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Infection remains one of the main reasons for admission 
to intensive care units (ICU). As a consequence, more 
than 60 % of ICU patients receive antibiotics during their 
stay in the ICU [1], despite implementation of antibiotic 
stewardship programs to improve the quality of antibi-
otic use [2, 3]. In most countries antibiotic consumption 
is mainly driven by pulmonary infections, such as com-
munity acquired pneumonia (CAP), healthcare associ-
ated pneumonia (HCAP), hospital acquired pneumonia 
(HAP), and ventilator associated pneumonia (VAP). Bac-
terial resistance has concurrently increased, especially 
for Gram negative bacilli, including Pseudomonas aer-
uginosa, Klebsiella pneumoniae, and Acinetobacter bau-
mannii, while prevalence of methicillin resistance among 
Staphylococcus aureus has remained stable or declined in 
most European countries [4]. Yet, very few new antibiot-
ics have been developed over the past decade and only a 
few novel drugs are in the development pipeline of phar-
maceutical companies. To meet the current and emerging 
unmet medical needs, alternative therapeutic options to 
antibiotics, including new strategies, have to be consid-
ered in the ICU. Among the several non-antibiotic strate-
gies that are currently being investigated in the ICU, we 
focused on monoclonal antibodies and bacteriophages 
but some others such as vaccination, immune stimula-
tion, antibacterial peptide, or probiotics could also bring 
encouraging results in the near future [5].

A promising option is the recent development of 
monoclonal antibodies (mAbs) that can be used either 
“prophylactically” through a pre-emptive approach in 
high-risk (e.g., mechanically ventilated and colonized) 
patients or used therapeutically when an infection is sus-
pected and a pathogen is known (Fig.  1). Such targeted 
approaches, which have been hampered in the past by 
the time required for strain identification using classical 

culture, are now possible owing to a number of real-time 
diagnostic platforms, including PCR, that are available or 
in development [6]. 

Pseudomonas aeruginosa remains one of the three 
most frequent Gram negative pathogens causing noso-
comial infections in intubated patients and probably the 
one associated with the highest attributable mortality in 
nosocomial pneumonia (15  % rising to 35  % in case of 
multidrug resistance) [7]. Treatment is frequently ham-
pered as a result of its intrinsic resistance to many anti-
biotic classes and rapid acquisition of new resistance, 
as well as the presence of virulence factors. Antipseu-
domonal mAbs may add benefit to conventional anti-
biotic treatment. In a small-scale trial, repeated doses 
of a monoclonal antibody targeting P.  aeruginosa sero-
type O11 as adjunctive therapy to antibiotics yielded 
promising efficacy with better clinical improvement in 
a shorter time in 17 patients with HAP or VAP com-
pared to 14 control patients without observed immu-
nogenicity related to the antibody [8]. More recently, 
the first trial preemptively using a monoclonal targeting 
P.  aeruginosa PcrV revealed encouraging results with 
a significant decrease of infectious events in mechani-
cally ventilated ICU patients colonized with P.  aerugi-
nosa [9]. A bispecific mAb targeting both the virulence 
factors PcrV and Psl of P. aeruginosa [10] will be evalu-
ated in a phase  II clinical trial in Europe (ClinicalTrials.
gov: NCT02696902). In this study the mAb will be used 
preemptively in ICU patients with documented coloni-
zation of the respiratory tract with P.  aeruginosa. Some 
other programs evaluating mAbs targeting P. aeruginosa 
antigens are also moving to clinical development.

In the ICU, S.  aureus is another “bad bug” frequently 
causing bloodstream, skin, soft tissue, and lower respira-
tory tract infections, and—as for P.  aeruginosa—antibi-
otic treatment can be hampered because of emergence 
of multidrug-resistant strains. Among the several toxins 
and virulence factors that S.  aureus utilizes to induce 
disease, α-toxin, a pore-forming, cytolytic toxin is 
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considered the key toxin facilitating tissue invasion and 
necrosis [11]. Human mAbs specifically binding and neu-
tralizing α-toxin of S.  aureus are currently being evalu-
ated as adjunctive therapy in a phase  I “first in human” 
study in patients with severe VAP (ClinicalTrials.gov: 
NCT01589185). Furthermore, another mAb target-
ing α-toxin is currently being evaluated in a phase  II 
trial in mechanically ventilated ICU patients colonized 
with S. aureus, with a targeted population of nearly 500 
patients (ClinicalTrials.gov: NCT02296320).

These ongoing studies are focused on P.  aeruginosa 
and S. aureus, but there is also interest in mAbs targeting 
other bacteria, such as A. baumannii or K. pneumoniae, 
illustrating the interest in such drugs in the ICU, repre-
senting not only a true therapeutic revolution but also 
shifting patient management towards real-time monitor-
ing and pre-emptive immune modulation, rather than 
antibiotic prophylaxis and treatment.

Bacteriophages have also gained renewed interest as an 
alternative to antibiotics in the ICU setting. Discovered 
and used for the first time in the early 1900s, then forgot-
ten through the rise of antibiotics, phage therapy is actu-
ally back in clinical development. Phages are natural viruses 
that kill specific bacteria without action on any other organ-
isms. As compared to antibiotics, their specificity reduces 
the impact of antibiotic therapy on the natural microbiota. 
Lytic phages are carefully screened and characterized prior 
to selection as a drug candidate [12]. Some are currently 
being evaluated in the treatment of burn wound infec-
tions caused by P. aeruginosa in a phase I/II clinical study 

(www.phagoburn.eu; ClinicalTrials.gov: NCT02116010) 
[13], and case reports claim benefits of combining phages 
with antibiotics, for instance to fight biofilms [14]. In other 
studies the safety of an anti-staphylococcal phage cocktail 
is being evaluated in patients with chronic sinusitis refrac-
tory to antibiotics [15] and in patients with staphylococcal 
wound infections (www.ampliphibio.com). If successful 
this anti-staphyloccocal treatment could be brought into 
the ICU setting at least for severe skin infections. The 
PneumoPhage research project (http://www.pherecydes-
pharma.com/pneumophage.html) investigates the action 
of a phage cocktail against P.  aeruginosa respiratory tract 
infection in animal models using a new-generation nebu-
lizer to optimize the administration of the aerosol into the 
lungs [16]. A similar approach is being developed for cystic 
fibrosis, and this might represent an adjunctive therapeutic 
solution in HAP/VAP [17].

The threat of complete absence of effective antibiot-
ics to treat problematic ICU infections is fueling the 
development of innovative treatment and prophylactic 
approaches. Within all their potential indications, bac-
teriophages could in the near future be used in severe 
pseudomonal VAP through nebulization. Monoclonal 
antibodies may become alternative treatment options, 
either as pre-emptive treatment to prevent early staphy-
lococcal VAP mostly in trauma and neurological patients 
known to be at risk or pseudomonal HAP/VAP, in long-
term ICU hospitalized patients, or even as adjunc-
tive treatment in severe ICU infections especially those 
caused by multiresistant bacteria.

Fig. 1  Different time windows for possible treatment approaches in VAP

http://www.phagoburn.eu
http://www.ampliphibio.com
http://www.pherecydes-pharma.com/pneumophage.html
http://www.pherecydes-pharma.com/pneumophage.html


2036

Author details
1 Service de Réanimation Polyvalente, CHU Dupuytren, 2 Avenue Martin 
Luther King, 87042 Limoges Cedex, France. 2 Inserm CIC 1435 and UMR 1092, 
Limoges, France. 3 Medimmune, One MedImmune Way, Gaithersburg, MD, 
USA. 4 Department of Medical Microbiology and Julius Center for Health 
Sciences and Primary Care, University Medical Center Utrecht, Utrecht, The 
Netherlands. 

Compliance with ethical standards

Conflicts of interest 
Bruno Francois is the coordinating principal investigator of an ongoing 
international phase II trial testing a monoclonal antibody against S. aureus to 
prevent VAP in ICU patients in collaboration with Medimmune, a member of 
the AstraZeneca group. No other conflict of interest related to this manuscript 
to declare. Hasan Jafri is an employee of MedImmune, AstraZeneca, the 
manufacturer of anti-infectious disease monoclonal antibodies. He is currently 
leading the development and conduct of studies focused on prevention of 
nosocomial pneumonia, using monoclonal antibodies targeting S. aureus 
and P. aeruginosa. No other conflict of interest related to this manuscript to 
declare. Marc Bonten is a member of the study team of an ongoing interna-
tional phase II trial testing a monoclonal antibody against S. aureus to prevent 
VAP in ICU patients in collaboration with Medimmune, a member of the Astra-
Zeneca group, as part of the IMI-funded COMBACTE and COMBACTE MAGNET 
projects. No other conflict of interest related to this manuscript to declare.

Received: 18 February 2016   Accepted: 21 March 2016
Published online: 31 March 2016

References
	1.	 Bergmans DC, Bonten MJ, Gaillard CA, van Tiel FH, van der Geest S, de 

Leeuw PW, Stobberingh EE (1997) Indications for antibiotic use in ICU 
patients: a one-year prospective surveillance. J Antimicrob Chemother 
39:527–535

	2.	 Allerberger F, Gareis R, Jindrak V, Struelens MJ (2009) Antibiotic steward-
ship implementation in the EU: the way forward. Expert Rev Anti Infect 
Ther 7:1175–1183

	3.	 Society for Healthcare Epidemiology of America, Infectious Diseases 
Society of America, Pediatric Infectious Diseases Society (2012) Policy 
statement on antimicrobial stewardship by the Society for Healthcare 
Epidemiology of America (SHEA), the Infectious Diseases Society of 
America (IDSA), and the Pediatric Infectious Diseases Society (PIDS). Infect 
Control Hosp Epidemiol 33:322–327

	4.	 European Centre for Disease Prevention and Control (2015) Annual 
epidemiological report 2014. Antimicrobial resistance and healthcare-
associated infections. ECDC, Stockholm. http://ecdc.europa.eu/en/pub-
lications/Publications/antimicrobial-resistance-annual-epidemiological-
report.pdf. Accessed 11 Feb 2016

	5.	 Czaplewski L, Bax R, Clokie M, Dawson M, Fairhead H, Fischetti VA et al 
(2016) Alternatives to antibiotics—a pipeline portfolio review. Lancet 
Infect Dis 16(2):239–251

	6.	 Timsit JF, Perner A, Bakker J, Bassetti M, Benoit D, Cecconi M et al (2015) 
Year in review in Intensive Care Medicine 2014: III. Severe infections, 
septic shock, healthcare-associated infections, highly resistant bacteria, 
invasive fungal infections, severe viral infections, Ebola virus disease and 
paediatrics. Intensive Care Med 41(4):575–588

	7.	 Melsen WG, Rovers MM, Groenwold RH, Bergmans DC, Camus C, Bauer 
TT et al (2013) Attributable mortality of ventilator-associated pneumonia: 
a meta-analysis of individual patient data from randomised prevention 
studies. Lancet Infect Dis 13(8):665–671

	8.	 Que Y, Lazar H, Wolff M, Francois B, Laterre PF, Mercier E, Garbino J, 
Pagani JL, Revelly JP, Mus E, Perez A, Tamm M, Rouby JJ, Lu Q, Chastre J, 
Eggimann P (2014) Assessment of panobacumab as adjunctive immu-
notherapy for the treatment of nosocomial Pseudomonas aeruginosa 
pneumonia. Eur J Clin Microbiol Infect Dis 33(10):1861–1867

	9.	 Francois B, Luyt CE, Dugard A, Wolff M, Diehl J, Jaber S, Forel JM, Garot D, 
Kipnis E, Mebazaa A, Misset B, Andremont A, Ploy MC, Jacobs A, Yarranton 
G, Pearce T, Fagon JY, Chastre J (2012) Safety and pharmacokinetics of an 
anti-PcrV PEGylated monoclonal antibody fragment in mechanically ven-
tilated patients colonized with Pseudomonas aeruginosa: a randomized, 
double-blind, placebo-controlled trial. Crit Care Med 40(8):2320–2326

	10.	 DiGiandomenico A, Keller AE, Gao C, Rainey GJ, Warrener P, Camara MM, 
Bonnell J, Fleming R, Bezabeh B, Dimasi N, Sellman BR, Hilliard J, Guenther 
CM, Datta V, Zhao W, Gao C, Yu XQ, Suzich JA, Stover CK (2014) A multi-
functional bispecific antibody protects against Pseudomonas aeruginosa. 
Sci Transl Med 6(262):262ra155

	11.	 Berube BJ, Bubeck Wardenburg J (2013) Staphylococcus aureus α-toxin: 
nearly a century of intrigue. Toxins (Basel) 5(6):1140–1166

	12.	 Pirnay JP, Blasdel BG, Bretaudeau L, Buckling A, Chanishvili N, Clark JR et al 
(2015) Quality and safety requirements for sustainable phage therapy 
products. Pharm Res 32:2173–2179

	13.	 Sansom C (2015) Phage therapy for severe infections tested in the first 
multicentre trial. Lancet Infect Dis 15(12):1384–1385

	14.	 Coulter LB, McLean RJ, Rohde RE, Aron GM (2014) Effect of bacteriophage 
infection in combination with tobramycin on the emergence of resist-
ance in Escherichia coli and Pseudomonas aeruginosa biofilms. Viruses 
6(10):3778–3786

	15.	 Shaw KJ, Lehman SM, Smrekar F, Weiss WJ, Pulse M, Morales SP (2015) 
Efficacy of a bacteriophage cocktail in a Staphylococcus aureus mouse 
pneumonia model is comparable to vancomycin. Poster presentation, 
ICAAC/ICC 2015, San Diego

	16.	 Cooper CJ, Denyer SP, Maillard JY (2014) Stability and purity of a bacte-
riophage cocktail preparation for nebulizer delivery. Lett Appl Microbiol 
58:118–122

	17.	 Sahota JS, Smith CM, Radhakrishnan P, Winstanley C, Goderdzishvili M, 
Chanishvili N, Kadioglu A, O’Callaghan C, Clokie MR (2015) Bacteriophage 
delivery by nebulization and efficacy against phenotypically diverse 
Pseudomonas aeruginosa from cystic fibrosis patients. J Aerosol Med Pulm 
Drug Deliv 28(5):353–360

http://ecdc.europa.eu/en/publications/Publications/antimicrobial-resistance-annual-epidemiological-report.pdf
http://ecdc.europa.eu/en/publications/Publications/antimicrobial-resistance-annual-epidemiological-report.pdf
http://ecdc.europa.eu/en/publications/Publications/antimicrobial-resistance-annual-epidemiological-report.pdf

	Alternatives to antibiotics
	References




