 ng/ml
ofloxacin for 12 h exhibited a low level of antibiotic-resistant bacteria, close to the numbers seen with no ofloxacin and no phage. (B) Zoomed-in version of
box-and-whisker plot in (A) for increased resolution around low total resistant cell counts confirms that treatment with lexA3 plus 30 ng/ml ofloxacin reduced
the number of resistant cells to levels similar to those seen with no ofloxacin and no phage.
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Fig. S8. Mean killing with 60 ng/ml ofloxacin after 12 h of treatment of E. coli EMG2 biofilms pregrown for 24 h. Where indicated, 108 pfu/ml of csrA, ompF,
or csrA-ompF bacteriophage was used.
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Influenza’s Achilles’ heel?
Two research teams use
the co-crystal structures of
broadly neutralizing antibodies
complexed with influenza
hemagglutinin (HA) to identify
a highly conserved epitope that
could be key to developing
broad-spectrum prophylactic
and therapeutic strategies that
target influenza, including
H5N1 strains. Both groups
find that the antibodies
bind a relatively concealed
hydrophobic pocket in the conserved stem region of HA, which
is normally shielded by the variable mushroom-shaped head
of the protein but plays a critical role in viral entry by means
of membrane fusion. Whereas the starting point for Sui et al.
involved screening for single-chain Fv fragments with high crossreactivity among Group 1 HA subtypes, Ekiert et al. worked
with a Fab antibody fragment isolated from a human vaccinee.
The antibodies studied by both groups protect mice against
lethal infection with several H1 and H5 influenza viruses. The
conservation of the epitope among multiple influenza subtypes
and its critical role in membrane fusion suggests that it is a
promising target for antiviral therapies and vaccines. (Nat. Struct.
Mol. Biol. 16, 265–273, 2009; Science, published online,
doi:10.1126/science.1171491, 26 February 2009)
PH

Before HIV gets a foothold
Creating a sustained immune response that can attack HIV at the
mucosal viral entry sites at the earliest possible moment before the
initial rapid viral replication is one of the most promising strategies
for creating a protective AIDS vaccine. Normally, vaccines expose
the immune system to viral antigens only for a limited time. After a
primary peripheral T-cell response, central memory T cells (TCM)
reside mainly in the lymph nodes. To maintain extralymphoid effector memory T cells (TEM) that can counter a viral challenge much
more rapidly than TCM cells, Hansen et al. use cytomegaloviruses
(CMV) to create persistent infections that are largely benign for
immunocompetent hosts. With rhesus monkeys as a model system,
the authors create three rhesus CMVs that each carry part of the
simian immunodeficiency virus (SIV) genome. Vaccination with the
viruses gives rise to a sustained TEM response in peripheral sites for
more than three years and is able to protect monkeys from repeated
challenges with SIV. This study underscores the importance of targeting HIV at the early replication sites and provides a viable strategy
for the development of vaccines that generate mucosal immunity.
(Nat. Med. 15, 293–299, 2009)
ME

New Alzheimer’s targets
Two groups have identified new drug targets for Alzheimer’s disease, a disease for which few targets exist beyond β- and γ-secretases,
two endogenous proteases that cleave the amyloid precursor protein
(APP) into toxic αβ peptides. In a Science paper, Thathiah et al. use a
Written by Kathy Aschheim, Laura DeFrancesco, Markus Elsner,
Peter Hare & Craig Mak
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high-throughput screen to isolate proteins that enhance αβ production from among 1,200 potential drug targets, identifying an
orphan G protein–coupled receptor 3 (GPR3). They verify that
GPR3 expression modulates αβ production both in culture and in
a transgenic mouse model of Alzheimer’s disease, which overexpresses GPR3. They further show that GPR3 overexpression leads
to increased formation within membranes of γ-secretase complexes
that co-localize with GPR3, which is from a family of druggable
targets and maps to a chromosomal location with a higher risk of
Alzheimer’s disease. In a Nature paper, a team of industrial and academic researchers reveal the potential role in Alzheimer’s disease of a
previously ignored N-terminal portion of APP (N-APP). They show
that withdrawal of neuronal survival factors leads to accumulation
of N-APP, which acts by binding a newly identified receptor DR6.
They go on to identify intracellular protease caspase 6 apoptosisrelated cysteine peptidase (CASP6) as the downstream effector of the
DR6 signal. Taken together, these papers provide several new leads
for Alzheimer’s disease drug discovery. (Science 323, 946–951, 2009;
Nature 457, 981–989, 2009)
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Engineered phage foil antibiotic resistance
Antibiotic-resistant bacteria pose challenges in clinical, industrial,
agricultural and food-processing settings. Phage have long been
proposed as an alternative to antibiotics, but even here, bacteria can
develop resistance to phage attachment. In a bid to combine phage
and antibiotics, Lu and Collins harness the gene-delivery capabilities of the M13 bacteriophage, a viral pathogen of Escherichia coli,
by engineering its genome to produce proteins that suppress the
bacteria’s natural defense mechanisms. The researchers deploy the
engineered phage to enhance the efficacy of three diverse classes of
antibiotics—ofloxacin (a quinolone), gentamicin (an aminoglycoside) and ampicillin (a β-lactam). The synthetic phage also enhance
killing of antibiotic-resistant E. coli and reduce the development of
resistance in bacteria exposed to subinhibitory concentrations of an
antibiotic. These studies provide a flexible platform for developing
libraries of phage that in the future could be applied with different
antibiotic drugs against a range of bacterial infections. (Proc. Natl.
Acad. Sci. USA 106, 4629–4634 2009)
CM

iPS cells by reversible integration
Clinical translation of induced pluripotent stem (iPS) cells is likely
to require novel reprogramming methods that avoid the use of integrating viral vectors. In late 2008, two groups produced mouse iPS
cells without genetic modification by delivering the reprogramming
genes on adenoviral vectors or plasmids. Two new studies propose
a different solution to the problem. Woltjen et al. use the piggyBac
transposon to insert the reprogramming genes Oct4, Sox2, Klf4 and
cMyc into the genome of mouse embryonic fibroblasts and then excise
the transgenes from the resulting iPS cells by expression of transposase. As shown in previous work, excision is seamless, leaving no trace
in the genome. In a related approach, Soldner et al. generate iPS cells
from the fibroblasts of five individuals with Parkinson’s disease using
doxycycline-inducible lentiviral vectors that can be excised by Cre
recombinase. They find that continued low-level expression of largely
silenced reprogramming genes in established iPS cells is not required
to maintain the pluripotent state. Moreover, failure to remove the
transgenes leads to subtle perturbations in global gene expression.
(Nature advance online publication doi:10.1038/nature07863,
1 March 2009; Cell 136, 964–977, 2009)
KA
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Engineered viruses fight bacteria
Viruses that target bacteria could help give antibiotics a boost.
Heidi Ledford

Biologists have engineered viruses to weaken the bacteria they infect, leaving the bugs more vulnerable to
antibiotics. With more bacteria becoming resistant to the most commonly used antibiotics, the viral
approach could extend the useful lifetime of these drugs.
The notion of fighting infection by harnessing the viruses that infect and kill bacteria dates back nearly a
century. Doctors in the former Soviet Union routinely prescribed a cocktail of such viruses — called
'bacteriophages' or just 'phages'. But the treatment never caught on in the West, where it was largely
abandoned when antibiotics emerged on the scene.
Since that time, researchers have become trapped in an accelerating arms race to develop new drugs against
antibiotic-resistant bacteria, leading some to turn to the alternative approach of 'phage therapy'. Several
companies are now developing such therapies, and in 2006, the US Food and Drug Administration approved
a bacteriophage that could be sprayed onto luncheon meats to kill the bacterium Listeria monocytogenes.
This bacterium causes listeriosis — a rare but sometimes fatal infection that can be particularly dangerous for
those with a weak immune system, as well as pregnant women and their unborn babies.
To kill without killing
Previous approaches to phage therapy usually relied on bacteriophages that eventually burst open the
infected bacteria, killing the cell and releasing more phages to scout for new hosts. But bacteria under this
kind of direct attack quickly evolve to become resistant to the phage.

An engineered phage renders
E. coli more susceptible to
DNA-damaging drugs.
MedicalRF.com / Science
Photo Library

Bioengineer James Collins of Boston University in Massachusetts and his then graduate student, Timothy Lu, decided to take a different tack.
Instead of using lethal viruses, they engineered their viruses to just weaken the bacteria, making them more susceptible to antibiotics.
Lu and Collins genetically engineered a phage called M13, which does not cause infected cells to explode, to produce a bacterial protein called
lexA3 — which impairs a bacterium's ability to repair damaged DNA. When the modified M13 phage infects a bacterium, in this case
Escherichia coli, it produces lexA3, which renders the bacterium more vulnerable to DNA-damaging drugs.
The researchers found that the phage increased the ability of the antibiotic ofloxacin to kill E. coli grown in culture, even when the bacteria
were resistant to the antibiotic on its own. The findings suggest that this type of phage therapy could rejuvenate antibiotics that have been
deemed no longer effective.
Lingering doubts
Results in mice were also promising: 80% of animals that received both ofloxacin and the modified M13 phage survived infection with a
disease-causing strain of E. coli, compared with only a 20% survival rate among infected mice treated with the antibiotic alone.
"These findings may be generally important in the control of bacterial infections," says
Shigenobu Matsuzaki, a microbiologist at Kochi Medical School in Japan. But it is likely to be a
long time before such techniques can be used in the clinic, Matsuzaki adds.

ADVERTISEMENT

Despite its long history, there are lingering concerns about phage therapy. The treatment could
trigger an unwanted immune response, for example, or some phages may not survive the trip
through the human body to their target cells.
In addition, bacteriophages are notoriously picky about their hosts. In the past, a doctor would
administer a cocktail of different phages in the hope that one of them would target the
bacterium infecting their patient. But unless a cocktail of engineered viruses can be created,
doctors would need to know what particular strain of bacterium is responsible for the infection
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Comments
Antibiotic resistance is a persistent and costly problem. The authors
engineered the non-lytic filamentous phage M13amp18 to target the SOS
response in E. coli by over-expressing the lexA repressor, effectively blocking
an SOS response in infected cells.

Microbiology
New Finding

This study shows that bacteriophage engineered to target and disrupt
non-essential pathways in E. coli can enhance the efficacy of antibiotics. The
modified phage increased the bacteriocidal effects of ofloxacin against
quinolone resistant cells and was also capable of reducing the number of
persister cells in populations already treated with antibiotic, as well as against
E. coli living in biofilms. The modified phage was effective at increasing the
survival of infected mice treated with ofloxacin. This strategy therefore
provides a means of engineering phage as antibiotic adjuvants that are
independent of the type of antibiotic and can be targeted to a number of
pathways singly or in combination. The hope is that by targeting phage to
non-lethal pathways they may serve as antibiotic adjuvants without the
drawbacks of rapid selection for phage resistance that occur with lethal phage.
This offers the possibility of using cocktails of engineered phage adjuvants to
increase the efficacy of known antibiotics as an alternative to the discovery of
new antibiotics to counter the ever-increasing occurrence of antibiotic resistant
infections.
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