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Learning Objectives: 

1) Recognize the global, national, and local impact of resistant bacteria. 
2) Describe recent legislative changes to encourage new drug development.  
3) Describe the most common mechanism of resistance, β-lactamase production.  
4) Develop a treatment strategy for infections caused by extended-spectrum β-lactamase 

pathogens, multi-drug resistant Pseudomonas aeruginosa, and carbapenem-resistant 
Enterobacteriaceae. 
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Abstract/CE statement: 

Infections resistant to many or all antimicrobials are occurring globally, nationally, and 

locally. Resistance is mediated through common, and often communicable, mechanisms and has 

eliminated many antibiotics from the treatment armamentarium. New antimicrobial agents have 

been developed to address new resistance mechanisms. Effectively combating antimicrobial 

resistance requires that we recognize its complex and extensive impact, encourage and legislate 

for new antimicrobial development, and establish treatment strategies for infections caused by 

antimicrobial resistant pathogens.  
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Antimicrobial resistance is a national and global problem that results in significant 

morbidity and mortality.1 Resistant microbes include bacteria, viruses, parasites, and fungi and 

varies by geographic region. The World Health Organization (WHO) estimates that in 2016, 

almost a half million people developed multi-drug resistant tuberculosis globally with most new 

cases occurring in south Asia, including China and India.2 A separate WHO report notes that 

resistance in Plasmodium falciparum to antimalarial medicines, including the new agent 

artemisinin, is increasing.3 Malaria treatment failure rates are between 30% and 60% in the 

Western Pacific Region and threaten to negate the progress towards eradicating malaria world-

wide.3 Resistant pathogens, including drug resistant bacteria, are not limited by geographical or 

political boundaries, especially in the age of global travel.   

The Centers for Disease Control (CDC) estimates that two million people in the United 

States are infected with drug resistant pathogens annually.4 These pathogens result in the death of 

23,000 patients each year. Contrary to the WHO report, drug-resistant malaria and drug-resistant 

HIV are excluded from this CDC report, likely due to low prevalence and ability of the US 

health system to absorb increased costs associated with alternative therapies. The cost of 

antibiotic resistance to the United States is estimated to exceed $20 billion dollars.5 

Multidrug resistant (MDR) and extensively drug resistant (XDR) Gram-positive and 

Gram-negative bacteria account for 99.7% of the pathogens in the CDC report.4 Pathogens with 

the highest concern for mortality include methicillin-resistant Staphylococcus aureus (MRSA), 

vancomycin-resistant Enterococcus (VRE), pan-resistant Streptococcus pneumoniae, extended 

spectrum β-lactamase producing Enterobacteriaceae (ESBL), carbapenem-resistant 

Enterobacteriaceae (CRE), and multidrug resistant Acinetobacter. Mortality associated with 

highly drug resistant organisms is reported as high as 50% with transmission occurring rapidly.6,7 
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Recently, a London hospital experienced an outbreak of carbapenem-resistant Klebsiella 

pneumoniae that expressed colistin resistance and spread to forty patients in two hospitals over a 

10 month period.8 The outbreak was mitigated by rapid identification of the outbreak strain and 

good infection control practice response. Unfortunately, the spread of antibiotic resistance is 

difficult to control due to its multifaceted nature. Resistance is directly influenced by antibiotic 

use and misuse, human-to-human transmission, and transmission from the food chain to 

humans.4 

Alexander Fleming, in his 1945 Nobel Laurate speech for the discovery of penicillin, 

warned of antimicrobial resistance;9 however, until the late 20th century, new antibiotic discovery 

kept pace with resistance emergence. The Infectious Diseases Society of America (IDSA) 

forewarned of the impending resistance crisis in their 10 x ’20 initiative.10 In response to the 

diminishing antibiotic discovery pipeline, the IDSA called for ten new antibiotics by the year 

2020.  The initiative called for antibiotics directed at MRSA, VRE, ESBL, and CRE organisms 

which cause a disproportionate amount of hospital acquired infections.11 In response to the 

national and global antimicrobial resistance epidemic, the Obama administration commissioned 

an antimicrobial resistance taskforce.12 Taskforce recommendations were the basis for the 

national strategic plan to combat antimicrobial resistance.13 The strategic plan addressed the 

antimicrobial resistance problem with a multipronged approach, including new drug 

development incentives and recommendations to implement antimicrobial stewardship programs 

in both the ambulatory and acute care medical practice settings. The CDC supplemented the call 

for increased role of antimicrobial stewardship programs when it outlined the seven core 

elements of inpatient antimicrobial stewardship and four core elements of ambulatory 
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stewardship.14 These core elements now serve as the regulatory infrastructure for The Joint 

Commission accreditation and payment penalties for Medicare patient reimbursement.   

 Combating antimicrobial resistance requires a multifaceted approach, including 

clinicians, industry, agriculture, politicians, and patients.  The remainder of this article will focus 

on two of these strategies: new drug development and repurposing available antibiotics.  First, 

we will briefly describe common mechanisms of antibiotic resistance and, second, we will 

describe several new antibiotics and new treatment strategies to overcome the resistance 

mechanisms described.  

Antimicrobial resistance mechanisms 

 Antimicrobial resistance occurs through at least one of eight separate mechanisms (Table 

1).15 For example, the composition of Gram-positive organisms’ outer membrane eliminates 

some antibiotics ability to penetrate the cytoplasm, the site of antibacterial activity.16 If an 

antimicrobial enters the cytoplasm or cell wall, local proteins may efflux17 or degrade18 it, 

rendering it ineffective against the organism. Alternatively, resistance may develop through 

alteration the antimicrobial target site (a process commonly seen in Staphylococcus aureus 

vancomycin resistance),19 protection of the target site (a process common in Neisseria spp. 

tetracycline resistance),20 or overproduction of the target site (a process common in 

trimethoprim-resistant bacteria).21 Organisms possessing multiple mechanisms of resistance are 

known as multidrug-resistant organisms. If sufficient resistance mechanisms are acquired, the 

bacteria may become multidrug-resistant or even pan-resistant, where it lacks susceptibility to 

physiologically-safe antimicrobial therapy.  
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 Bacteria adapt, share, and acquire various resistance mechanisms.  The most common 

and concerning resistance mechanism is the production of β-lactamase enzymes. β-lactamase 

enzymes hydrolyze the β-lactam ring and eliminate the antibiotic site of action.  β-lactamases are 

classified by two mechanisms: molecular structure or functional characteristics.18,22,23 The 

Ambler classification system organizes β-lactamases by active site amino acid structure and 

metal ion associated with the hydrolysis activity.22 Three Ambler classes, A, C, and D, use serine 

while Ambler Class B use a divalent zinc ion to hydrolyze and deactivate the β-lactam ring.18 

Representative enzyme examples important to Gram-negative resistance are in Table 2.  

  Unfortunately, the introduction of β-lactam antibiotics has resulted in the rapid 

emergence of resistance mechanisms.4 Following the introduction of ceftriaxone into clinical 

practice, ESBL activity was identified as a direct result of TEM and SHV plasmid-mediated β-

lactamase genes and intrinsic ampC gene activity in Enterobacteriaceae.24 Additional ESBL 

enzymes, including CTX-M and ampC β-lactamase hyperproducers have since been discovered.  

Clinicians recognized the danger of this emerging resistance phenomenon and increased 

carbapenem utilization in response.24-26 Carbapenems are stable to the hydrolysis of ESBL and 

ampC enzymes.  However, increased use of carbapenems resulted in the emergence of 

carbapenemase enzymes, including KPC, IMP, NDM, and OXA.  

New Antibiotic’s Role in Treating Antibiotic Resistant Bacteria 

New antibiotics in the drug development pipeline are critical for our ability to combat 

advanced mechanisms of antimicrobial resistance in Gram negative bacteria.  As of December 

2017, there were 48 new antibiotics in the pipeline, but historically only 20% of these will end 

up being approved by the US Food and Drug Administration (FDA) for patient use.27  
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New β-lactamase inhibitor antibiotics:  

The use of β-lactam antibiotics was rapidly hindered by the development of β-lactamase 

enzymes which hydrolyze and deactivate the β-lactam ring. As a result, β-lactamase inhibitors 

(BLI) were developed and added to β-lactam (BL) antibiotics in a combination product 

(BL/BLI), such as ampicillin/sulbactam or piperacillin/tazobactam.  Early BLIs were only 

effective against Ambler Class A, serine-based, β-lactamases.  The companion β-lactam 

antibiotic is responsible for the antibacterial activity once the β-lactamase enzyme is inhibited.  

Currently, 2100 different β-lactamases with various functional properties are identified 

and only five BLIs are approved for treatment in the United States: clavulanic acid, sulbactam, 

tazobactam, avibactam, and vaborbactam.28 Clavulanic acid acts as a β-lactam-like compound 

and has the narrowest spectrum of inhibition. Sulbactam possesses a 6-desaminopenicillin 

sulfone and is slightly more broad than clavulanic acid, but less potent. Tazobactam is a 

penicillanic acid sulfone with similar spectrum of activity as sulbactam but higher potency. 

Avibactam is the first non-β-lactam-based BLI and significantly expands the inhibition spectrum 

to include some class C and D β-lactamases, in addition to class A.29 Notably, between one and 

five avibactam molecules are required to inhibit a single β-lactamase molecule, whereas over 50 

molecules of tazobactam or clavulanic acid are required for the same activity. The final BLI, 

vaborbactam, is also a non-β-lactam-based BLI that restores activity of its companion β-lactam 

(meropenem) against Enterobacteriaceae spp. that contain the KPC enzymes. In a novel 

mechanism, vaborbactam forms a reversible, covalent bond with the serine active site on the 

KPC enzyme.30 The novel action of avibactam and vaborbactam are exploited when combined 

with ceftazidime and meropenem, respectively, and provide two treatment regimens for 
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extremely-drug-resistant, carbapenem-resistant Enterobacteriaceae and Pseudomonas 

aeruginosa. 

Two additional BLIs are nearing the end of the antibiotic pipeline and expect FDA 

approval: relebactam and zidebactam. Relebactam is similar to avibactam, with activity against 

Ambler class A and C enzymes.31 In phase II studies it has been combined with imipenem, 

leading to enhanced activity against imipenem-resistant strains of Klebsiella pneumoniae 

(producing ESBLs and/or KPCs) and Pseudomonas aeruginosa (overexpressing AmpC and/or 

lacking the OrpD porin).32 Imipenem-relebactam recently underwent in vitro testing against a 

large collection of Gram-negative bacteria collected from across the United States in 2015 as part 

of the Study for Monitoring Antimicrobial Resistance Trends.33 The addition of relebactam to 

imipenem increased the percentage susceptible from 70.3 to 94.2% for P. aeruginosa, from 96.1 

to 99% for K. pneumoniae, from 98 to 100% for Enterobacter spp., and did not affect A. 

baumannii susceptibility, confirming its lack of activity against Ambler class D OXA-type 

enzymes. Zidebactam is a novel β-lactam enhancer designed specifically to augment penicillin-

binding protein (PBP) 2 binding in P. aeruginosa and A. baumannii.34 When combined with 

cefepime, which strongly inhibits PBP1 and PBP3, the improved bactericidal action seen is 

proposed to be due to the combined effect of saturated PBP1, PBP2, and PBP3. In vitro testing 

has demonstrated this potent combination is even capable of fully eradicating Ambler class B 

metallo-β-lactamase producing strains of P. aeruginosa.35  High PBP2 binding affinity was also 

seen against A. Baumannii, and the combination of cefepime and zidebactam in vitro was able to 

completely eradicate A. Baumannii harboring an Ambler class D OXA-23 carbapenemase.36  

New tetracycline-based antibiotics: Omadacycline and Eravacycline 
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Tetracyclines such as tetracycline, doxycycline, and minocycline have been in use for 

decades, leading to the emergence of tetracycline-resistant antibiotics.17 Omadacycline contains a 

novel aminomethyl group attached to the traditional tetracycline structure, resulting in enhanced 

binding to the bacterial 30S ribosomal subunit and arresting bacterial protein synthesis.37 

Omadacycline remains active against bacterial strains expressing both ribosomal protection 

(target modification) and efflux resistance genes, thus providing activity against ESBL and 

carbapenemase-producing Enterobacteriaceae, Acinetobacter spp., and Stenotrophomonas 

maltophilia.38 Omadacycline maintains activity in Gram-negative bacteria containing the efflux 

tet(B) gene and the target site modification tet(O) and tet(M) genes.39 In a 2016 report from the 

SENTRY antimicrobial surveillance program, omadacycline showed in vitro activity against 

most Enterobacteriaceae isolates with 8% inhibition at ≤ 4 mg/L. Proteus mirabilis, indole-

positive Proteus sp., and tigecycline-resistant Klebsiella pneumoniae were omadacycline-

resistant.38 Tetracycline-resistant Enterobacteriaceae generally displayed sensitive minimum 

inhibitory concentrations (MICs) to omadacycline, but with 2-4 fold higher MIC50 and MIC90 

than tetracycline-susceptible isolates. Pseudomonas aeruginosa and Providencia spp. have high 

MICs to omadacycline (MIC >16 mg/L).  

Eravacycline is a novel, fully synthetic tetracycline class antibiotics which adds a fluorine 

atom and a pyrrolidinoacetamido group to the traditional tetracycline structure.40 These 

modifications result in activity against bacterial strains expressing both ribosomal protection and 

efflux resistance genes. Against 2213 Gram-negative bacterial pathogens in the 2014-2015 

CANWARD surveillance study, eravacycline demonstrated activity against ESBL- and 

carbapenemase-producing Escherichia coli, Klebsiella pneumoniae, and Proteus mirabilis, and 

was generally twice as potent as tigecycline.40 It should be noted that dosing leads to serum 
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concentrations of eravacycline that are approximately 300% higher than what current FDA-

approved tigecycline dosing achieves. Eravacycline was also active against Stenotrophomonas 

maltophilia and Acinetobacter spp., including carbapenem-resistant Acinetobacter baumannii, 

which have acquired an OXA carbapenem-hydrolyzing class D β-lactamase, upregulated OXA-

51, or an acquired metallo-β-lactamase.  Eravacycline also lacks activity against Pseudomonas 

aeruginosa.  

New Aminoglycoside Antibiotic: Plazomicin 

The aminoglycoside class of antibiotics target the bacterial 30s ribosomal subunit and 

inhibit protein synthesis. Aminoglycoside resistance is attributed to a large and diverse class of 

proteins called aminoglycoside-modifying enzymes (AMEs) which inactivate the drug through 

acetylation, adenylylation, and phosphorylation.41 In contrast to other aminoglycosides, 

plazomicin lacks important substituents that protect the molecule from many of the most 

common AMEs.42 Plazomicin, however, may still be subject to resistance in Pseudomonas 

aeruginosa and Acinetobacter isolates that contain an upregulated amount of MexXY efflux 

pumps. Additionally, Providencia stuartii has a chromosomal AME and intrinsic outer 

membrane characteristics that provide resistance to all aminoglycosides. In an in vitro study of 

110 CRE isolates of predominantly Klebsiella pneumoniae origin, plazomicin was potent against 

100% of isolates with an MIC50 and MIC90 of 0.5 and 1 mg/L respectively, outperforming both 

gentamicin and aminoglycoside (81.8% and 23.6% susceptible, respectively).43      

Summary 

 Antimicrobial resistance is increasing globally, nationally, and locally and is leading to 

significant associated morbidity and mortality. In response to a recent draught of novel 

antibiotics, the pharmaceutical industry has developed and the FDA approved several new 
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antibiotics.  Unfortunately, the new antibiotics modify existing drugs and take advantage of 

known mechanisms of action.  While their pharmacokinetics and pharmacodynamics are 

improved, lack of novel mechanisms of action inevitably will result in resistance.  The clinician 

must use antibiotics wisely; this includes treating with appropriately broad empiric antibiotics, 

identifying a causative pathogen, and narrowing to targeted antibiotic therapy based on 

susceptibility testing and patient characteristics, such as allergies and organ function tests. New 

β-lactamase inhibitors, such as avibactam and vaborbactam, are currently available, while the 

new aminoglycoside plazomicin and new tetracycline-based therapies, omadacycline and 

eravacycline, expect FDA approval soon.  The push and pull of antibiotic discovery and 

antibiotic resistance emergence will never cease; however, a multifaceted approach, including 

physicians, pharmacists, microbiologists, nurses, infection preventionists, and patients will be 

required to mitigate resistance emergence and maintain the efficacy of our current antimicrobial 

armamentarium.    
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Table 1: Mechanisms of antimicrobial resistance 

Target Site Movement Across 

Membrane 

Other 

Target site alteration Intracellular efflux Metabolic process 

circumvention 

Target site protection Decreased 

permeability 

Antimicrobial requisition 

Target site 

overproduction 

 Enzymatic alteration 
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Table 2: Classification schemes of β-lactamase enzymes. Modified from Bush et al.(23) 

Bolded enzymes in the Bush/Jacoby column are clinically important.  

Ambler 

Classification 
A B C D 

β-lactamase Penicillinase 
Metallo β-

lactamase 
Cephalosporinase Oxacillinase 

Bush/Jacoby 

classification 

PC1, TEM, 

SHV, VEB, 

PER, PSE, 

CARB, RTG 

IMP, VIM, 

NDM, IND, L1, 

CAU, GOB, 

FEZ 

AmpC, ACT, 

CMY, FOX, 

MIR, CMY 

OXA 

Common 

phenotype 

Extended 

spectrum β-

lactamases 

Carbapenemases 

Extended 

spectrum β-

lactamases 

Carbapenemases 
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