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The three questions

1. Ceftobiprole is approved for treatment of ventilator-
associated pneumonia.
– Yes
– No

2. Dalbavancin can be used against carbapenem-resistant 
Klebsiella spp. 
– Yes
– No

3. It is likely that at least one phage therapy will be FDA-
approved within the next 5 to 10 years.
– Yes
– No

• Current landscape

• New and coming antibacterials

• Vaccines for bacterial infections

• Phage therapy for bacterial infections

• Initiatives to spur development

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

New antibiotics & alternatives to antibiotic therapy 
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Antibacterial resistance Us! Antibiotic pipeline

A fine mess

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Antibacterial resistance

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

“It is not difficult to make microbes resistant to penicillin in the 
laboratory by exposing them to concentrations not sufficient to kill 
them...there is the danger that the ignorant man may easily under-
dose himself and, by ex- posing his microbes to nonlethal quantities 
of the drug, make them resistant.” —Alexander Fleming

Nobel Prize Lecture, December 11, 1945.
http://www.nobelprize.org/nobel_prizes/medicine/laureates/1945/fleming.pdf
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Antibacterial resistance

• Which are the “problem” bacteria now?
– MRSA

– EXTENDED-BETA-LACTAMASE (ESBL)-PRODUCING 
BACTERIA

– CARBAPENEM-RESISTANT BACTERIA

–COLISTIN-RESISTANT BACTERIA

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Lancet Infectious Diseases, 2016: 16 (2): 161–168 

A dry pipeline

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

No successful discoveries of new classes of antibiotics since 1987 

Bassetti et al. Annals of Clinical Microbiology and Antimicrobials 2013, 12:22 
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New antibacterials on the horizon
Late-stage pipeline: antibiotics recently approved, in registration or in phase III development 

Gram +

Gram +

Gram +

New BLI

Bettiol et al. Swiss Med Wkly 2015;145:w14167 

Gram-positive & Gram-negative organisms

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES



24-3-2016

6

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Gram-positive & Gram-negative organisms

New antibiotics for Gram-positive bacteria
(with overlap!)

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

ANTIBIOTIC FAMILY MECHANISM OF ACTION

CEFTOBIPROLE CEPHALOSPORIN BINDS TO PENICILLIN-BINDING PROTEINS

DALBAVANCIN GLYCOPEPTIDES BIND TO ACYL-D-ALANYL-D-ALANINE IN 
PEPTIDOGLYCANORITAVANCIN

TEDIZOLID OXAZOLIDINONE BINDS TO 50S SUBUNIT OF rRNA
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Ceftobiprole

• Mechanism: binds strongly to PBP2A (Staphylococci)

• Pharmacokinetics:

– Renally cleared

– Half-life 3 – 3.5h

– Volume of distribution 18 – 20 L

– Protein binding: 16%

– i.v. only (poor oral absortion)

• Pharmacodynamics:

– Time-dependent killing

– May have some post-antibiotic effect (in vitro!)

Leonard SN et al. Antimicrob Agents Chemother. 2008;52(8):2974–2976 
Rossollini et al. J Antimicrob Chemother. 2011;66(1):151–159 

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

• Approved in Europe for community-acquired & 
hospital-associated pneumonia (2013)

• In the US…

FDA: Data from Studies BAP00154 and BAP00414 cannot be relied upon 
because inspections and audits of approximately one-third of the clinical 
trial sites for these studies found the data from a large proportion of 
these sites to be unreliable or unverifiable…

Ceftobiprole

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Noel et al. Clin Infect Dis 2008; 46 (5): 647-655. doi: 10.1086/52
Noel et al. Antimicrob Agents Chemother 2008; 52(1):37-44

• $$$$:
In Germany, a 7-day treatment course costs € 1392,37
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• Wide spectrum of in vitro activity
– Has in vitro activity against MRSA resistant to vancomycin & 

linezolid…

– but is hydrolyzed by ESBL and AmpC beta-lactamases 
vulnerable to common resistance mechanisms in 
Enterobacteriaceae

– Still, for non-ESBL, non-AmpC producers, may do better against 
Gram-negative organisms than Gram-positives

• Clinical:
– Not approved for ventilator-associated pneumonia (VAP)

• Cure rates for VAP 23% vs 37% (ceftaz+linezolid), microbiologic 
eradication 30 vs 50%

– Weak against Pseudomonas-associated VAP

– Side effects: nausea/vomiting, diarrhea, hyponatremia, LFT

Ceftobiprole
BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Rossollini et al. J Antimicrob Chemother. 2011;66(1):151–159 
Awad et al. Clin Infect Dis. 2014 Jul 1;59(1):51-61

Theuretzbacher 2015: http://cddep.org/blog/posts/recent_fda_antibiotic_approvals_good_news_and_bad_news#

Dalbavancin

• Mechanism: binds to acyl-d-alanyl-d-alanine 
(peptidoglycan)

• Pharmacokinetics:

– Dual elimination - urine & feces

– Half-life 150 - 250h (!)  once weekly dosing

– Volume of distribution 15.7 L

– Protein binding: 98% (!)

– i.v. only (poor oral absortion)

• Pharmacodynamics:

– Concentration-dependent killing (+ area under the curve)

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Billeter et al. Clin Infect Dis 2008:46 577-83 
Juul et al. Therapeut Clin Risk Management 2016:12 225–232 
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Dalbavancin

• Not really new!

– 1987: described by researchers at Lepetit Research Center 

 Biosearch Italy  Vicuron acquired by Pfizer…

• clinical development not successful, no approval!

– 2009: rights won by Durata, which repeated ph3 trials

 2014: acquired by Actavis

• Approved in USA in 2014, Europe in 2015 

• $$$$

– $1100 – 1500 per 500 mg vial  full treatment = $3300 - 4500

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Juul et al. Therapeut Clin Risk Management 2016:12 225–232 

Theuretzbacher 2015: http://cddep.org/blog/posts/recent_fda_antibiotic_approvals_good_news_and_bad_news#

Dalbavancin

• Spectrum of activity: 

– Gram-positive only

– Not active against vancomycin-resistant S. aureus

– In vitro activity against vancomycin-resistant Enterococci with 
vanB & vanC resistance genes, but not vanA (the most 
common!)

• Clinical: 

– Approved for acute bacterial skin & skin structure infections
• Trials ongoing for CA pneumonia (MRSA) & pediatric osteomyelitis

– Side effects: ??? / headache, fever

– THINK CAREFULLY (half-life, resistance, MRSA in decline…)

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Juul et al. Therapeut Clin Risk Management 2016:12 225–232
Ramdeen et al. Expert Opin Pharmacother. 2015;16(13):2073-81
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Oritavancin

• Mechanism: binds to acyl-d-alanyl-d-alanine 
(peptidoglycan)

• Pharmacokinetics:

– Excreted unchanged in urine & feces

– Half-life 393h (!)   once weekly dosing

– Volume of distribution 100 L

– Protein binding: 90% (!)

– i.v. only (poor oral absortion)

• Pharmacodynamics: 

– Concentration-dependent killing

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Tice. Clin Infect Dis 2012;54(S3):S239–43
Bassetti et al. Ann Clin Microbiol Antimicrob 2013, 12:22 

Oritavancin

• Not really new!

– vancomycin derivate originally discovered and developed by Eli 
Lilly, where first development was discontinued

 acquired by Targanta: 

completed Phase 3 trials but failed to achieve approval

 acquired by the Medicine Company:

successfully repeated ph3 trials

• Approved in USA in 2014, Europe in 2015 

• $$$$

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Theuretzbacher 2015: http://cddep.org/blog/posts/recent_fda_antibiotic_approvals_good_news_and_bad_news#
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Oritavancin

• Spectrum of activity: 

– Gram-positive only!

– MICs for vancomycin-I and -R S. aureus lower than for 
vancomycin but still above the preliminary PK/PD breakpoint

• Clinical: 

– Approved for acute bacterial skin & skin structure infections
• Trials ongoing for pediatric use

– Side effects: ??? / headache, fever

– Little justification for its use in MSSA

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Theuretzbacher 2015: http://cddep.org/blog/posts/recent_fda_antibiotic_approvals_good_news_and_bad_news#

Tice. Clin Infect Dis 2012;54(S3):S239–43
Bassetti et al. Ann Clin Microbiol Antimicrob 2013, 12:22 

Tedizolid

• Mechanism: binds to peptidyl transferase A-site of 
ribosomal ribonucleic acid (rRNA, 50S subunit) 
inhibits protein synthesis

• Pharmacokinetics:

– High oral bioavailability (86 – 100%)

– Elimination: 80 – 90% feces, rest urine

– Half-life: 12h

– Volume of distribution: 70 L 

– Protein binding: 75-80%

• Pharmacodynamics:

– concentration-dependent killing

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Rybak et al. Infect Dis Ther 2015; 4:1–14
Ong et al. Drug Metab Dispos 2014; 4:1275-84
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• Approved in USA in 2014, in Europe in 2015

• Spectrum of activity: 
– Gram-positive only!

– In vitro potency 2-8x higher than linezolid
• But protein binding in vivo may offset its activity

• Clinical: 
– Approved for acute bacterial skin & skin structure infections 

(ABSSSI)

– Ph3 trials ongoing for HAP & VAP

– Side effects: Nausea/vomiting, diarrhea; ?? thrombocytopenia

• $$$$: 6 days of tedizolid p.o. = $2,212 (i.v. = $1,692)

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Tedizolid

Rybak et al. Infect Dis Ther (2015) 4:1–14 

New antibiotics for Gram-negative bacteria
(with overlap!)

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

ANTIBIOTIC FAMILY MECHANISM OF ACTION

MEROPENEM + RPX7009 CARBAPENEM + BLI SERINE CARBAPENEMASE INHIBITOR

ERAVACYCLINE TETRACYCLINE BINDS TO 30S RIBOSOMAL SUBUNIT

PLAZOMYCIN AMINOGLYGOSIDE
BINDS TO 16S PORTION OF 30S 
RIBOSOMAL SUBUNIT
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Meropenem + RPX7009 (CarbavanceTM)

• Mechanism of RPX7009: beta-lactamase inhibitor (anti-
serine carbapenemase) 

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Meropenem + RPX7009 (CarbavanceTM)

• Current status: 

– in phase 3 development for complicated urinary tract 
infection and infections with carbapenem-resistant 
Enterobacteriaceae (CRE)  

– Results in 2016…

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Bettiol et al. Swiss Med Wkly 2015;145:w14167 
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Eravacycline

• Mechanism: binds to 30S ribosomal subunit

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

• Current status: 

– In phase 3 development for cUTI and complicated 
intra-abdominal infections (cIAI)

– cIAI OK

– cUTI: 

8 Sept. 2015: Tetraphase today announced that the 
IGNITE2 phase 3 clinical trial of eravacycline…did not 
achieve its primary endpoint of statistical non-inferiority 
compared to levofloxacin.

• Poor dose selection?

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Eravacycline

http://ir.tphase.com/releasedetail.cfm?releaseid=930613
Bettiol et al. Swiss Med Wkly 2015;145:w14167 
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Plazomycin

• Mechanism: binds to 16S portion of 30S ribosomal 
subunit

• Cross-resistance with other aminoglycosides

• Current status: 

– In phase 3 development for bloodstream infection and 
nosocomial pneumonia caused by CRE (end date 2018)

– Ph3 for cUTI recently added

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Bettiol et al. Swiss Med Wkly 2015;145:w14167
https://www.clinicaltrials.gov/ct2/show/NCT01970371 

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

http://amr-review.org/sites/default/files/Vaccines%20and%20alternatives_v4_LR.pdf
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Pneumococcal conjugate vaccine: 
a success story

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

http://www.cdc.gov/abcs/reports-findings/surv-reports.html

And vaccines for hospital-associated infections?

• None licensed

• Great interest & advocation…

– At in vitro level

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Lee et al., Experiment & Molec Med 2015; 47 e183
Czaplewski et al. Lancet Infect Dis 2016 16: 239–51 

• Only prophylactic
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And vaccines for hospital-associated infections?

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Manuscript in preparation

Phage therapy

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

www.wikipedia.org
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Phage therapy

• What is a bacteriophage?

– Bacterial virus that invades bacterial cells

– Lytic phages disrupt bacterial metabolism, causing lysis

• A long history…

– 1896: Ernest Hankin

– 1898: Gamaleya

– 1916: Frederick Twort

– 1917: Felix d’Herelle “officially discovers” bacteriophages

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Sulakvelidze et al. Antimcrob Ag Chemother 2001; 45:649–659 

Phage therapy: history

• First clinical use:

– 1919: D’Herelle, his boss & other staff self-test for safety

– Administered to a boy with dysentery  clinical cure

– Several uncontrolled studies confirmed clinical cure

• Commercialization by D’Herelle:

– Bacté-coli-phage

– Bacté-rhino-phage

– Bacté-intesti-phage

– Bacté-pyo-phage

– Bacté-staphy-phage 

• 1940s: Phages developed in the USA (Eli Lily)

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Sulakvelidze et al. Antimcrob Ag Chemother 2001; 45:649–659
Summers. Felix d’Herelle and the origins of molecular biology. 1999, Yale University Press

Marketed by L’Oreal (France)
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Phage therapy: what happened next…

• In the West, ANTIBIOTICS

• In Eastern Europe, continued use & research – and a 
record in Russian, Georgian and Polish 

– None published in English

– None randomized

– Most uncontrolled

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Sulakvelidze et al. Antimcrob Ag Chemother 2001; 45:649–659

Phage therapy: clinical studies
BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Sulakvelidze et al. Antimcrob Ag Chemother 2001; 45:649–659
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Phage therapy: clinical studies

• The Georgian/Soviet study of 1963

• 30,769 children included:

– Children on one side of a street got Shigella phages (n=17,044)

– Children on the other got placebo (n=13,725)

• Outcome: 

– Clinical cure

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Sulakvelidze et al. Antimcrob Ag Chemother 2001; 45:649–659
Babalova et al. Zh. Mikrobiol. Epidemiol. Immunobiol 1968; 2:143

Phage therapy: advantages over antibiotics

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Sulakvelidze et al. Antimcrob Ag Chemother 2001; 45:649–659

?
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Phage therapy: problems

• OPAQUE

– No toxicology studies!

– Very few reports on pharmacokinetics

– Very few reports on pharmacodynamics

• T4 phage sequenced: LYSIS IS A COMPLICATED PROCESS

– Proof of efficacy not established

• 1934: Council on Pharmacy and Chemistry of the American 
Medical Association requests full review of all papers 

Conclusion: not in favor of phage therapy

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Sulakvelidze et al. Antimcrob Ag Chemother 2001; 45:649–659
Kutter et al. In Molecular biology of bacteriophage T4 (1994). American Society for Microbiology

Phage therapy: problems

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Sulakvelidze et al. Antimcrob Ag Chemother 2001; 45:649–659
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Phage therapy: where are we now?

• Hugely increased interest (specificity, abundance)

• BUT 

– Phages for Gram-positive, spore-forming bacteria 
(Clostridia, Bacillus spp.):

“Currently much of the available literature focuses on their primary 
isolation and characterization rather than the development of 
practical applications” 

– Phages for Gram-negatives:
Substantial experimentation has taken place clinically prior to the 
development of robust experimental animal disease models and also 
outside of what today would be considered to be desirable 
practices for clinical trials”

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

Nakonieczna et al. J Appl Microbiol 2015: 119, 620—631
Abedon.  Bacteriophage 2015: 5:1, e1020260 

Phage therapy: where are we now?

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

http://amr-review.org/sites/default/files/Vaccines%20and%20alternatives_v4_LR.pdf
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New initiatives

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES

(European Commission, 7th Framework: old antibiotics)

(Innovative Medicines Initiative [EC + EFPIA]: new antibiotics)

“Global Antibiotic Research & Development Partnership”: old & new antibiotics

New initiatives

BACKGROUND NEW ANTIBIOTICS PHAGE THERAPYVACCINES NEW INITIATIVES
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The three questions again

1. Ceftobiprole is approved for treatment of ventilator-
associated pneumonia.
– Yes
– No

2. Dalbavancin can be used against carbapenem-resistant 
Klebsiella spp. 
– Yes
– No

3. It is likely that at least one phage therapy will be FDA-
approved within the next 5 to 10 years.
– Yes
– No

Thank you!


