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Abstract

Antibiotic resistance is one of the greatest current threats to human health, and without significant 

action we face the chilling prospect of a world without effective antibiotics. Although continued 

effort toward the development of new antibiotics, particularly those with novel mechanisms of 

action, remains crucial, this alone probably will not be enough to prevail, and it is imperative that 

additional approaches are also explored. One such approach is the identification of adjuvants that 

augment the activity of current antibiotics. This approach has the potential to render an antibiotic 

against which bacteria have developed resistance once again effective, to broaden the spectrum of 

an antibiotic, and to lower the required dose of an antibiotic. In this viewpoint we discuss some of 

the advantages and disadvantages of the use of adjuvants, and describe various approaches to their 

identification.

Antibiotic resistance in pathogenic bacteria, particularly the six bacterial species termed the 

ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species), is one of the 

greatest threats to human health facing the world today.1 In its 2014 report “Antimicrobial 

Resistance: Global Report on Surveillance” the World Health Organization (WHO) states 

that the problem is “so serious that it threatens the achievements of modern medicine. A 

post-antibiotic era—in which common infections and minor injuries can kill—is a very real 

possibility for the 21st century”.2 Indeed, in August 2016 the first U.S. case of a patient with 

an infection that was resistant to every available antimicrobial drug was reported. The K. 
pneumoniae isolate responsible for the infection, which ultimately resulted in the death of 

the patient, harbored the New Delhi metallo-β-lactamase (NDM-1) gene and was 

additionally resistant to all aminoglycosides and polymyxins tested.3 Many of the lifesaving 

medical practices we take for granted today, such as surgery, premature infant care, cancer 

chemotherapy, and transplantation medicine, are feasible only with the existence of effective 

antibiotic therapy.4 Projections indicate that if antibiotic resistance continues to rise at the 

current rate, drug-resistant infections will account for over 10 million deaths annually by 

2050, with an estimated global economic cost reaching U.S. $100 trillion.5
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Without any doubt, something must be done. The continuance of effective antibiotic therapy 

in the wake of the diminishing efficacy of our current armamentarium of antibacterial drugs 

will require, in addition to significant improvements in antibiotic stewardship,5b either (1) a 

constant supply of new drugs to replace those being rendered obsolete or (2) a means of 

prolonging the lifespan of current antibiotics.

The former is not likely to transpire without significant government investment and 

subsidies as a result of the divestment of pharmaceutical companies from new antibiotic 

drug discovery.6 The reasons for this divestment stem from both economic and scientific 

hurdles. From an economic standpoint, new antibiotics have a poor projected return on 

investment compared to drugs targeted at chronic diseases such as heart disease and high 

blood pressure, chiefly because antibiotic regimens are typically much shorter in duration 

and are often curative. Additionally, in efforts to limit resistance acquisition, new antibiotics 

are increasingly being held in reserve for cases in which no older antibiotics are effective, 

which further reduces profitability.7 There are also considerable scientific challenges facing 

the discovery of new antibiotics, exemplified by the fact that only two novel antibiotic 

classes have been introduced to the clinic since the “golden age” of antibiotic discovery 

ended in the 1970s. The vast majority of antibiotics that have been approved since then, or 

are currently in development, are derivatives of previously approved scaffolds, resistance 

mechanisms against which many bacteria already possess. Furthermore, even the 

development of such derivatives is slowing as a result of the low-hanging fruit being taken 

and discouragement of their development by regulators.4

In vitro high-throughput screening of synthetic chemical libraries for the identification of 

novel antibiotics has been profoundly unsuccessful, particularly for the discovery of 

antibacterial agents that are active against Gram-negative bacteria.6a,8 The reasons for this 

lack of success are multifactorial and are described in detail by Tommasi et al.6a 

Contributory factors include the metrics defined by pharmaceutical companies as defining a 

hit or lead compound; for example, until recently, many campaigns sought only to identify 

broad-spectrum agents that exhibit in vitro activity against several isozymes of the target 

enzyme or protein from both Gram-positive and Gram-negative bacteria. Another factor is 

the lack of correlation between activity in a biochemical assay and whole-cell activity, and 

perhaps the most significant factor, particularly in the case of Gram-negative active 

compounds, is the nature of the compounds that make up most small-molecule synthetic 

libraries. These libraries typically consist predominantly of compounds that were designed 

and developed in the combinatorial chemistry era for screens against mammalian targets. 

These libraries typically occupy a narrow chemical space, and most known antibacterial 

agents fall outside this space.8,9

Several of these issues have been recognized and are being addressed. The development of 

more rapid and sensitive diagnostic tests means the use of narrow-spectrum antibiotics is 

now more feasible, and the EMA and the FDA have recently included narrow-spectrum 

antibacterial compounds in a list of treatments that qualify for a shorter route to registration.
10 The use of whole cell phenotypic screening overcomes the limitation of a lack of 

translation of activity from biochemical assays, although this type of screening does 

necessitate follow-up mechanism of action studies. Finally, screening natural products gives 
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access to much needed increased chemical diversity, although unfortunately can often lead to 

the identification of known scaffolds.11 The search for new standalone antibacterial agents, 

particularly those with novel mechanisms of action, continues to be hugely important in the 

fight against drug-resistant bacterial infections. However, the challenges described above, in 

addition to the almost certainty that resistance to such agents will emerge, means that it is 

imperative that additional approaches are also explored.

One such approach, which forms the basis of point 2 earlier, is a means of prolonging the 

lifespan of current antibiotics, namely, the development of antibiotic adjuvants.12 Antibiotic 

adjuvants are compounds that do not themselves kill bacteria but instead enhance the effect 

of an antibiotic, for example, by inhibiting a mechanism of resistance. Examples of adjuvant 

targets are depicted in Figure 1. Adjuvants have potential application in a number of 

situations, with the most obvious being the case of formerly susceptible bacteria that have 

acquired resistance. Additionally, adjuvants that suppress intrinsic resistance could expand 

the activity spectrum of antibiotics, for example, enabling the use of current Gram-positive 

selective antibiotics for the treatment of Gram-negative infections. Finally, adjuvants that 

increase bacterial susceptibility to antibiotics for which toxicity is an issue, such as colistin,
13 would allow these antibiotics to be efficacious at lower doses, thereby mitigating potential 

side effects. The identification of nonbactericidal adjuvant compounds holds several 

advantages over the development of new antibiotics, perhaps the most significant being that 

evolutionary pressure on bacteria to evolve resistance to a compound that does not exert 

bactericidal or growth inhibitory effects appears to be abated,14 whereas it is known that 

optimally designed combination antibiotic therapies have the potential to slow resistance 

evolution.15 Another advantage is a result of the fact that truly novel antibiotic targets are 

rare given both the finite number of essential genes and the extensive exploration that this 

approach has already received. In contrast, the relative infancy of the adjuvant approach 

means that there are likely a greater number of both undiscovered targets and previously 

unidentified chemical scaffolds.

The adjuvant approach is not without challenges. Some of the challenges discussed above 

that plague the development of new antibiotics, such as identifying compounds with the 

necessary physicochemical properties to access bacterial targets, also apply to the 

identification of adjuvants. In addition, as with any combination therapy, there is the 

potential for deleterious drug–drug interactions, and compatible pharmacokinetic and 

pharmacodynamics properties between the antibiotic and adjuvant are necessary to enable an 

effective codosing regimen. Although combination therapy for the treatment of bacterial 

infections is well-precedented, for example, in the treatment of tuberculosis16 and some 

Gram-negative infections,17 developing a regimen with optimal temporal and spatial 

delivery of the antibiotic–adjuvant combination may prove more complicated than for 

combination therapies in which the targets are independent of one another.

Several compounds that enhance the effects of antibiotics via a number of different 

mechanisms have been reported, and examples are shown in Figure 2. The classical, and 

only clinically approved, example of small-molecule antibiotic adjuvants are the β-lactamase 

inhibitors. β-Lactamase inhibitors, in combination with β-lactam antibiotics, have been 

successfully employed for over 30 years for the treatment of both Gram-positive and Gram-
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negative infections and have been extensively reviewed.18 The continued development of 

new β-lactamase inhibitors to extend the spectrum of activity, for example, to include 

metallo-β-lactamase (MBL) enzymes19 for which there are no current clinically approved 

inhibitors, remains an important area of development; however, there are numerous other 

resistance mechanisms that represent potential adjuvant targets that have been much less 

well explored. Conceivably any product, pathway, or phenotype that contributes to decreased 

antibiotic susceptibility represents a potential adjuvant target, many of which have yet to be 

fully probed.

Along the same lines as β-lactamase enzymes, other antibiotic-modifying enzymes are also 

potential targets. One prominent class is the aminoglycoside-modifying enzyme (AME) 

class, which comprises the major mechanism of resistance to aminoglycoside antibiotics. 

Despite the identification of several classes of AME inhibitors,20 none have yet been 

clinically approved. Other antibiotic-modifying enzymes that are potential adjuvant targets 

include chloramphenicol acetyltransferases, macrolide kinases, and macrolide 

glycosyltransferases.21 Similarly, enzymes that confer resistance by modifying the antibiotic 

target, such as ErmC methyltransferases that impart resistance to the macrolide–

lincosamide–streptoin-B class of antibiotics,12b,22 represent another class of potential 

adjuvant targets.

Another adjuvant target that has received a significant amount of attention due to its ubiquity 

and involvement in resistance to many different antibiotic classes in both Gram-positive and 

Gram-negative bacteria is the efflux pump family. Several inhibitors of various efflux pumps 

have been identified, and although this class of adjuvants appears to hold true promise for 

clinical development, additional work needs to be done to improve toxicity profiles and 

determine the exact mechanism of inhibition.23 Efflux pumps confer resistance by 

maintaining the intracellular concentration of the antibiotic below levels at which it is 

efficacious, and this can also be effected by restricting the uptake of antibiotics into the cell. 

In Gram-negative bacteria, the outer membrane limits antibiotic uptake by imposing a 

significant permeation barrier. Many Gram-negative bacteria are intrinsically resistant to 

several classes of antibiotics that are active against Gram-positive bacteria, such as 

macrolides and glycopeptides, despite the presence of the target, simply because the 

antibiotic cannot access said target.24 Facilitating access to the antibiotic target therefore 

represents a potential adjuvant pathway.25 An adjuvant that enables entry of Gram-positive 

selective antibiotics into the Gram-negative bacterial cell has the potential to render these 

antibiotics clinically useful across a much broader spectrum of bacteria.26

Signaling and regulatory pathways used by bacteria to detect antibiotics and activate 

resistance mechanisms also represent potential adjuvant targets. Examples include inhibition 

of BlaR1 and MecR1 mediated detection of β-lactam antibiotics in S. aureus,27 interference 

with the SOS DNA repair and mutagenesis pathway,28 and interference with one of the 

many two-component signaling system (TCS) pathways that play a role in antibiotic 

resistance.29

In addition to the resistance mechanisms described above, drug tolerance mechanisms are 

also potential adjuvant targets. Bacterial drug tolerance can be conferred by the adoption of a 
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biofilm phenotype, and there are many examples of antibiofilm agents that potentiate the 

effects of antibiotics,30 including the recombinant human DNase I,31 marketed as 

Pulmozyme, which is approved for the treatment of pulmonary disease in cystic fibrosis 

patients.32 Drug tolerance can also be a result of the formation of persister cells,33 and this 

phenotype therefore represents another potential adjuvant target.

Finally, combination screening of antibiotics with synthetic or natural product libraries or 

with libraries of drugs that are approved for alternative indications, can also be used to 

identify adjuvants.19,34 Follow-up studies are required to determine the mechanism of action 

of compounds identified from target-blind screens such as this, but the existence of well-

characterized toxicology and pharmacology profiles for previously approved drugs has been 

estimated to reduce the cost of bringing the drug to market by up to 40%.35

It is important to note that the list of adjuvant approaches described above is not complete, 

and there are likely many as yet undiscovered pathways that could be targeted. The 

development of methods to identify such targets will play an extremely important role in 

realizing the full potential of this field. Methods that have been used to identify new 

adjuvant targets include both the use of Tn-seq to identify resistance genes36 and chemical 

genetic strategies using antisense-based genetic knockdown to identify factors that potentiate 

the effects of antibiotics.37

In conclusion, there is no doubt that the antibiotic resistance situation is dire and every 

potential avenue must be utilized if we are to overcome this crisis. Although the 

development of new antibiotics remains crucial, and improvements in antibiotic stewardship 

are essential, the adoption of complementary approaches such as the development of 

adjuvants that combat antibiotic resistance represents a powerful and underexploited 

weapon.
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Figure 1. 
Examples of adjuvant mechanisms of action and discovery: (A) inhibition of antibiotic 

modification; (B) inhibition of target modification; (C) inhibition of efflux; (D) enhancement 

of antibiotic uptake; (E) inhibition of signaling pathways that mediate antibiotic resistance; 

(F) inhibition of biofilm formation, which leads to increased antibiotic tolerance; (G) target-

blind whole cell screening of previously approved drugs for adjuvant activity.
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Figure 2. 
Examples of compounds that enhance antibiotic activity: (A) FDA-approved serine β-

lactamase inhibitor clavulanic acid;18c (B) MBL inhibitor aspergillomarasmine A (AMA) 

restores meropenem activity against several Gram-negative species;19 (C) AME inhibitor 

exhibits synergism with kanamycin A against E. faecium;38 (D) efflux pump inhibitor Phe-

Arg-β-naphthylamide (PAβN) increases the susceptibility of P. aeruginosa to levofloxacin;39 

(E) pentamidine perturbs the Gram-negative membrane and sensitizes the bacteria to 

antibiotics whose activity is ordinarily limited to Gram-positive bacteria;26a (F) inhibitor of 

BlaR1 phosphorylation in MRSA increases susceptibility to β-lactam antibiotics;27 (G) 2-

aminoimidazole derivative interferes with TCS signaling in A. baumannii to suppress 

colistin resistance;14b (H) quorum sensing inhibitor Hamamelitannin increases the sensitivity 

of S. aureus biofilms to several classes of antibiotics;30b (I) previously approved opioid-

receptor agonist loperamide potentiates the effects of tetracycline antibiotics against several 

Gram-negative bacteria.34b
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