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Abstract

Antibiotic resistance is a major danger to public health that threatens to claim the lives of
millions of people per year within the next few decades. Years of necessary administration and
excessive application of antibiotics have selected for strains that are resistant to many of our
currently available treatments. Due to the high costs and difficulty of developing new antibiotics,
the emergence of resistant bacteria is outpacing the introduction of new drugs to fight them. To
overcome this problem, many researchers are focusing on developing antibacterial therapeutic
strategies that are “resistance-resistant”—regimens that slow or stall resistance development in the
targeted pathogens. In this mini review, we outline major examples of novel resistance-resistant
therapeutic strategies. We discuss the use of compounds that reduce mutagenesis and thereby
decrease the likelihood of resistance emergence. Then, we examine the effectiveness of antibiotic
cycling and evolutionary steering, in which a bacterial population is forced by one antibiotic
toward susceptibility to another antibiotic. We also consider combination therapies that aim to
sabotage defensive mechanisms and eliminate potentially resistant pathogens by combining two
antibiotics or combining an antibiotic with other therapeutics, such as antibodies or phages.
Finally, we highlight promising future directions in this field, including the potential of applying
machine learning and personalized medicine to fight antibiotic resistance emergence and out-
maneuver adaptive pathogens.
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1 Introduction

The use of antibiotics is central to the practice of modern medicine but is threatened

by widespread antibiotic resistance (Centers for Disease Control and Prevention (U.S.),
2019). Antibiotics are a selective evolutionary pressure—they inhibit bacterial growth and
viability, and antibiotic-treated bacteria are forced to either adapt and survive or succumb

to treatment. The stress of antibiotic treatment can enhance bacterial mutagenesis leading

to de novo resistance mutations (Figure 1A), promote the acquisition of horizontally
transferred genetic elements that confer resistance, or trigger phenotypic responses that
increase tolerance to drugs (Davies and Davies, 2010; Levin-Reisman et al., 2017; Bakkeren
et al., 2019; Darby et al., 2022; ). Additionally, antibiotic treatment can select for the
proliferation of pre-existing mutants already in the population (Figure 1B). Historically, the
introduction of new clinical antibiotics has been closely followed by the identification of
resistant bacterial isolates, making it clear that bacteria are remarkably capable of adapting
to new treatments (Abraham and Chain, 1940; Davies and Davies, 2010). In this review,

we describe therapies that inhibit the genetic changes underlying antibiotic resistance and
target existing resistance mechanisms. These “resistance-resistant” strategies hold the key to
preserving antibiotic efficacy for years to come.

2 Inhibiting bacterial evolvability to prevent antibiotic resistance

development

The ability of bacteria to evolve in response to stresses, including those caused by
antibiotics, is central to antibiotic resistance development. Therefore, limiting bacterial
evolvability either by decreasing the stress causing the mutagenesis or by dampening
the mutagenic response to the stressor is one approach to preventing de novo resistance
mutations (Figure 1A).

2.1 Dampening mutagenic stressors

Antibiotic treatment can perturb bacterial metabolism and increase production of reactive
metabolic byproducts (RMB), such as reactive oxygen species (ROS). These reactive
metabolites are well known for their ability to damage macromolecules, such as DNA

and proteins, and they can be mutagenic (Markkanen, 2017; Seixas et al., 2022; Wong

et al., 2022). Although even sub-lethal doses of antibiotics are sufficient to increase
mutagenesis that leads to increased minimum inhibitory concentrations, scavenging these
reactive metabolites could prevent this effect (Kohanski et al., 2007; Kohanski et al., 2010).

Pribis and colleagues found that a small subpopulation of ciprofloxacin-treated Escherichia
coli generate ROS which leads to mutagenic DNA repair and subsequent resistance
development in this subpopulation (Shee et al., 2011; Pribis et al., 2019). To combat

this problem, they treated £. co/i with the antioxidant edaravone to reduce ROS levels,
which ultimately reduced the number of resistance mutants that arose and preserved
ciprofloxacin’s killing efficacy (Pribis et al., 2019). It must be acknowledged, however,
that hindering RMB generation could reduce antibiotic efficacy. In contrast to the results of
Pribis and colleagues, another group found that treating £. coli with RMB scavengers and

Front Antibiot. Author manuscript; available in PMC 2023 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Batchelder et al.

Page 3

ciprofloxacin, kanamycin, or mecillinam reduced the antibiotics’ killing effects (Wong et
al., 2022). More research into the mechanisms of RMB involvement in antibiotic killing is
necessary to determine whether prescribing antibiotics along with compounds to limit these
stressors could be a valuable resistance-resistant strategy.

2.2 Inhibiting mutagenic stress responses

In contrast to lessening the stressors, bacterial evolvability can be reduced by inhibiting
the evolution-driving pathways that respond to these stressors (Figure 1A) (Galhardo et
al., 2007; Ragheb et al., 2019; Merrikh and Kohli, 2020). Given that many antibiotics

can either directly (e.g., fluoroquinolones) or indirectly (e.g., antibiotics that stimulate
RMB production) damage DNA integrity, one major pathway that allows bacteria to
respond to antibiotic treatment and guard against deleterious DNA breaks is the SOS
response (McKenzie et al., 2000; Maslowska et al., 2019; Podlesek and Bertok, 2020).
This DNA repair process can involve the activation of mutagenic DNA polymerases that
lack proofreading activity (Baharoglu and Mazel, 2014), potentially leading to resistance-
conferring mutations (Podlesek and Bertok, 2020).

It has been hypothesized that SOS response inhibitors could limit adaptive mutagenesis and
curb resistance development (McKenzie et al., 2000; Maslowska et al., 2019; Podlesek and
Bertok, 2020). Cirz and colleagues found that SOS-deficient £. col/i were unable to evolve
resistance against ciprofloxacin or rifampicin (Cirz et al., 2005). Similarly, nanobodies or
phages that prevent the cleavage of LexA, a repressor that undergoes proteolysis in response
to DNA damage to induce the SOS response, block DNA repair and antibiotic resistance
development (Lu and Collins, 2009; Maso et al., 2022). Other members of the SOS pathway
have also been implicated as potential targets for inhibition along with antibiotic treatment
in order to limit resistance mutations (Yakimov et al., 2021). Beyond targeting SOS response
proteins, Ragheb and colleagues found that inhibiting Mfd, a DNA translocase found to
increase mutagenesis and antibiotic-resistance development, could decrease the likelihood of
resistance-conferring mutations (Ragheb et al., 2019). Although the regulation of enzymes
responsible for mutagenesis varies across organisms, combining antibiotic therapy with

the inhibition of conserved evolutionary drivers, like error-prone DNA polymerases, has
immense potential to aid in the fight against antibiotic resistance development.

3 Evolutionary steering through sequential treatment and treatment

cycling

Developing antibiotic resistance often involves trade-offs for bacteria—resistant cells gain

a fitness advantage in the presence of drug treatment but suffer a fitness defect when the
selective pressure of the drug is removed (Lipsitch et al., 2000; Bergmiller et al., 2017).
Furthermore, the genetic changes that a bacterium incurs to resist one drug can make it more
susceptible or resistant to other antibiotics than the original wild-type cell in phenomena
called collateral sensitivity and collateral resistance, respectively (Figure 2) (Szybalski

and Bryson, 1952; Imamovic and Sommer, 2013; Lazar et al., 2013). Thus, subsequent
administration of a different antibiotic—or adjuvant such as a bacteriophage (Chaudhry et
al., 2017; Bull et al., 2019; Burmeister et al., 2020)—could exploit the resistant population’s
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weaknesses and lead to its eradication (Imamovic and Sommer, 2013; Kim et al., 2014;
Roemhild et al., 2022).

Treatment cycling, also called sequential treatment, is a strategy that aims to capitalize

on collateral sensitivities (Figure 2C). The goal is to kill the majority of bacteria with an
initial antibiotic treatment and “trap” any bacteria that do develop resistance into collaterally
sensitive genotypes, therefore making the second treatment more effective (Nichol et al.,
2015; Nichol et al., 2019). Sequential treatment regimens have been used empirically in the
clinic for decades, mainly in the context of switching from an intravenous antibiotic to a
different oral antibiotic (Paladino et al., 1991; McMullan et al., 2016); but to our knowledge,
the effectiveness of treatment cycling regimens in preventing clinical resistance has not yet
been studied systematically.

Laboratory evolution experiments have shown that the success of a given cycling regimen
depends on several factors, including the properties of each specific antibiotic, the duration
of treatment before switching, a given bacterium’s genome, and the difficulty of acquiring
a resistant genotype (Bal et al., 2010; Mouton et al., 2011; Chevereau et al., 2015; Baym
etal., 2016; Barbosa et al., 2019; Batra et al., 2021). As an example of the latter factor,

a single nucleotide mutation may be sufficient to confer resistance to an antibiotic like
rifampicin, but other resistance genes, like acquisition of the tetracycline efflux pump,
TetA, may require the opportunistic uptake of a larger genetic element (Perron et al.,

2015). Furthermore, most of our understanding of bacterial responses to antibiotics is
founded on /n vitro experiments. In the host, antibiotic concentrations fluctuate between
doses, and bacteria face additional selective pressures that have unknown consequences for
their fitness and evolution (Yang et al., 2017; Manktelow et al., 2020). Altogether, these
variables emphasize the fact that collateral effects are not guaranteed and must be considered
probabilistic events that complicate the predictability of evolutionary trajectories (Nichol et
al., 2019; Burmeister et al., 2020).

To ensure that treatment cycling is effective in practice, we need robust data sets and deep
learning to predict the pleiotropic effects of resistance mutations and determine the least
risky treatment regimens (Lopatkin and Collins, 2020; Anahtar et al., 2021). Collateral
sensitivity has also been explored in the context of multidrug-resistant cancers, and advances
from that body of research may provide insights on bacterial multidrug evolution, or vice
versa (Vendramin et al., 2021). Alternatively, rather than switching antibiotics in sequence,
there is evidence that adding a second antibiotic or administering combination therapies
from the start might be more effective, as we discuss in the following section (D’Agata et al.,
2008; Mouton et al., 2011; Barbosa et al., 2019; Angst et al., 2021).

4 Dual antibiotic therapy to prevent resistance emergence

4.1 Combining traditional antibiotics

Antibiotic treatment can select for pre-existing resistance mutations, but combining
one antibiotic with another, or with an adjuvant that has a different target, can limit
such selection (Figure 1B) (Wright, 2016). It is much less likely for a bacterium to
simultaneously resist two treatments with different targets than it is to develop resistance

Front Antibiot. Author manuscript; available in PMC 2023 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Batchelder et al.

Page 5

toward monotherapy (Maron et al., 2022). Some examples of antibiotic combinations that
have been shown to inhibit resistance development include ciprofloxacin plus amikacin
against Pseudomonas aeruginosa, streptomycin plus para-aminosalicylic acid against
Mycobacterium tuberculosis, and daptomycin plus rifampicin against methicillin-resistant
Staphylococcus aureus (Bamberger et al., 1986; Fasching et al., 1987; Mouton, 1999;
Garrigos et al., 2010; Mitchison and Davies, 2012; Worthington and Melander, 2013).
Unfortunately, while many studies on antibiotic combinations focus on killing efficacy

and synergy between combinations, few directly examine how these combinations affect
resistance development (Deresinski, 2009; Samonis et al., 2012; Roemhild et al., 2022;
Wang et al., 2022). Though counterintuitive, it has been shown that the combination of

two antibiotics that suppress each other’s activity can actually hinder the development of
resistance against either drug (Chait et al., 2007; Singh and Yeh, 2017; Liu et al., 2020). For
example, the combination of daptomycin and rifampicin is less effective at killing S. aureus
than treatment with either drug alone; however, this suppressive antibiotic combination
prevents the emergence of rifampicin resistance because cells that do develop rifampicin
resistance can resume growth and become more sensitive to daptomycin than the wild-type
cells (Stein et al., 2016; Liu et al., 2020). These unexpected fitness dynamics indicate that
the success of suppressive antibiotic combinations will hinge on the prevention of resistance
evolution (Singh and Yeh, 2017; Liu et al., 2020).

4.2 Dual-mechanism compounds

Drawing inspiration from the potential success stemming from administering a combination
of antibiotics, single compounds featuring two distinct antibacterial mechanisms that

act synergistically have been developed. Several compounds have been developed in

which two antibiotics (most commonly one fluoroquinolone and one DNA or protein
synthesis inhibitor) are connected by either a cleavable or non-cleavable linker, and
compounds based on these designs are currently undergoing clinical trials (Bremner et

al., 2007; Pokrovskaya and Baasov, 2010; Ma and Lynch, 2016; Jubeh et al., 2020;
Theuretzbacher, 2020). Additionally, Pentobra, which consists of the aminoglycoside
tobramycin functionalized with an antimicrobial peptide, has been shown to better permeate
bacterial membranes than tobramycin alone. This allows Pentobra to kill bacteria that
normally resist aminoglycosides through poor uptake (Schmidt et al., 2015). Like studies

of traditional antibiotic combinations, studies of these dual-mechanism compounds usually
focus on killing efficacy rather than directly investigating their ability to prevent resistance
development. Additionally, until recently, such two-pronged compounds often worked well
against Gram-positive bacteria but failed against Gram-negative species (Gupta and Datta,
2019; Theuretzbacher, 2020). Excitingly, Irresistin-16 features one moiety that targets folate
metabolism and another that targets membrane integrity; together, these moieties act to
decrease survival of both Gram-negative and Gram-positive pathogens all while leaving no
detectable resistant mutants (Martin et al., 2020).

5 Combining antibiotics with adjuvants

Instead of combining two antibiotics, an antibiotic can be combined with an adjuvant that
has a different target or prevents selection for resistant bacteria. Aside from preventing de
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novo resistance mutations, another significant area of research is developing treatments
that specifically address known resistance mechanisms such as antibiotic deactivating-
or destroying-enzymes and multidrug efflux pumps (Amaral et al., 2014; Markley and
Wencewicz, 2018). Additionally, combining traditional antibiotics with biologics such as
antibodies and phages has shown great potential for preventing resistance development
(Mariathasan and Tan, 2017; Torres-Barcel6 et al., 2022).

5.1 Counteracting enzymes that deactivate or destroy antibiotics

Some bacteria have enzymes that confer resistance by deactivating certain antibiotics (Blair
et al., 2015; Wright, 2016; Markley and Wencewicz, 2018). While the antibiotic alone

can kill members of the population lacking these enzymes, combining the antibiotic with
inhibitors of these enzymes allows it to Kill resistant bacteria as well (Wright, 2016; Liu

et al., 2018; Markley and Wencewicz, 2018). The most successful example of this strategy
is the combination of B-lactam antibiotics with p-lactamase inhibitors (Zhanel et al., 2013;
Coleman et al., 2014; Brown and Wright, 2016; Wright, 2016). However, more research

is needed before inhibitors of other antibiotic-inactivating enzymes can be used in the
clinic. Park and colleagues found that anhydrotetracycline (aTc) binds to the active site of
tetracycline destructases, thereby sparing some tetracycline from these enzymes. Treating
E. coli expressing the tetracycline destructase Tet(56) with aTc significantly increased
susceptibility to tetracycline (Park et al., 2017). Further research into the structures of these
enzymes and the mechanisms by which they destroy or deactivate antibiotics may lead to the
development of additional inhibitors that can preserve the efficacy of our antibiotic arsenal.

5.2 Inhibiting multidrug efflux pumps

In some cases, instead of deactivating or destroying an antibiotic, bacteria simply use efflux
pumps to reduce the antibiotic’s intracellular concentration (Amaral et al., 2014; Li et al.,
2015). Some efflux pump-encoding genes can be acquired through horizontal gene transfer,
but several bacterial species naturally express a repertoire of efflux pumps that provide
resistance to multiple antibiotics. Therefore, inhibiting efflux pumps to prevent the bacteria
from escaping antibiotic attack is a promising strategy. Despite many compounds that are
able to inhibit efflux pumps, this strategy has not been applied clinically because many of
these inhibitors are toxic to humans (Ferrer-Espada et al., 2019). To combat this toxicity,
Ferrer-Espada and colleagues found that antimicrobial peptides that increase the membrane
permeability of P aeruginosa increased the effectiveness of efflux pump inhibitors, which
in turn increased the bacteria’s susceptibility to all antibiotics tested (Ferrer-Espada et al.,
2019). This increased effectiveness should mean that a lower, and hopefully more clinically
safe, dose of efflux pump inhibitor could be given to great effect. Additionally, it was
recently reported that increasing the expression of multidrug efflux pump genes acrABin
E. colireduces the expression of mutS, which is involved in DNA mismatch repair, and
promotes spontaneous mutagenesis (El Meouche and Dunlop, 2018). These findings suggest
that strategies to reduce acrAB expression can potentially limit mutagenesis and resistance
development.

Front Antibiot. Author manuscript; available in PMC 2023 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Batchelder et al. Page 7

5.3 Antibody-antibiotic conjugates for enhanced targeting and efficacy

The conjugation of an antibiotic to a monoclonal antibody limits the number of bacteria
that survive treatment compared to treatment with the antibiotic alone (Lehar et al., 2015;
Kajihara et al., 2021; Cavaco et al., 2022). If fewer bacteria survive the treatment, then
there are fewer bacteria left to develop and spread resistance (Bakkeren et al., 2019). This
approach’s increased killing of the pathogen plus its ability to spare the microbiota from
antibiotic exposure make it a promising resistance-resistant strategy. Often in an infection,
pathogens are able to persist inside phagocytic or even non-phagocytic host cells while
avoiding being digested (Helaine et al., 2010; Mariathasan and Tan, 2017; Peyrusson et al.,
2020). In combined antibody-antibiotic therapy, an antibody carrying the antibiotic binds to
a pathogen and opsonizes it for phagocytosis by immune cells. Once in the acidic internal
environment of the phagocyte, the antibiotic will be cleaved off of the antibody and allowed
to attack the pathogen, making it less able to persist inside the phagocyte (Dubowchik et
al., 2002; Lehar et al., 2015; Cavaco et al., 2022). As mentioned before, a major benefit

of this approach is that by targeting pathogens of interest with highly specific antibodies,
the host microbiota should be spared from antibiotic exposure, reducing the likelihood of
selecting for resistant mutants among commensal bacteria (Zurawski and McLendon, 2020).
One pitfall of this approach is that designing and producing these conjugates remains very
difficult because of the specific characteristics required for the antibody, antibiotic, and
linker to each have maximum efficacy (Beck et al., 2017; Wei et al., 2018). Additionally,
just as monoclonal antibodies designed to target pathogens for phagocytosis rely on at least
partial immune system functionality (ter Meulen, 2007), antibody-drug conjugates may not
be effective for immunocompromised patients.

5.4 Phage therapy to force pathogens toward antibiotic susceptibility

The combination of phage therapy with antibiotics has shown promise in reducing resistance
development (Torres-Barcel6 et al., 2022). Bacteriophages specifically infect certain species
or strains of bacteria and ultimately kill them through cell lysis (Lin et al., 2017). The

range of bacteria that a given phage can infect is limited by the receptors available on

the bacterial cell surfaces (de Jonge et al., 2019). With phage mining/hunting efforts and

the development of modern genetic engineering techniques, the potential repertoire of
phages that could be used against pathogens has greatly expanded (Chen et al., 2019;
Gauthier et al., 2022). As with the other combination therapies mentioned, phage therapy
and antibiotic therapy present two distinct selective pressures to the pathogen. Among the
defenses that bacteria employ to resist being killed by phages (Egido et al., 2022), the

most relevant are mutations that either remove or change the structure of the cell-surface
receptor a given phage must bind in order to infect the bacterium. The result of this
selection is that the population shifts toward decreased expression of the normal receptor

on their surfaces. Then, if this receptor is important for the bacteria’s defense against
antibiotics, their antibiotic susceptibility will be increased. In this way, phage therapy that
targets surface proteins important for antibiotic resistance can shift the population toward
antibiotic susceptibility and vice versa. For example, using phages that dock onto efflux
pump components can select for mutants with defects such as nonfunctional multidrug
efflux pumps, preventing them from expelling their usual antibiotic substrates (Chan et

al., 2016; Gurney et al., 2020). Additionally, combined antibiotic-phage therapy can select
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for bacteria that only survive treatment by incurring mutations that reduce their fitness in

the absence of treatment (Zhang and Buckling, 2012). Antibiotic-phage therapy has even
shown promise in the clinic—an example is the successful treatment of a patient with an
aortic arch prosthesis infected by £ aeruginosa (Chan et al., 2018). The phages targeted the
multidrug efflux pumps of 2 aeruginosa, making the pathogen more susceptible to treatment
with ciprofloxacin and ceftazidime (Chan et al., 2018; Hatfull et al., 2022). These examples
highlight the fascinating potential for phages and antibiotics together to prevent antibiotic
resistance and effectively cure infections that are difficult to treat with either approach alone.

However, the use of bacteriophages has some limitations. First, unlike broad-spectrum
antibiotics, many phages can only infect a few species or even a few strains of bacteria,
making it difficult to effectively utilize phage therapy before identifying the infection’s
causative agent (Loc-Carrillo and Abedon, 2011; Goller et al., 2021). This problem can be
mitigated by prescribing a cocktail of several phages each with specificities for different
bacteria (McVay et al., 2007; Kutateladze and Adamia, 2010; Loc-Carrillo and Abedon,
2011). Additionally, lysogenic phages integrate their DNA into the host’s genome and may
transfer virulence or antibiotic-resistance genes to susceptible pathogens and commensal
bacteria. Therefore, it is recommended that researchers focus on lytic phages that kill
bacteria without integrating their DNA in order to prevent horizontal transfer of these
harmful genes (Skurnik et al., 2007; Colomer-Lluch et al., 2011; Loc-Carrillo and Abedon,
2011). Finally, there are concerns that phages could cause unwanted immune responses.
One study showed that phage therapy can increase serum levels of inflammatory markers
(Oechslin et al., 2017; Liu et al., 2021). Additionally, the patient’s immune system can
make antibodies against phages (Sunagar et al., 2010; Jun et al., 2014; Liu et al., 2021),

but one study showed that production of such antibodies likely begins after the phages

have already exerted their killing effects (Eskenazi et al., 2022). Phage therapy research has
gained traction in the past decade after being largely overlooked in the 20t century (de
Jonge et al., 2019). Progress on this front can potentially illuminate strategies to improve the
efficacy and overcome current limitations of phage therapy.

6 Future directions

We have discussed the promise as well as the challenges of several resistance-resistant
therapeutic strategies including treatment cycling, combinations of two antibiotics, and
combinations of antibiotic treatment with compounds that limit bacterial evolvability,
resistance-conferring enzyme and efflux pump inhibitors, antibodies, and phages. In all, the
goal of these strategies is to maximize killing of the pathogen population while minimizing
resistance development. While these strategies have shown great promise in the lab, most of
them require far more research before they can be applied in the clinic.

To overcome present limitations in formulating resistance-resistant therapeutic regimens,
new technologies are being developed to improve informed treatment decision-making. For
example, based on patient microbiomes and personal medical histories, machine learning
algorithms are able to predict the likelihood of resistance development against a given
antibiotic (Stracy et al., 2022). This approach may also predict horizontal gene transfer
events from the host microbiome which can result in drug resistance (Andersson et al.,
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2020). Additionally, it has been suggested that shifting antibiotic-discovery pipelines toward
more narrow-spectrum agents could help prevent resistance by sparing the microbiota and
reducing selective pressure toward resistance development (Brown and Wright, 2016). There
is also an exciting move toward rational drug design that anticipates resistance evolution

and can hinder both wild-type and resistant cells (Manna et al., 2021). As we learn more
about how antibiotic tolerant and persistent bacteria survive treatment and discover more
efficacious methods of detecting these phenotypic variants in infections, we can leverage this
information to select more appropriate combinations of therapeutics that can stall resistance
evolution and achieve successful treatment outcomes (Singh and Yeh, 2017; Roemhild et al.,
2022). Further research into optimizing the strategies outlined here in animal models and
humans will help alleviate the antibiotic-resistance crisis and prevent many deaths due to
antibiotic-resistant bacteria.

Acknowledgments

We would like to acknowledge the authors whose work could not be cited here due to space limitations and the
scope of this review.

Funding
This work was supported by funding from the University of Connecticut start-up fund and the National Institutes of
Health (NIH; DP2GM146456-01). PJH is supported by the NIH Skeletal, Craniofacial, and Oral Biology Training
Grant (NIH; T90DE021989-11). The funders had no role in the design or preparation of this manuscript.
References

Abraham EP, and Chain E (1940). An enzyme from bacteria able to destroy penicillin. Nature 146,
837. doi: 10.1038/146837a0

Amaral L, Martins A, Spengler G, and Molnar J (2014). Efflux pumps of gram-negative bacteria:
what they do, how they do it, with what and how to deal with them. Front. Pharmacol. 4. doi:
10.3389/fphar.2013.00168

Anahtar MN, Yang JH, and Kanjilal S (2021). Applications of machine learning to the problem
of antimicrobial resistance: An emerging model for translational research. J. Clin. Microbiol. 59,
€0126020. doi: 10.1128/JCM.01260-20 [PubMed: 33536291]

Andersson DI, Balaban NQ, Baquero F, Courvalin P, Glaser P, Gophna U, et al. (2020). Antibiotic
resistance: Turning evolutionary principles into clinical reality. FEMS Microbiol. Rev. 44, 171-188.
doi: 10.1093/femsre/fuaa001 [PubMed: 31981358]

Angst DC, Tepekule B, Sun L, Bogos B, and Bonhoeffer S (2021). Comparing treatment strategies to
reduce antibiotic resistance in an /n vitro epidemiological setting. Proc. Natl. Acad. Sci. U. S. A.
118, e2023467118. doi: 10.1073/pnas.2023467118 [PubMed: 33766914]

Baharoglu Z, and Mazel D (2014). SOS, The formidable strategy of bacteria against aggressions.
FEMS Microbiol. Rev. 38, 1126-1145. doi: 10.1111/1574-6976.12077 [PubMed: 24923554]

Bakkeren E, Huisman JS, Fattinger SA, Hausmann A, Furter M, Egli A, et al. (2019). Sa/monella
persisters promote the spread of antibiotic resistance plasmids in the gut. Nature 573, 276-280. doi:
10.1038/s41586-019-1521-8 [PubMed: 31485077]

Bal AM, Kumar A, and Gould IM (2010). Antibiotic heterogeneity: from concept to practice. Ann. N.
Y. Acad. Sci. 1213, 81-91. doi: 10.1111/j.1749-6632.2010.05867.x [PubMed: 21175677]

Bamberger DM, Peterson LR, Gerding DN, Moody JA, and Fasching CE (1986). Ciprofloxacin,
azlocilin, ceftizoxime and amikacin alone and in combination against gram-negative bacilli in an
infected chamber model. J. Antimicrob. Chemother. 18, 51-63. doi: 10.1093/jac/18.1.51

Barbosa C, Romhild R, Rosenstiel P, and Schulenburg H (2019). Evolutionary stability of collateral

sensitivity to antibiotics in the model pathogen Pseudomonas aeruginosa. eLife 8, €51481. doi:
10.7554/eL.ife.51481 [PubMed: 31658946]

Front Antibiot. Author manuscript; available in PMC 2023 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Batchelder et al.

Page 10

Batra A, Roemhild R, Rousseau E, Franzenburg S, Niemann S, and Schulenburg H (2021). High
potency of sequential therapy with only B-lactam antibiotics. eLife 10, e68876. doi: 10.7554/
eLife.68876 [PubMed: 34318749]

Baym M, Lieberman TD, Kelsic ED, Chait R, Gross R, Yelin I, et al. (2016). Spatiotemporal microbial
evolution on antibiotic landscapes. Science 353, 1147-1151. doi: 10.1126/science.aag0822
[PubMed: 27609891]

Beck A, Goetsch L, Dumontet C, and Corvaia N (2017). Strategies and challenges for the next
generation of antibody—drug conjugates. Nat. Rev. Drug Discovery 16, 315-337. doi: 10.1038/
nrd.2016.268 [PubMed: 28303026]

Bergmiller T, Andersson AMC, Tomasek K, Balleza E, Kiviet DJ, Hauschild R, et al. (2017).

Biased partitioning of the multidrug efflux pump AcrAB-TolC underlies long-lived phenotypic
heterogeneity. Science 356, 311-315. doi: 10.1126/science.aaf4762 [PubMed: 28428424]

Blair IMA, Webber MA, Baylay AJ, Ogbolu DO, and Piddock LJV (2015). Molecular mechanisms
of antibiotic resistance. Nat. Rev. Microbiol. 13, 42-51. doi: 10.1038/nrmicro3380 [PubMed:
25435309]

Bremner JB, Ambrus JI, and Samosorn S (2007). Dual action-based approaches to antibacterial agents.
Curr. Med. Chem. 14, 1459-1477. doi: 10.2174/092986707780831168 [PubMed: 17584056]

Brown ED, and Wright GD (2016). Antibacterial drug discovery in the resistance era. Nature 529,
336-343. doi: 10.1038/nature17042 [PubMed: 26791724]

Bull JJ, Levin BR, and Molineux 1J (2019). Promises and pitfalls of /n vivo evolution to improve phage
therapy. Viruses 11, 1083. doi: 10.3390/v11121083 [PubMed: 31766537]

Burmeister AR, Fortier A, Roush C, Lessing AJ, Bender RG, Barahman R, et al. (2020). Pleiotropy
complicates a trade-off between phage resistance and antibiotic resistance. Proc. Natl. Acad. Sci.
117, 11207-11216. doi: 10.1073/pnas.1919888117 [PubMed: 32424102]

Cavaco M, Castanho MARB, and Neves V (2022). The use of antibody-antibiotic conjugates to fight
bacterial infections. Front. Microbiol. 7. doi: 10.3389/fmich.2022.835677

Centers for Disease Control and Prevention (U.S.) (2019). Antibiotic resistance threats in the united
states 2019. centers for disease control and prevention (U.S.) (Atlanta, GA: U.S. Department of
Health and Human Services). doi: 10.15620/cdc:82532

Chait R, Craney A, and Kishony R (2007). Antibiotic interactions that select against resistance. Nature
446, 668-671. doi: 10.1038/nature05685 [PubMed: 17410176]

Chan BK, Sistrom M, Wertz JE, Kortright KE, Narayan D, and Turner PE (2016). Phage selection
restores antibiotic sensitivity in MDR Pseudomonas aeruginosa. Sci. Rep. 6, 26717. doi: 10.1038/
srep26717 [PubMed: 27225966]

Chan BK, Turner PE, Kim S, Mojibian HR, Elefteriades JA, and Narayan D (2018). Phage treatment of
an aortic graft infected with Pseudomonas aeruginosa. Evol. Med. Public Health 2018, 60-66. doi:
10.1093/emph/eoy005 [PubMed: 29588855]

Chaudhry WN, Concepcion-Acevedo J, Park T, Andleeb S, Bull JJ, and Levin BR (2017). Synergy and
order effects of antibiotics and phages in killing Pseudomonas aeruginosa biofilms. PLoS One 12,
€0168615. doi: 10.1371/journal.pone.0168615 [PubMed: 28076361]

Chen Y, Batra H, Dong J, Chen C, Rao VB, and Tao P (2019). Genetic engineering of bacteriophages
against infectious diseases. Front. Microbiol. 3. doi: 10.3389/fmicb.2019.00954

Chevereau G, Dravecka M, Batur T, Guvenek A, Ayhan DH, Toprak E, et al. (2015). Quantifying the
determinants of evolutionary dynamics leading to drug resistance. PLoS Biol. 13, €1002299. doi:
10.1371/journal.pbio.1002299 [PubMed: 26581035]

Cirz RT, Chin JK, Andes DR, de Crécy-Lagard V, Craig WA, and Romesberg FE (2005). Inhibition
of mutation and combating the evolution of antibiotic resistance. PLoS Biol. 3, e176. doi: 10.1371/
journal.pbio.0030176 [PubMed: 15869329]

Coleman K, Levasseur P, Girard A, Borgonovi M, Miossec C, Merdjan H, et al. (2014). Activities
of ceftazidime and avibactam against p-lactamase-producing enterobacteriaceae in a hollow-
fiber pharmacodynamic model. Antimicrob. Agents Chemother. 58, 3366—3372. doi: 10.1128/
AAC.00080-14 [PubMed: 24687507]

Front Antibiot. Author manuscript; available in PMC 2023 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Batchelder et al.

Page 11

Colomer-Lluch M, Jofre J, and Muniesa M (2011). Antibiotic resistance genes in the bacteriophage
DNA fraction of environmental samples. PLoS One 6, e17549. doi: 10.1371/journal.pone.0017549
[PubMed: 21390233]

D’Agata EMC, Dupont-Rouzeyrol M, Magal P, Olivier D, and Ruan S (2008). The impact of different
antibiotic regimens on the emergence of antimicrobial-resistant bacteria. PLoS One 3, e4036. doi:
10.1371/journal.pone.0004036 [PubMed: 19112501]

Darby EM, Trampari E, Siasat P, Gaya MS, Alav I, Webber MA, et al. (2022). Molecular mechanisms
of antibiotic resistance revisited. Nat. Rev. Microbiol. doi: 10.1038/s41579-022-00820-y

Davies J, and Davies D (2010). Origins and evolution of antibiotic resistance. Microbiol. Mol. Biol.
Rev. 74, 417-433. doi: 10.1128/MMBR.00016-10 [PubMed: 20805405]

de Jonge PA, Nobrega FL, Brouns SJJ, and Dutilh BE (2019). Molecular and evolutionary
determinants of bacteriophage host range. Trends Microbiol. 27, 51-63. doi: 10.1016/
J.tim.2018.08.006 [PubMed: 30181062]

Deresinski S (2009). Vancomycin in combination with other antibiotics for the treatment of serious
methicillin-resistant Staphylococcus aureus infections. Clin. Infect. Dis. 49, 1072-1079. doi:
10.1086/605572 [PubMed: 19725789]

Dubowchik GM, Firestone RA, Padilla L, Willner D, Hofstead SJ, Mosure K, et al. (2002).

Cathepsin b-labile dipeptide linkers for lysosomal release of doxorubicin from internalizing
immunoconjugates: Model studies of enzymatic drug release and antigen-specific /in vitro
anticancer activity. Bioconjug Chem. 13, 855-869. doi: 10.1021/bc025536j [PubMed: 12121142]

Egido JE, Costa AR, Aparicio-Maldonado C, Haas P, and Brouns SJJ (2022). Mechanisms and clinical
importance of bacteriophage resistance. FEMS Microbiol. Rev. 46, fuab048. doi: 10.1093/femsre/
fuab048 [PubMed: 34558600]

El Meouche I, and Dunlop MJ (2018). Heterogeneity in efflux pump expression predisposes antibiotic-
resistant cells to mutation. Science 362, 686—-690. doi: 10.1126/science.aar7981 [PubMed:
30409883]

Eskenazi A, Lood C, Wubbolts J, Hites M, Balarjishvili N, Leshkasheli L, et al. (2022).

Combination of pre-adapted bacteriophage therapy and antibiotics for treatment of fracture-related
infection due to pandrug-resistant Klebsiella pneumoniae. Nat. Commun. 13, 302. doi: 10.1038/
$41467-021-27656-z [PubMed: 35042848]

Fasching CE, Gerding DN, and Peterson LR (1987). Treatment of ciprofloxacin- and ceftizoxime-
induced resistant gram-negative bacilli. Am. J. Med. 82, 80-86. [PubMed: 3472465]

Ferrer-Espada R, Shahrour H, Pitts B, Stewart PS, Sanchez-Gomez S, and Martinez-de-Tejada G
(2019). A permeability-increasing drug synergizes with bacterial efflux pump inhibitors and
restores susceptibility to antibiotics in multi-drug resistant Pseudomonas aeruginosa strains. Sci.
Rep. 9, 3452. doi: 10.1038/s41598-019-39659-4 [PubMed: 30837499]

Galhardo RS, Hastings PJ, and Rosenberg SM (2007). Mutation as a stress response and the regulation
of evolvability. Crit. Rev. Biochem. Mol. Biol. 42, 399-435. doi: 10.1080/10409230701648502
[PubMed: 17917874]

Garrigds C, Murillo O, Euba G, Verdaguer R, Tubau F, Cabellos C, et al. (2010). Efficacy of
usual and high doses of daptomycin in combination with rifampin versus alternative therapies in
experimental foreign-body infection by methicillin-resistant. Staphylococcus aureus. Antimicrob.
Agents Chemother. 54, 5251-5256. doi: 10.1128/AAC.00226-10 [PubMed: 20921321]

Gauthier CH, Cresawn SG, and Hatfull GF (2022). PhaMMseqs: A new pipeline for constructing
phage gene phamilies using MMseqs2. G3 GenesGenomesGenetics 12, jkac233. doi: 10.1093/
g3journal/jkac233

Goller PC, Elsener T, Lorgé D, Radulovic N, Bernardi V, Naumann A, et al. (2021). Multi-species host
range of staphylococcal phages isolated from wastewater. Nat. Commun. 12, 6965. doi: 10.1038/
s41467-021-27037-6 [PubMed: 34845206]

Gupta V, and Datta P (2019). Next-generation strategy for treating drug resistant bacteria: antibiotic
hybrids. Indian J. Med. Res. 149, 97-106. doi: 10.4103/ijmr.IJMR_755_18 [PubMed: 31219074]

Gurney J, Pradier L, Griffin JS, Gougat-Barbera C, Chan BK, Turner PE, et al. (2020). Phage steering
of antibiotic-resistance evolution in the bacterial pathogen, pseudomonas aeruginosa. Evol. Med.
Public Health 2020, 148-157. doi: 10.1093/emph/e0aa026 [PubMed: 34254028]

Front Antibiot. Author manuscript; available in PMC 2023 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Batchelder et al.

Page 12

Hatfull GF, Dedrick RM, and Schooley RT (2022). Phage therapy for antibiotic-resistant bacterial
infections. Annu. Rev. Med. 73, 197-211. doi: 10.1146/annurev-med-080219-122208 [PubMed:
34428079]

Helaine S, Thompson JA, Watson KG, Liu M, Boyle C, and Holden DW (2010). Dynamics of
intracellular bacterial replication at the single cell level. Proc. Natl. Acad. Sci. U. S. A. 107,
3746-3751. doi: 10.1073/pnas.1000041107 [PubMed: 20133586]

Imamovic L, and Sommer MOA (2013). Use of collateral sensitivity networks to design drug
cycling protocols that avoid resistance development. Sci. Transl. Med. 5, 204ra132-204ral132.
doi: 10.1126/scitranslmed.3006609

Jubeh B, Breijyeh Z, and Karaman R (2020). Antibacterial prodrugs to overcome bacterial resistance.
Molecules 25, 1543. doi: 10.3390/molecules25071543 [PubMed: 32231026]

Jun JW, Shin TH, Kim JH, Shin SP, Han JE, Heo GJ, et al. (2014). Bacteriophage therapy of a Vibrio
parahaemolyticus infection caused by a multiple-antibiotic—resistant 03:K6 pandemic clinical
strain. J. Infect. Dis. 210, 72-78. doi: 10.1093/infdis/jiu059 [PubMed: 24558119]

Kajihara KK, Pantua H, Hernandez-Barry H, Hazen M, Deshmukh K, Chiang N, et al. (2021). Potent
killing of Pseudomonas aeruginosa by an antibody-antibiotic conjugate. mBio 12, €00202-21. doi:
10.1128/mBi0.00202-21 [PubMed: 34061593]

Kim S, Lieberman TD, and Kishony R (2014). Alternating antibiotic treatments constrain evolutionary
paths to multidrug resistance. Proc. Natl. Acad. Sci. U. S. A. 111, 14494-14499. doi: 10.1073/
pnas.1409800111 [PubMed: 25246554]

Kohanski MA, DePristo MA, and Collins JJ (2010). Sublethal antibiotic treatment leads to
multidrug resistance via radical-induced mutagenesis. Mol. Cell 37, 311-320. doi: 10.1016/
j.molcel.2010.01.003 [PubMed: 20159551]

Kohanski MA, Dwyer DJ, Hayete B, Lawrence CA, and Collins JJ (2007). A common
mechanism of cellular death induced by bactericidal antibiotics. Cell 130, 797-810. doi: 10.1016/
j.cell.2007.06.049 [PubMed: 17803904]

Kutateladze M, and Adamia R (2010). Bacteriophages as potential new therapeutics to replace
or supplement antibiotics. Trends Biotechnol. 28, 591-595. doi: 10.1016/j.tibtech.2010.08.001
[PubMed: 20810181]

Lazar V, Pal Singh G, Spohn R, Nagy I, Horvath B, Hrtyan M, et al. (2013). Bacterial evolution
of antibiotic hypersensitivity. Mol. Syst. Biol. 9, 700. doi: 10.1038/msbh.2013.57 [PubMed:
24169403]

Lehar SM, Pillow T, Xu M, Staben L, Kajihara KK, Vandlen R, et al. (2015). Novel antibody—
antibiotic conjugate eliminates intracellular S. aureus. Nature 527, 323-328. doi: 10.1038/
nature16057 [PubMed: 26536114]

Levin-Reisman I, Ronin I, Gefen O, Braniss I, Shoresh N, and Balaban NQ (2017).

Antibiotic tolerance facilitates the evolution of resistance. Science 355, 826-830. doi: 10.1126/
science.aaj2191 [PubMed: 28183996]

Lin DM, Koskella B, and Lin HC (2017). Phage therapy: An alternative to antibiotics in the
age of multi-drug resistance. World J. Gastrointest. Pharmacol. Ther. 8, 162-173. doi: 10.4292/
wjgpt.v8.i3.162 [PubMed: 28828194]

Li X, Plésiat P, and Nikaido H (2015). The challenge of efflux-mediated antibiotic resistance in gram-
negative bacteria. Clin. Microbiol. Rev. 28, 337-418. doi: 10.1128/CMR.00117-14 [PubMed:
25788514]

Lipsitch M, Bergstrom CT, and Levin BR (2000). The epidemiology of antibiotic resistance in
hospitals: paradoxes and prescriptions. Proc. Natl. Acad. Sci. U. S. A. 97, 1938-1943. doi:
10.1073/pnas.97.4.1938 [PubMed: 10677558]

Liu J, Gefen O, Ronin I, Bar-Meir M, and Balaban NQ (2020). Effect of tolerance on the
evolution of antibiotic resistance under drug combinations. Science 367, 200-204. doi: 10.1126/
science.aay3041 [PubMed: 31919223]

Liu Y, Li R, Xiao X, and Wang Z (2018). Molecules that inhibit bacterial resistance enzymes.
Molecules 24, 43. doi: 10.3390/molecules24010043 [PubMed: 30583527]

Front Antibiot. Author manuscript; available in PMC 2023 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Batchelder et al.

Page 13

Liu D, Van Belleghem JD, de Vries CR, Burgener E, Chen Q, Manasherob R, et al. (2021). The safety
and toxicity of phage therapy: A review of animal and clinical studies. Viruses 13, 1268. doi:
10.3390/v13071268 [PubMed: 34209836]

Loc-Carrillo C, and Abedon ST (2011). Pros and cons of phage therapy. Bacteriophage 1, 111-114.
doi: 10.4161/bact.1.2.14590 [PubMed: 22334867]

Lopatkin AJ, and Collins JJ (2020). Predictive biology: Modelling, understanding and harnessing
microbial complexity. Nat. Rev. Microbiol. 18, 507-520. doi: 10.1038/s41579-020-0372-5
[PubMed: 32472051]

Lu TK, and Collins JJ (2009). Engineered bacteriophage targeting gene networks as adjuvants for
antibiotic therapy. Proc. Natl. Acad. Sci. U. S. A. 106, 4629-4634. doi: 10.1073/pnas.0800442106
[PubMed: 19255432]

Ma Z, and Lynch AS (2016). Development of a dual-acting antibacterial agent (TNP-2092) for
the treatment of persistent bacterial infections. J. Med. Chem. 59, 6645-6657. doi: 10.1021/
acs.jmedchem.6b00485 [PubMed: 27336583]

Manktelow CJ, Penkova E, Scott L, Matthews AC, and Raymond B (2020). Strong environment-
genotype interactions determine the fitness costs of antibiotic resistance /n vitroand in an insect
model of infection. Antimicrob. Agents Chemother. 64, e€01033-20. doi: 10.1128/AAC.01033-20
[PubMed: 32661001]

Manna MS, Tamer YT, Gaszek I, Poulides N, Ahmed A, Wang X, et al. (2021). A trimethoprim
derivative impedes antibiotic resistance evolution. Nat. Commun. 12, 2949. doi: 10.1038/
s41467-021-23191-z [PubMed: 34011959]

Mariathasan S, and Tan M (2017). Antibody-antibiotic conjugates: A novel therapeutic platform
against bacterial infections. Trends Mol. Med. 23, 135-149. doi: 10.1016/j.molmed.2016.12.008
[PubMed: 28126271]

Markkanen E (2017). Not breathing is not an option: How to deal with oxidative DNA damage. DNA
Repair 59, 82-105. doi: 10.1016/j.dnarep.2017.09.007 [PubMed: 28963982]

Markley JL, and Wencewicz TA (2018). Tetracycline-inactivating enzymes. Front. Microbiol. 9. doi:
10.3389/fmich.2018.01058

Maron B, Rolff J, Friedman J, and Hayouka Z (2022). Antimicrobial peptide combination can
hinder resistance evolution. Microbiol. Spectr. 10, e€00973-22. doi: 10.1128/spectrum.00973-22
[PubMed: 35862981]

Martin JK, Sheehan JP, Bratton BP, Moore GM, Mateus A, Li SH-J, et al. (2020). A dual-mechanism
antibiotic kills gram-negative bacteria and avoids drug resistance. Cell 181, 1518-1532.e14. doi:
10.1016/j.cell.2020.05.005 [PubMed: 32497502]

Maslowska KH, Makiela-Dzbenska K, and Fijalkowska 1J (2019). The SOS system: A complex and
tightly regulated response to DNA damage. Environ. Mol. Mutagen. 60, 368-384. doi: 10.1002/
em.22267 [PubMed: 30447030]

Maso L, Vascon F, Chinellato M, Goormaghtigh F, Bellio P, Campagnaro E, et al. (2022). Nanobodies
targeting LexA autocleavage disclose a novel suppression strategy of SOS-response pathway.
Structure 1479-1493.E9. doi: 10.1016/j.str.2022.09.004. S0969-2126(22)00357-4. [PubMed:
36240773]

McKenzie GJ, Harris RS, Lee PL, and Rosenberg SM (2000). The SOS response regulates adaptive
mutation. Proc. Natl. Acad. Sci. U. S. A. 97, 6646-6651. doi: 10.1073/pnas.120161797 [PubMed:
10829077]

McMullan BJ, Andresen D, Blyth CC, Avent ML, Bowen AC, Britton PN, et al. (2016). Antibiotic
duration and timing of the switch from intravenous to oral route for bacterial infections in children:
systematic review and guidelines. Infect. Dis. 16, e139—e152. doi: 10.1016/S1473-3099(16)30024-
X

McVay CS, Velasquez M, and Fralick JA (2007). Phage therapy of Pseudomonas aeruginosa infection
in a mouse burn wound model. Antimicrob. Agents Chemother. 51, 1934-1938. doi: 10.1128/
AAC.01028-06 [PubMed: 17387151]

Merrikh H, and Kohli RM (2020). Targeting evolution to inhibit antibiotic resistance. FEBS J. 287,
4341-4353. doi: 10.1111/febs.15370 [PubMed: 32434280]

Front Antibiot. Author manuscript; available in PMC 2023 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Batchelder et al.

Page 14

Mitchison D, and Davies G (2012). The chemotherapy of tuberculosis: Past, present and future. Int. J.
Tuberc Lung Dis. 16, 724-732. doi: 10.5588/ijtld.12.0083 [PubMed: 22613684]

Mouton JW (1999). Combination therapy as a tool to prevent emergence of bacterial resistance.
Infection 27 Suppl 2, S24-S28. doi: 10.1007/BF02561666

Mouton JW, Ambrose PG, Canton R, Drusano GL, Harbarth S, MacGowan A, et al. (2011).
Conserving antibiotics for the future: new ways to use old and new drugs from a pharmacokinetic
and pharmacodynamic perspective. Drug Resist. Updat. Rev. Comment. Antimicrob. Anticancer
Chemother. 14, 107-117. doi: 10.1016/j.drup.2011.02.005

Nichol D, Jeavons P, Fletcher AG, Bonomo RA, Maini PK, Paul JL, et al. (2015). Steering evolution
with sequential therapy to prevent the emergence of bacterial antibiotic resistance. PLoS Comput.
Biol. 11, €1004493. doi: 10.1371/journal.pchi.1004493 [PubMed: 26360300]

Nichol D, Rutter J, Bryant C, Hujer AM, Lek S, Adams MD, et al. (2019). Antibiotic collateral
sensitivity is contingent on the repeatability of evolution. Nat. Commun. 10, 334. doi: 10.1038/
$41467-018-08098-6 [PubMed: 30659188]

Oechslin F, Piccardi P, Mancini S, Gabard J, Moreillon P, Entenza JM, et al. (2017). Synergistic
interaction between phage therapy and antibiotics clears Pseudomonas aeruginosa infection in
endocarditis and reduces virulence. J. Infect. Dis. 215, 703-712. doi: 10.1093/infdis/jiw632
[PubMed: 28007922]

Paladino JA, Sperry HE, Backes JM, Gelber JA, Serrianne DJ, Cumbo TJ, et al. (1991). Clinical and
economic evaluation of oral ciprofloxacin after an abbreviated course of intravenous antibiotics.
Am. J. Med. 91, 463-470. doi: 10.1016/0002-9343(91)90181-V

Pal C, Papp B, and Lazar V (2015). Collateral sensitivity of antibiotic-resistant microbes. Trends
Microbiol. 23, 401-407. doi: 10.1016/j.tim.2015.02.009 [PubMed: 25818802]

Park J, Gasparrini AJ, Reck MR, Symister CT, Elliott JL, Vogel JP, et al. (2017). Plasticity, dynamics,
and inhibition of emerging tetracycline resistance enzymes. Nat. Chem. Biol. 13, 730-736. doi:
10.1038/nchembio.2376 [PubMed: 28481346]

Perron GG, Whyte L, Turnbaugh PJ, Goordial J, Hanage WP, Dantas G, et al. (2015). Functional
characterization of bacteria isolated from ancient Arctic soil exposes diverse resistance
mechanisms to modern antibiotics. PL0oS One 10, e0069533. doi: 10.1371/journal.pone.0069533
[PubMed: 25807523]

Peyrusson F, Varet H, Nguyen TK, Legendre R, Sismeiro O, Coppée J-Y, et al. (2020). Intracellular
Staphylococcus aureus persisters upon antibiotic exposure. Nat. Commun. 11, 2200. doi: 10.1038/
s41467-020-15966-7 [PubMed: 32366839]

Podlesek Z, and Bertok DZ. (2020). The DNA damage inducible SOS response is a key player in the
generation of bacterial persister cells and population wide tolerance. Front. Microbiol. 11. doi:
10.3389/fmich.2020.01785

Pokrovskaya V, and Baasov T (2010). Dual-acting hybrid antibiotics: a promising
strategy to combat bacterial resistance. Expert Opin. Drug Discovery 5, 883-902. doi:
10.1517/17460441.2010.508069

Pribis JP, Garcia-Villada L, Zhai Y, Lewin-Epstein O, Wang AZ, Liu J, et al. (2019). Gamblers:

An antibiotic-induced evolvable cell subpopulation differentiated by reactive-oxygen-induced
general stress response. Mol. Cell 74, 785-800.e7. doi: 10.1016/j.molcel.2019.02.037 [PubMed:
30948267]

Ragheb MN, Thomason MK, Hsu C, Nugent P, Gage J, Samadpour AN, et al. (2019). Inhibiting the
evolution of antibiotic resistance. Mol. Cell 73, 157-165.e5. doi: 10.1016/j.molcel.2018.10.015
[PubMed: 30449724]

Roembhild R, Bollenbach T, and Andersson DI (2022). The physiology and genetics of
bacterial responses to antibiotic combinations. Nat. Rev. Microbiol. 20, 478-490. doi: 10.1038/
s41579-022-00700-5 [PubMed: 35241807]

Samonis G, Maraki S, Karageorgopoulos DE, Vouloumanou EK, and Falagas ME (2012). Synergy

of fosfomycin with carbapenems, colistin, netilmicin, and tigecycline against multidrug-resistant
Klebsiella pneumoniae, escherichia colf, and Pseudomonas aeruginosa clinical isolates. Eur. J.
Clin. Microbiol. Infect. Dis. 31, 695-701. doi: 10.1007/s10096-011-1360-5 [PubMed: 21805292]

Front Antibiot. Author manuscript; available in PMC 2023 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Batchelder et al.

Page 15

Schmidt NW, Agak GW, Deshayes S, Yu Y, Blacker A, Champer J, et al. (2015). Pentobra: A potent
antibiotic with multiple layers of selective antimicrobial mechanisms against Propionibacterium
acnes. J. Invest. Dermatol. 135, 1581-1589. doi: 10.1038/jid.2015.40 [PubMed: 25668237]

Seixas AF, Quendera AP, Sousa JP, Silva AFQ, Arraiano CM, and Andrade JM (2022).

Bacterial response to oxidative stress and RNA oxidation. Front. Genet. 12. doi: 10.3389/
fgene.2021.821535

Shee C, Gibson JL, Darrow MC, Gonzalez C, and Rosenberg SM (2011). Impact of a stress-inducible
switch to mutagenic repair of DNA breaks on mutation in. Escherichia coli. Proc. Natl. Acad.
Sci. 108, 13659-13664. doi: 10.1073/pnas.1104681108 [PubMed: 21808005]

Singh N, and Yeh PJ (2017). Suppressive drug combinations and their potential to combat antibiotic
resistance. J. Antibiot. (Tokyo) 70, 1033-1042. doi: 10.1038/ja.2017.102 [PubMed: 28874848]

Skurnik M, Pajunen M, and Kiljunen S (2007). Biotechnological challenges of phage therapy.
Biotechnol. Lett. 29, 995-1003. doi: 10.1007/s10529-007-9346-1 [PubMed: 17364214]

Stein C, Makarewicz O, Forstner C, Weis S, Hagel S, Loffler B, et al. (2016). Should daptomycin-
rifampin combinations for MSSA/MRSA isolates be avoided because of antagonism? Infection.
44, 499-504. doi: 10.1007/s15010-016-0874-2 [PubMed: 26797915]

Stracy M, Snitser O, Yelin I, Amer Y, Parizade M, Katz R, et al. (2022). Minimizing treatment-induced
emergence of antibiotic resistance in bacterial infections. Science 375, 889-894. doi: 10.1126/
science.abg9868 [PubMed: 35201862]

Sunagar R, Patil SA, and Chandrakanth RK (2010). Bacteriophage therapy for Staphylococcus aureus
bacteremia in streptozotocin-induced diabetic mice. Res. Microbiol. 161, 854-860. doi: 10.1016/
j.resmic.2010.09.011 [PubMed: 20868746]

Szybalski W, and Bryson V (1952). Genetic studies on microbial cross resistance to toxic agents. J.
Bacteriol 64, 489-499. doi: 10.1128/jb.64.4.489-499.1952 [PubMed: 12999676]

ter Meulen J (2007). Monoclonal antibodies for prophylaxis and therapy of infectious diseases. Expert
Opin. Emerging Drugs 12, 525-540. doi: 10.1517/14728214.12.4.525

Theuretzbacher U (2020). Dual-mechanism antibiotics. Nat. Microbiol. 5, 984-985. doi: 10.1038/
541564-020-0767-0 [PubMed: 32710093]

Torres-Barcel6 C, Turner PE, and Buckling A (2022). Mitigation of evolved bacterial resistance
to phage therapy. Curr. Opin. Virol. 53, 101201. doi: 10.1016/j.coviro.2022.101201 [PubMed:
35180532]

Vendramin R, Litchfield K, and Swanton C (2021). Cancer evolution: Darwin and beyond. EMBO J.
40, €108389. doi: 10.15252/embj.2021108389 [PubMed: 34459009]

Wang N, Luo J, Deng F, Huang Y, and Zhou H (2022). Antibiotic combination therapy: A strategy to
overcome bacterial resistance to aminoglycoside antibiotics. Front. Pharmacol. 13. doi: 10.3389/
fphar.2022.839808

Wei B, Gunzner-Toste J, Yao H, Wang T, Wang J, Xu Z, et al. (2018). Discovery of peptidomimetic
antibody—drug conjugate linkers with enhanced protease specificity. J. Med. Chem. 61, 989—
1000. doi: 10.1021/acs.jmedchem.7b01430 [PubMed: 29227683]

Wong F, Stokes JM, Bening SC, Vidoudez C, Trauger SA, and Collins JJ (2022). Reactive metabolic
byproducts contribute to antibiotic lethality under anaerobic conditions. Mol. Cell 82, 3499—
3512.e10. doi: 10.1016/j.molcel.2022.07.009 [PubMed: 35973427]

Worthington RJ, and Melander C (2013). Combination approaches to combat multi-drug resistant
bacteria. Trends Biotechnol. 31, 177-184. doi: 10.1016/j.tibtech.2012.12.006 [PubMed:
23333434]

Wright GD (2016). Antibiotic adjuvants: Rescuing antibiotics from resistance. Trends Microbiol. 24,
862-871. doi: 10.1016/j.tim.2016.06.009 [PubMed: 27430191]

Yakimov A, Bakhlanova I, and Baitin D (2021). Targeting evolution of antibiotic resistance by SOS
response inhibition. Comput. Struct. Biotechnol. J. 19, 777-783. doi: 10.1016/j.csbj.2021.01.003
[PubMed: 33552448]

Yang JH, Bhargava P, McCloskey D, Mao N, Palsson BO, and Collins JJ (2017). Antibiotic-induced
changes to the host metabolic environment inhibit drug efficacy and alter immune function. Cell
Host Microbe 22, 757-765.e3. doi: 10.1016/j.chom.2017.10.020 [PubMed: 29199098]

Front Antibiot. Author manuscript; available in PMC 2023 February 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Batchelder et al. Page 16

Zhanel GG, Lawson CD, Adam H, Schweizer F, Zelenitsky S, Lagacé-Wiens PRS, et al. (2013).
Ceftazidime-avibactam: A novel cephalosporin/B-lactamase inhibitor combination. Drugs 73,
159-177. doi: 10.1007/s40265-013-0013-7 [PubMed: 23371303]

Zhang QG, and Buckling A (2012). Phages limit the evolution of bacterial antibiotic resistance
in experimental microcosms. Evol. Appl. 5, 575-582. doi: 10.1111/j.1752-4571.2011.00236.x
[PubMed: 23028398]

Zurawski DV, and McLendon MK (2020). Monoclonal antibodies as an antibacterial approach against
bacterial pathogens. Antibiot. Basel Switz. 9, E155. doi: 10.3390/antibiotics9040155

Front Antibiot. Author manuscript; available in PMC 2023 February 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Batchelder et al. Page 17

A. de novo Resistance Mutations
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FIGURE 1.
(A). Antibiotic treatment increases metabolic stress (such as ROS) and leads to the activation

of mutagenic stress-response pathways, resulting in de novo resistance mutations. The result
is a higher number of antibiotic-resistant bacteria surviving antibiotic treatment (as shown
on the antibiotic-containing media plates). To prevent these de novo resistance mutations
and therefore limit resistance development, a compound can be administered to reduce the
level of metabolic stress. Alternatively, mutagenesis can be reduced by inhibiting proteins
important for activation of the mutagenic stress-response pathways. (B). Antibiotic treatment
selects for members of the population harboring pre-existing resistance-conferring mutations
or genes. These resistant bacteria can be targeted by a second antibiotic or by using a

variety of adjuvants—non-antibiotics that can be combined with antibiotic therapy to limit
resistance development. Such adjuvants include enzyme or efflux pump inhibitors as well as
bacteriophages that selectively target bacteria resistant to the antibiotic.
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Wild-Type Susceptibility to Drug 2 Collateral Sensitivity to Drug 2 Collateral Resistance to Drug 2

FIGURE 2.
(A).The strategies of treatment cycling and sequential treatment aim to capitalize on the

collateral effects of resistance mutations. In this schematic, a population of cells undergoes
a first treatment and then, to eradicate the resistant survivors, a second treatment is
applied. Based on the mutations incurred during the first treatment, the cells may be more
sensitive or resistant to the second treatment. (B—-D). Example mechanisms that may underly
collateral effects for a Drug 1 whose uptake is proton motive force (PMF)-dependent and a
Drug 2 that can be expelled from the cell via an endogenous efflux pump. (Figure adapted
from Pél et al., 2015.) (B). Cells that resist Drug 1 specifically—by mutating Drug 1’s
target, perhaps—will have similar susceptibility to Drug 2 as wild-type cells. (C). Cells
that resist Drug 1 by decreasing PMF will also have decreased PMF-dependent efflux as a
consequence, thereby increasing their sensitivity to Drug 2. (D). Cells that resist Drug 1 by
overexpressing or acquiring an efflux pump that can also expel Drug 2 will be collaterally
resistant.
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