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*)1&)BB-+'A, &" (/-.*)).O"('& " 9-+2'1+&" (2-64+2HA'&O" ('&" 9-+2'1+&" 492.'9+2HA'&" '+" ('&"
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a b s t  r  a c t

The epidemiology  of  multidrug-resistant  bacteria  (MDRB)  has changed  signiÞcantly  in  European  health-
care settings,  with  a decrease  in  frequency  of  meticillin-resistant  Staphylococcus aureus and  an increase  in
extended-spectrum  ! -lactamase  (ESBL)-producing  Enterobacteriaceae.  Little  is  known  about  the  effects
of  these  changes  on  ventilator-associated  pneumonia  (VAP). A retrospective  5-year  trend  analysis  of
ICU antibiotic  consumption  and  resistance  in  bacteria  causing  VAP was  undertaken.  Poisson  regres-
sion  analysis  between  complete  microbiological  data  and  antibiotic  consumption  was  performed.  In
total,  252  episodes  of  VAP in  184  patients  were  identiÞed  between  2007  and  2011,  from  which  364
causal  bacteria  were  isolated.  Enterobacteriaceae  isolation  rates  increased  signiÞcantly  over  this  period
[from  6.64  to  10.52  isolates/1000  patient-days;  P = 0.006],  mostly  due  to  an increase  in  AmpC-producing
Enterobacteriaceae  (APE) (2.85Ð4.51  isolates/1000  patient-days;  P = 0.013),  whereas  the  number  of
episodes  due  to  S. aureus and  Pseudomonas aeruginosa  remained  stable.  A positive  association  was
found  between  the  increase  in  APE infections  and  an increase  in  past-year  antibiotic  consumption:
amoxicillin/clavulanic  acid  (P = 0.003),  ceftazidime  and  cefepime  (P = 0.007),  carbapenems  (P = 0.002),
ßuoroquinolones  (P = 0.012),  macrolides  (P = 0.002)  and  imidazoles  (P = 0.004).  No  such  association  was
found  for  the  emergence  of  resistance  in  P. aeruginosa. These results  indicate  a change  in  the  epidemiology
of  VAP, with  Enterobacteriaceae  exceeding  P. aeruginosa  and  S. aureus. Moreover,  a positive  correlation
was  observed  between  antibiotic  consumption  and  the  incidence  of  potentially  MDRB such  as APE. No
such  correlation  was  found  for  ESBL-producing  Escherichia coli  and  antibiotic-resistant  P. aeruginosa.

©  2015  Elsevier  B.V. and  the  International  Society  of  Chemotherapy.  All  rights  reserved.
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1. Introduction

Ventilator-associated  pneumonia  (VAP), deÞned  as pneumonia
occurring  >48  h  after  the  initiation  of  mechanical  ventilation,  is
the  most  common  life-threatening  hospital-acquired  infection  in
the  intensive  care unit  (ICU). This  complication  affects  8Ð28% of

http://dx.doi.org/10.1016/j.ijantimicag.2015.07.010
0924-8579/©  2015  Elsevier  B.V. and  the  International  Society  of  Chemotherapy.  All  rights  reserved.
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patients  receiving  mechanical  ventilation  [1]  and  accounts  for  up
to  50% of  all  antimicrobials  prescribed  in  the  ICU. It  is  associated
with  increased  morbidity,  increased  costs  and  increased  length
of  stay  in  the  ICU [2,3] . In  older  series,  the  principal  pathogens
recovered  in  bronchoscopy  samples  were  Pseudomonas aeruginosa
(24.4%), Staphylococcus aureus (20.4%), Enterobacteriaceae  (14.1%)
and  Haemophilus  sp. (9.8%) [1] . Several  studies  have  shown  that
initial  treatment  of  VAP with  inappropriate  antimicrobial  drugs  is
associated  with  a poorer  outcome  [4] . Knowledge  of  the  epidemi-
ology  and  resistance  trends  of  the  bacteria  concerned  is therefore
of  particular  importance.

Over  the  last  decade  there  has been  a considerable  change
in  the  epidemiology  of  multidrug-resistant  bacteria  (MDRB)  in
Europe  [5,6] , particularly  in  French  healthcare  settings  [7] . In  the
Assistance  PubliqueÐH™pitaux  de Paris (AP-HP),  a consortium  of
Parisian  hospitals,  the  incidence  of  meticillin-resistant  S. aureus
(MRSA) was  found  to  have  decreased  by  43% over  a period  of  9
years  with  the  implementation  of  a bundle  programme  to  con-
trol  cross-transmission  [8] . Over  the  same period,  the  incidence
of  extended-spectrum  ! -lactamase  (ESBL)-producing  Enterobac-
teriaceae  increased  by  182%, mostly  due  to  the  emergence  of
Escherichia coli  clones  producing  CTX-M  type  ESBL both  in  the  com-
munity  and  in  healthcare  settings  [9] .

The relationships  between  antibiotic  use and  the  emergence  of
MDRB are complex.  Possible  or  conÞrmed  MDRB infection  leads  to
an increase  in  antibiotic  consumption,  which  itself  increases  the
selective  pressure  favouring  the  most  resistant  bacteria.  Several
recent  studies  have  reported  an effect  of  antibiotic  use on  MDRB
emergence  both  at  the  national  [10]  and  hospital  levels  [11,12] .
However,  it  was  not  possible  to  control  for  differences  in  pre-
scription  habits,  the  infections  treated,  infection  control  measures
and  epidemic  phenomena  between  participating  hospital  wards  in
these  studies.

We  avoided  such  biases in  this  study  by  focusing  on  changes
in  the  epidemiological  characteristics  of  bacterial  VAP, a typical
hospital-acquired  infection,  within  a single  ICU department.  We
also  investigated  the  correlation  between  ICU antibiotic  consump-
tion  and  antimicrobial  resistance  of  the  pathogens  recovered  in  the
ICU between  2007  and  2011.

2. Methods

2.1. Setting and case deÞnition

Louis  Mourier  Hospital  is  a 460-bed,  university-afÞliated  ter-
tiary  care institution  in  Colombes  (France),  with  600  ICU admissions
per  year.

All  adult  patients  (! 15  years)  presenting  at  least  one  episode  of
VAP at  this  hospital  between  January  2007  and  December  2011
were  included  in  this  observational  historical  cohort  study.  The
completeness  of  episode  counts  was  ensured  by  cross-referencing
data  from  two  different  and  completely  independent  registries:  the
Þles of  the  microbiology  department  and  the  nosocomial  infection
registry  of  the  ICU.

VAP was  deÞned  according  to  widely  accepted  criteria  [13] .
Lung  samples  were  obtained  for  each patient  by  invasive  tech-
niques,  namely  protected  telescopic  catheter  (PTC) specimens  [1]
or  bronchoalveolar  lavage  (BAL). Samples  were  immediately  dis-
patched  at  room  temperature  to  the  microbiology  department  for
analysis.  VAP episodes  were  classiÞed  as ÔearlyÕ if  they  occurred
on  or  before  Day  5 of  mechanical  ventilation  and  as ÔlateÕ if  they
occurred  after  Day  5 [1,14] . A new  episode  was  deÞned  as the
occurrence  of  a new  VAP due  to  bacterial  species different  than
those  responsible  for  the  previous  episode;  hence,  patients  with
more  than  one  VAP were  included  as long  as the  pathogen  was
different.

2.2. Microbiological  study

Lung  specimens  were  processed  according  to  stan-
dard  procedures  [15] :  (i)  direct  examination  following
MayÐGrŸnwaldÐGiemsa  and  Gram  staining;  (ii)  quantitative
cultures  on  blood  agar  plates  were  incubated  for  2 days  in  aerobic
and  anaerobic  atmospheres,  while  cultures  on  chocolate  agar
plates  were  incubated  for  the  same duration  in  a CO2-enriched
atmosphere;  and  (iii)  speciÞc, prolonged  cultures  for  Legionella
spp.  and  Nocardia  spp., as appropriate.

The usual  thresholds  were  applied  for  the  interpretation  of
quantitative  cultures,  i.e. ! 103 CFU/mL and  ! 104 CFU/mL for  PTC
and  BAL specimens,  respectively.  All  bacteria  present  in  num-
bers  exceeding  the  threshold  were  identiÞed  on  the  basis of  their
biochemical  characteristics  using  an API¨ System  (bioMŽrieux,
Marcy-lÕƒtoile,  France).  Antibiotic  susceptibility  was  determined  by
the  disc  diffusion  method  or  with  Etest  strips  (bioMŽrieux).  Iso-
lates  were  classiÞed  as susceptible,  intermediate  or  resistant  to  the
antibiotics  concerned  according  to  the  guidelines  of  the  ComitŽ  de
lÕantibiogramme  de la  SociŽtŽ francü aise de microbiologie  (CA-SFM)
(http://www.sfm-microbiologie.org ) [16] .

2.3. Data  collection  and antibiotic  policy

Prospectively  collected  data  (clinical,  biological,  radiological
and  microbiological)  were  retrieved  retrospectively  from  the
microbiology  department  and  from  the  patientsÕ records  for  anal-
ysis.  As stated  above,  the  completeness  of  episode  counts  was
ensured  by  cross-referencing  the  data  from  the  microbiology
department  with  those  noted  in  the  ICU nosocomial  infection  reg-
istry.

Patients  with  suspected  VAP were  given  Þrst-line  empiri-
cal  treatment  with  aminopenicillins  ±  ! -lactamase  inhibitors  or
cefotaxime  for  early  episodes,  or  ceftazidime  or  imipenem,  in
combination  with  an aminoglycoside  for  late  episodes.  Selec-
tive  digestive  decontamination  is not  performed  in  our  ICU.
VAP prevention  measures  include  strict  hand  hygiene  policy
with  alcohol-based  rubs,  a 30Ð45" semi-recumbent  position,  cuff
pressure  monitoring  but  without  subglottic  secretion  drainage,
no  ventilatory  circuit  changes  unless  speciÞcally  indicated,  and
chlorhexidine  oral  care.

During  the  study  period,  all  patients  admitted  to  the  ICU were
screened  for  multidrug-resistant  organisms  (MDROs)  (MRSA and
ESBL-producing  Enterobacteriaceae)  at  admission  and  then  once  a
week.  Monitoring  was  conducted  by  the  infection  control  unit  to
detect  MDRO outbreaks.

Data  regarding  the  activity  [number  of  patient-days  (PD)
in  full  hospitalisation]  from  hospital  administration  and
the  annual  consumption  [deÞned  daily  doses (DDDs)  per
1000  PD] of  all  antibiotics  in  the  ICU over  the  study  period
were  obtained  from  the  hospital  pharmacy  department.
These data  were  analysed  according  to  the  Anatomic  Ther-
apeutic  Chemical  (ATC) ClassiÞcation  System  of  the  World
Health  Organization  (WHO)  (http://www.whocc.no/atc  ddd
publications/guidelines ):  groups  G, V, M  and  A narrow-spectrum
penicillins  (J01CE + J01CF + J01CA04);  aminopenicillins  ±  ! -
lactamase  inhibitors  (J01CR01 + J01CR02); penicillins  active
against  P. aeruginosa  (J01CA13 + J01CR03 + J01CA12 + J01CR05);
third-generation  cephalosporins  (3GCs) ineffective  against  P.
aeruginosa  (i.e.  cefotaxime  J01DD01 + ceftriaxone  J01DD04);  3GCs
active  against  P. aeruginosa  (ceftazidime  J01DD02 + cefepime
J01DE01 + monobactams  J01DF); carbapenems  (J01DH);  amino-
glycosides  (J01GB); macrolides  (J01FA); ßuoroquinolones
(J01MA);  vancomycin  (J01XA01);  imidazoles  (J01XD + P01AB);
and  trimethoprim  plus  sulfamethoxazole  (J01EE01).
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2.4. Statistical  analysis

The annual  incidence  rates  of  isolates  and  of  isolates  resis-
tant  to  antibiotics  were  reported  as number  per  1000  PD in
order  to  standardise  epidemiological  and  bacterial  resistance  data
over  the  study  period.  Annual  antibiotic  consumption  data  were
reported  as DDD/1000  PD. Rates of  change  were  therefore  deter-
mined  as changes  in  either  the  number  of  isolates/1000  PD or  in
the  number  of  DDD/1000  PD during  the  study  period.  Linear  and
Poisson  regression  were  carried  out  to  analyse  the  trends  in  antibi-
otic  consumption  and  resistance,  respectively,  over  time.  Poisson
regression  was  also  used  to  analyse  the  correlation  between  annual
incidence  of  each isolate  and  past-year  antibiotic  consumption.
Therefore,  incidence  rates  from  2007  to  2011  are considered  in
relation  to  antibiotic  consumption  from  2006  to  2010.  Regres-
sion  coefÞcients  (ÿ ) are reported  with  their  P-value  (Wald  test).
Autocorrelation  in  the  residuals  was  checked  graphically  [auto-
correlation  function  (ACF) plot].  As not  all  continuous  variables  of
patient  characteristics  were  normally  distributed,  we  chose for  sake
of  homogeneity  to  report  them  all  as median  (interquartile  range)
or  number  (%), and  they  were  compared  within  the  study  period  in
KruskalÐWallis  non-parametric  tests  for  continuous  variables  or  ! 2

tests  for  trend  for  categorical  variables,  as appropriate.  A P-value  of
<0.05  was  considered  signiÞcant.  Statistical  analysis  was  performed
with  R 3.0.2 (http://www.R-project.org ).

3. Results

3.1. Epidemiology  of ventilator-associated  pneumonia

During  the  study  period,  2783  patients  were  admitted  to  the
ICU, among  which  1133  (40.7%) underwent  invasive  mechanical
ventilation  for  >48  h. In  total,  252  VAP episodes  occurred  in  184
patients  (16.2%). The frequency  of  early  episodes  decreased  signif-
icantly  over  the  study  period  (from  26% in  2007  to  9% in  2011;
P = 0.007).  Annual  data  for  ICU activity  and  patients  with  at  least
one  VAP diagnosis  are summarised  in  Table  1. Of the  VAP episodes,
90% were  diagnosed  using  PTC.

These 252  episodes  lead  to  the  isolation  of  364  causal  bac-
teria  (Table  2). The incidence  of  Enterobacteriaceae  isolation
increased  from  6.64  to  10.52  isolates/1000  PD over  the  study
period  (P = 0.006).  This  increase  mostly  reßected  a signiÞcant  steady

increase  in  the  isolation  of  AmpC-producing  Enterobacteriaceae
(APE) (2.85  to  4.51  isolates/1000  PD; P = 0.013)  and,  to  a lesser
extent,  an increase  in  the  incidence  of  VAP episodes  due  to  E. coli
(2.21Ð3.91  isolates/1000  PD; P = 0.08).  The incidence  of  S. aureus
and  P. aeruginosa  isolation  remained  stable.  The incidence  of
Haemophilus  inßuenzae episodes  decreased  signiÞcantly  over  the
study  period  and  this  decrease  was  accompanied  by  a decrease  in
the  frequency  of  ÔearlyÕ VAP episodes  (P = 0.007)  (Table  1).

During  the  study  period,  no  outbreak  with  MDROs occurred  in
the  ICU.

3.2. Antimicrobial  drug  consumption

The impact  of  antibiotic  prescription  on  resistance  was  assessed
by  analysing  antibiotic  consumption  in  the  previous  year.  Data
for  antibiotic  consumption  between  2006  and  2010  were  there-
fore  analysed.  Antibiotic  consumption  rose  by  more  than  one-third
during  this  period,  but  this  change  was  not  statistically  signiÞcant
(P = 0.07)  (Table  2). The increase  was  particularly  marked  and  sig-
niÞcant  for  Þve classes. The largest  increase  was  for  macrolides
(3-fold  increase),  followed  by  imidazoles  (2.5-fold  increase),  ßu-
oroquinolones  (2-fold  increase),  3GCs (1.7-fold  increase)  and
carbapenems  (1-fold  increase).

However,  despite  the  increase  in  the  use of  these  Þve classes
of  drugs,  they  accounted  for  only  9.3%, 8.8%, 5.9%, 14.1% and  3.0%,
respectively,  of  total  antimicrobial  drug  consumption  in  2010.  The
most  frequently  prescribed  antibiotics  were  penicillins  G, V and  A,
which  accounted  for  25.3% of  all  antibiotic  use in  2010.  A decrease
in  consumption,  albeit  non-signiÞcant,  was  observed  for  only  one
class of  antibiotics:  antipseudomonal  penicillins  (28.1% decrease,
ÿ  = Ð2.6; P = 0.09).

3.3. Antimicrobial  resistance

A signiÞcant  increase  in  resistance  rates  was  observed  for
six  classes of  antimicrobial  drugs  (Table  3). The largest  increase
(204.4%) was  that  observed  for  trimethoprim/sulfamethoxazole
(ÿ  = 0.22;  P = 0.03).  This  trend  towards  an increase  in  resistance  was
particularly  marked  for  Enterobacteriaceae  isolates  (from  1.26  to
3.61  isolates/1000  PD; P = 0.020).  The increase  in  ßuoroquinolone
resistance,  as demonstrated  by  the  113.8% increase  in  ciproßoxacin
resistance  (ÿ  = 0.20;  P = 0.03),  was  due  to  a combined  increase  in  the

Table  1
Characteristics  of  intensive  care unit  (ICU)  activity  and  of  patients  with  at  least  one  ventilator-associated  pneumonia  (VAP) diagnosis  during  the  study  period.

Characteristic  Year P-value

2007  2008  2009  2010  2011

No. of  ICU admissions  470  556  570  636  551  Ð
No. of  hospitalisation  days  3161  3245  3353  2943  3326  Ð
No. of  patients  ventilated  for  >48  h  211  214  224  248  236  Ð
No. of  patients  with  at  least  one  VAP during  ICU stay  35  32  48  36  33  Ð
No. of  VAP episodes  43  43  70  49  47

Early  [n (%)] 11  (26)  12  (28)  19  (27)  7 (14)  4 (9)  0.011  (! 2 for  trend)
Late [n (%)] 32  (74)  31  (72)  51  (73)  42  (86)  43  (91)

VAP incidence  (/1000  PD) 12.9  12.6  19.1  14.3  13.8  Ð
Admission  diagnosis  [n (%)] Ð

Septic  shock  8 (23)  11  (34)  7 (15)  6 (17)  11  (33)
Haemorrhagic  shock  1 (3)  0 1 (2)  1 (3)  2 (6)
Cardiogenic  shock  1 (3)  0 4 (8)  3 (8)  1 (3)
Acute  respiratory  failure  20  (57)  12  (38)  23  (48)  14  (39)  12  (36)
Neurological  disorder  4 (11)  6 (19)  3 (6)  7 (19)  5 (15)
Metabolic  disorder  0 1 (3)  2 (4)  2 (6)  0
Emergency  surgery  1 (3)  2 (6)  7 (15)  2 (6)  2 (6)

Scheduled  surgery  0 0 1 (2)  1 (3)  0
Age (years)  [median  (IQR)]  55  (43Ð63)  67.5  (44.5Ð74)  62  (52.5Ð70)  56.5  (51Ð67.5)  60  (44.5Ð73)  0.36
SAPS II  [median  (IQR)]  44  (39Ð56)  47  (35.5Ð58)  50  (38.5Ð60)  46  (35.5Ð59.5)  50  (38Ð69)  0.68
Discharged  alive  from  ICU [n (%)] 22  (63)  20  (63)  35  (73)  25  (69)  21  (64)  0.73

PD, patient-days;  IQR, interquartile  range;  SAPS, SimpliÞed  Acute  Physiology  Score.
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Table  2
Trends  for  isolation  rates  and  antibiotic  consumption.

Isolate  or  antibiotic  Year Rate of  change  (%) ÿ a P-value

2006  2007  2008  2009  2010  2011

Isolates/1000  PD
All  Enterobacteriaceae  Ð 6.64  5.24  8.65  11.9  10.52  58.4  0.17  0.006
Escherichia coli  Ð 2.21  1.54  2.39  3.06  3.91  76.9  0.19  0.08
Klebsiella pneumoniae Ð 0.95 1.23  1.19  1.02  1.20  26.3  0.03  0.87
APE Ð 2.85  1.54  4.47  7.48  4.51  58.2  0.22  0.013
Pseudomonas aeruginosa  Ð 6.96  4.62  8.95  5.78  5.41  ! 22.3  ! 0.03  0.67
Other  non-fermenting  GNB b Ð 1.58  0.62  2.68  0.34  1.80  13.9  0.021  0.89
Haemophilus  inßuenzae Ð 0.95  1.54  2.09  0.34  0 ! 100  ! 0.33  0.08
Staphylococcus aureus 3.80  3.08  3.58  2.72  3.31  ! 12.9  ! 0.04  0.69
Other  Gram-positive  bacteria c Ð 1.27 0.92 3.58 1.70 1.20 ! 5.5 0.035  0.79

Antibiotic  consumption  (DDD/1000  PD)
Total  antibiotics  1004  1195  1383  1506  1389  Ð 38.3  106.1  0.07
Penicillins  G, V and  A 316  426  489  430  352  Ð 11.4  7.6 0.78
AMC 115  133  193  196  180  Ð 56.5  19.3  0.89
Antipseudomonal  penicillins  32  36  33  28  23  Ð ! 28.1  ! 2.6 0.09
3GCs 73  143  147  163  196  Ð 168.5  26.6  0.02
Ceftazidime  and  cefepime  60  29  43  83  88  Ð 46.7  11  0.2
Carbapenems  21  23  32  41  42  Ð 100  6 0.006
Aminoglycosides  73  88  60  83  81  Ð 11.0  1.1 0.79
Macrolides  32  48  83  138  129  Ð 303  28.4  0.013
Fluoroquinolones  26  59  70  86  82  Ð 215  13.9  0.03
Vancomycin  32  29  49  33  28  Ð ! 12.5  ! 0.4 0.91
Imidazoles  35  77  100  134  122  Ð 248  23.1  0.023

PD, patient-days;  APE, AmpC-producing  Enterobacteriaceae;  GNB, Gram-negative  bacteria;  DDD, deÞned  daily  doses;  AMC, amoxicillin/clavulanic  acid;  3GCs, third-generation
cephalosporins.

a Regression  coefÞcient  (>0, positive  trend  over  time;  <0, negative  trend  over  time).
b Other  non-fermenting  GNB included  Stenotrophomonas  maltophilia  (52%), Acinetobacter  spp.  (38%) and  other  Pseudomonas spp.  (10%).
c Other  Gram-positive  bacteria  included  Streptococcus pneumoniae  (43%), other  Streptococcus spp.  (33%), Enterococcus spp.  (14%) and  Corynebacterium  spp.  (10%).

resistance  rates  of  all  Enterobacteriaceae  isolates  (from  0 to  2.4 iso-
lates/1000  PD, ÿ  = 0.56;  P = 0.002),  but  particularly  to  an increase
in  the  incidence  of  quinolone-resistant  APE (from  0 to  0.90  iso-
lates/1000  PD, ÿ  = 0.80;  P = 0.03).

The highest  rates  of  ! -lactam  resistance  were  those  for
amoxicillin,  amoxicillin/clavulanic  acid  (AMC)  and  cefotaxime,
but  the  largest  increases  in  resistance  rate  over  the  study
period  were  observed  for  ceftazidime  (116.1%, ÿ  = 0.23;  P = 0.006),
cefepime  (99.7%, ÿ  = 0.23;  P = 0.011)  and  piperacillin/tazobactam
(TZP) (58.5%, ÿ  = 0.15,  P = 0.011).  These increases  in  resistance  to
most  ! -lactams  reßected  the  higher  rates  of  isolation  of  resistant
E. coli  and  APE isolates.  However,  the  increase  in  cefepime  resis-
tance  was  due  to  resistant  E. coli  alone,  as no  signiÞcant  increase
was  observed  for  APE. TZP resistance  was  almost  twice  as frequent
as 3GC resistance  in  E. coli  and  Klebsiella pneumoniae  at  the  end  of
the  study.

The resistances  carried  by  K. pneumoniae , P. aeruginosa  and
non-fermenting  Gram-negative  bacilli  remained  stable  over  the
study  period.  The frequency  of  macrolide  resistance  decreased  in
S. aureus, whereas  the  frequency  of  meticillin  resistance  remained
constant.

3.4. Relationship  between  the annual  incidence  rate  of isolation
of pathogens causing 460 ventilator-associated  pneumonia
episodes and past-year  antibiotic  consumption  (Table 4)

A positive  correlation  was  found  between  the  increase  in  the
incidence  of  APE infections  and  the  increases  in  the  past-year  con-
sumption  of  AMC (P = 0.003),  ceftazidime  and  cefepime  (P = 0.007)
and  carbapenems  (P = 0.002).  A similar  association  was  noted  for
other  drug  classes such  as ßuoroquinolones  (P = 0.012),  macrolides
(P = 0.002)  and  imidazoles  (P = 0.004).  However,  a negative  correla-
tion  was  observed  between  the  consumption  of  antipseudomonal
penicillins  (which  decreased  over  the  study  period)  and  the  emer-
gence of  infections  with  E. coli  (P = 0.049)  and  APE (P = 0.025).  The
use of  3GCs, mostly  cefotaxime  in  our  institution,  had  no  effect  on

the  incidence  of  infections  due  to  enterobacteria.  Similar  results
were  obtained  for  other  classes of  antibiotics,  such  as amino-
glycosides  and  vancomycin.  By contrast,  there  was  a signiÞcant
association  between  the  use of  these  two  classes of  antibiotics
and  the  incidence  of  infections  due  to  P. aeruginosa  (P = 0.017  and
P = 0.027,  respectively).  No  correlation  was  found  between  antibi-
otic  use and  the  incidence  of  S. aureus infections.

The decrease  in  antipseudomonal  penicillin  consumption  was
associated  with  an increase  in  resistance  to  the  combination  TZP in
E. coli  (P = 0.016)  and  an increase  in  the  frequency  of  APE isolation
(P = 0.010).  By contrast,  the  increase  in  3GC consumption  was  cor-
related  with  an increase  in  resistance  to  these  antibiotics  in  E. coli
(P = 0.006).  No  such  increase  in  resistance  with  3GC consumption
was  observed  for  APE. No  association  was  found  between  antibiotic
consumption  and  the  emergence  of  resistance  in  P. aeruginosa. By
contrast,  an increase  in  macrolide  consumption  was  found  to  be
correlated  with  a decrease  in  the  incidence  of  isolation  of  S. aureus
strains  resistant  to  this  class of  antibiotics.

4. Discussion

In  this  study,  the  change  in  the  epidemiological  characteristics  of
bacterial  VAP and  the  impact  of  antibiotic  use on  this  epidemiology
over  a 5-year  period  were  evaluated.

The major  Þndings  can be summarised  as follows:  (i)  Enter-
obacteriaceae  have  now  overtaken  P. aeruginosa  as the  leading
pathogens  responsible  for  VAP; (ii)  the  increase  in  the  incidence  of
Enterobacteriaceae  isolation  was  the  result  of  a signiÞcant  increase
in  the  incidence  of  AmpC-producing  bacteria;  (iii)  the  incidence  of
P. aeruginosa  and  MRSA remained  stable;  (iv)  the  frequency  of  early
VAP decreased  considerably  over  the  study  period;  and  (v)  overall
antibiotic  consumption  remained  stable  in  the  ICU, but  3GC con-
sumption  increased  in  association  with  an increase  in  the  incidence
of  APE.

A clear  link  between  inappropriate  initial  antimicrobial  therapy
and  mortality  in  severe  infections  has been  demonstrated  [4] , and



 Messika Jonathan  Ð Th•se de doctorat -  2017  

LJ"
 

" "

522  V. Fihman  et al. /  International  Journal of Antimicrobial  Agents 46 (2015)  518Ð525

Table  3
Trends  in  the  incidence  of  pathogens  not  susceptible  to  the  indicated  antimicrobial  agent  from  2007Ð2011.

Organism/antibiotic  No. of  isolates/1000  PD for  each year  Rate of  change
(%) between
2007  and  2011

ÿ a P-value

2007  2008  2009  2010  2011

All  micro-organisms
Amoxicillin  18.67  7.09  18.49  21.75  19.85  6.3 0.1 0.02
AMC 14.56  8.63  19.98  17.33  15.03  3.2 0.06  0.17
TZP 7.59  5.55  10.14  10.19  12.03  58.5  0.151  0.011
Cefotaxime  10.76  7.39  14.02  10.87  12.63  17.4  0.07  0.21
Ceftazidime  3.48  2.16  5.67  4.42  7.52  116.1  0.23  0.006
Cefepime  3.16  1.85  4.77  4.76  6.31  99.7  0.23  0.011
Imipenem  5.69  3.08  5.07  2.38  4.51  ! 20.7  ! 0.07  0.43
Amikacin  2.85  1.54  2.98  2.38  2.71  ! 4.9 0.02  0.83
Ciproßoxacin  2.53  2.78  4.74  5.1 5.41  113.8  0.20  0.03
Erythromycin  1.90  2.16  3.28  1.36  1.80  ! 5.3 ! 0.05  0.71
SXT 1.58  2.47  4.18  2.72  4.81  204.4  0.22  0.03

Escherichia coli
Amoxicillin  1.27  0.62  1.79  2.72  3.61  185.2  0.359  0.008
AMC 0.95  0 1.79  2.38  1.50  57.9  0.27  0.096
TZP 1.27  0.62  1.49  2.04  3.01  136  0.30  0.034
Cefotaxime  0 0 0.30  1.02  1.80  1.04  0.006
Cefepime  0 0 0 1.36  1.80  1.20  0.005
Imipenem  0 0 0 0 0 0 1
Amikacin  0 0 0 0 0 0 1
Ciproßoxacin  0 0.62  0 1.36  0.90  0.48  0.07
SXT 0.32  0.62  0.89  0.68  1.50  0.32  0.13

Klebsiella pneumoniae
AMC 0 0.31  0.30  0.34  0.60  0.42  0.23
TZP 0.95  1.23  1.19  1.02  1.20  26.3  0.027  0.87
Cefotaxime  0 0.31  0 0.34  0.60  0.56  0.19
Cefepime  0 0.31  0 0.34  0.60  0.56  0.19
Imipenem  0 0 0 0 0 0 1
Amikacin  0 0.31  0 0.34  0.30  0.35  0.43
Ciproßoxacin  0 0.31  0.30  0.34  0.60  0.43  0.23
SXT 0 0.31  0.30  0.34  0.60  0.43  0.23

AmpC-producing  Enterobacteriaceae
TZP 0.63  0.62  0.89  3.06  2.41  282.5  0.42  0.008
Cefotaxime  0.63  0.62  0.60  2.04  2.11  234.9  0.39  0.03
Cefepime  0 0 0 0.34  0.90  1.56  0.08
Imipenem  0 0 0 0.34  0 0.56  0.51
Amikacin  0 0 0 0 0 0 1
Ciproßoxacin  0 0 0.30  1.02  0.90  0.80  0.03
SXT 0.63  0 0.89  1.02  1.50  0.36  0.09

Pseudomonas aeruginosa
TZP 1.58  0.92  2.68  2.38  2.71  71.5  0.18  0.15
Ceftazidime  1.27  0.62  2.39  1.02  1.50  18.1  0.07  0.66
Cefepime  1.27  0.92  2.68  2.38  1.50  18.1  0.11  0.43
Imipenem  2.85  1.54  1.79  0.34  1.80  ! 36.8  ! 0.19  0.18
Amikacin  0.95  0.62  0.60  1.02  0.30  ! 68.4  ! 0.14  0.52
Ciproßoxacin  0.63  0.31  0.90  1.70  1.20  90.5  0.27  0.15

Other  non-fermenting  Gram-negative  bacilli b

TZP 0.95  0.31  2.09  0.34  1.50  57.9  0.12  0.49
Ceftazidime  1.27  0.31  2.09  0 1.50  18.1  0.03  0.87
Cefepime  1.27  0.31  2.09  0.34  1.50  18.1  0.06  0.74
Imipenem  0.95  0 2.09  0.34  1.50  57.9  0.16  0.38
Amikacin  1.27  0.31  2.09  0.34  1.20  ! 5.51  ! 0.001  0.99
Ciproßoxacin  0.95  0.31  1.79  0 0.90  ! 5.26  ! 0.04  0.841
SXT 0 0.31  0.89  0 0 ! 0.13  0.72

Haemophilus  inßuenzae
Amoxicillin  0.32  0 0.30  0.34  0 ! 0.17  0.68
AMC 0.32  0 0 0 0 ! 22.1  1
SXT 0.32  0.62  0.30  0.34  0.60  0.43  0.23

Staphylococcus aureus
Oxacillin  0.95  0.92  0.30  0.34  0.60  ! 36.8  ! 0.21  0.37
Gentamicin  0.32  0 0 0 0 ! 22.1  1
Erythromycin  1.27  1.23  0.89  0 0.30  ! 76.4  ! 0.45  0.05
Oßoxacin  0.95  0.92  0.30  0.34  0.60  ! 36.8  ! 0.21  0.37
Vancomycin  0 0 0 0 0 0 1
SXT 0 0 0 0 0.60  23.4  1

Other  Gram-positive  bacteria c

Amoxicillin  0.63  0.62  1.19  0.68  0.60  ! 4.8 ! 0.001  0.99
Cefotaxime  0.63  0.62  1.19  1.02  0.60  ! 4.8 0.037  0.85
Erythromycin  0.63  0.92  2.39  1.36  0.90  42.8  0.074  0.64
Vancomycin  0 0 0 0 0 0 0
SXT 0 0.31  0.89  0.68  0.60  0.323  0.223

PD, patient-days;  AMC, amoxicillin/clavulanic  acid;  TZP, piperacillin/tazobactam;  SXT, trimethoprim/sulfamethoxazole.
a Regression  coefÞcient  (>0, positive  trend  over  time;  <0, negative  trend  over  time).
b Other  non-fermenting  Gram-negative  bacilli  included  Stenotrophomonas  maltophilia  (52%), Acinetobacter  spp.  (38%) and  other  Pseudomonas spp.  (10%).
c Other  Gram-positive  bacteria  included  Streptococcus pneumoniae  (43%), other  Streptococcus spp.  (33%), Enterococcus spp.  (14%) and  Corynebacterium  spp.  (10%).
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there  have  been  recent  changes  in  the  epidemiological  patterns  of
MDRB. We  therefore  thought  that  it  was  important  to  update  data
for  nosocomial  infections.  We  chose VAP as a model  because it  is
the  most  frequent  life-threatening  nosocomial  infection  in  the  ICU
even  if  its  attributable  mortality  has recently  been  revised  [2,3] ,
accounting  for  more  than  one-half  the  antimicrobial  agents  pre-
scribed  in  the  ICU, and  also  because contrary  to  other  infections,  we
follow  a very  speciÞc  diagnostic  procedure  to  identify  VAP, identical
throughout  the  study  period.

The incidence  of  VAP remained  stable  over  the  study  period,
consistent  with  recent  surveys  indicating  that,  despite  preven-
tive  measures,  patients  undergoing  invasive  mechanical  ventilation
remain  exposed  to  a signiÞcant  risk  of  VAP [17] . One key  Þnding
in  this  study  was  the  decrease  in  isolation  rates  for  H. inßuen-
zae, accompanied  by  a decrease  in  the  incidence  of  early  VAP. The
strengthening  of  preventive  measures,  such  as semi-recumbent
position  and  cuff  pressure  monitoring,  during  the  study  period  may
account  for  this  decrease. It  was  beyond  the  scope of  the  study  to
analyse  changes  in  VAP rates.  We  can therefore  only  speculate  on
the  effect  of  the  measures  taken.  However,  these  measures  have
been  shown  to  be effective  in  other  studies  and  to  have  a greater
impact  on  early  VAP [18] .

One key  change  was  the  signiÞcant  increase  in  the  incidence
of  Enterobacteriaceae  infections,  particularly  those  involving  APE,
over  the  study  period,  whereas  the  incidence  of  bacteria  typically
involved  in  late  VAP, such  as antibiotic-resistant  P. aeruginosa  and
MRSA, remained  stable.  These results  are consistent  with  those
reported  in  a recent  retrospective  analysis  of  over  300  episodes
of  microbiologically  proven  VAP [19] .

Total  antibiotic  consumption  remained  stable  during  the  study,
close  to  the  median  of  1254  DDD/1000  PD recently  reported  in  a
European  ICU multicentre  surveillance  programme  [20] . However,
3GC consumption  increased  and  this  increase  was  positively  cor-
related  with  the  incidence  of  infections  due  to  bacteria  belonging
to  normal  human  gut  ßora,  such  as Enterobacteriaceae  in  general,
and  APE in  particular.  A similar  effect  was  also  found  for  macrolides
and  imidazoles,  both  of  these  antibiotic  classes being  recognised  as
fostering  the  emergence  of  bacteria  such  as vancomycin-resistant
enterococci  or  Clostridium  difÞcile  in  the  hospital  setting  [21] .
Furthermore,  the  increase  in  3GC consumption  was  positively  cor-
related  with  the  emergence  of  E. coli  resistant  to  these  antibiotics.
These data  suggest  that  controlling  the  use of  antibiotics  capable
of  disrupting  the  digestive  ßora  could  play  a major  role  in  reduc-
ing  the  risk  of  VAP due  to  multidrug-resistant  Enterobacteriaceae
[22,23] . By contrast,  the  occurrence  of  VAP due  to  S. aureus was  not
correlated  with  the  consumption  of  any  of  the  classes of  antibiotics
studied.  This  indirectly  conÞrms  the  greater  importance  of  hand
hygiene  measures  for  the  control  of  these  infections  [8] .

We  showed  that  VAP due  to  ßuoroquinolone-  and  3GC-resistant
Enterobacteriaceae  strains  has increased  in  incidence  in  our  ICU. In
particular,  an increase  in  resistance  of  cefepime  was  directly  related
to  the  worldwide  emergence  of  ESBL-producing  E. coli  strains  [9] ,
and  the  increase  in  carbapenem  consumption  at  our  ICU might
be the  clue.  Over  the  same period,  the  incidence  of  resistance
in  typical  hospital  bacteria,  such  as K. pneumoniae , P. aeruginosa
and  non-fermenting  Gram-negative  bacilli,  remained  stable  despite
the  increase  in  antibiotic  consumption  in  our  ICU. A recent  study
reported  a positive  correlation  between  consumption  of  3GCs and
ßuoroquinolones  and  ESBL incidence  at  the  hospital  level  [24] .

However,  this  study  provided  no  details  of  the  types  of  ESBL
isolated,  and  there  are probably  important  epidemiological  dif-
ferences  between  Enterobacteriaceae  species [25] . Furthermore,
consumption  of  carbapenems  or  ßuoroquinolones  in  our  ICU was
not  correlated  with  the  occurrence  of  infections  with  P. aeruginosa
resistant  to  these  antibiotics.  We  indirectly  conÞrmed  that  short-
ening  the  duration  of  VAP, rather  than  controlling  antibiotic
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consumption,  is  the  key  to  preventing  the  emergence  of  resistant
P. aeruginosa  [26] . These Þndings  conßict  with  those  reported  at  a
national  level  by  the  ATB-RAISIN network  [10] . This  highlights  that
an empirical  antibiotic  policy  should  be based on  local  epidemiol-
ogy  to  increase  the  rate  of  appropriate  therapy.  This  may  also  reßect
the  role  played  by  patients  referred  to  our  ICU with  antibiotic-
resistant  bacteria  acquired  outside  our  hospital  for  which  we  have
no  information  on  and  no  control  of  antibiotic  consumption.  These
results  conÞrm  the  inßuence  of  antibiotic  consumption  outside  the
ICU [24,27]  and  call  for  the  implementation  of  antibiotic  consump-
tion  control  policies  at  a higher  level  than  hospital  wards.  A recent
study  showed  that  changes  in  antibiotic  prescription  at  national
level  had  an effect  on  the  rates  of  resistance  in  Enterobacteriaceae
isolates  from  blood  cultures  [28] .

This  study  is subject  to  several  limitations.  First,  we  reported
antibiotic  consumption  in  DDD/1000  PD because this  allows  bench-
marking  between  institutions.  However,  this  method  does not
distinguish  between  a small  number  of  patients  receiving  a class
of  antibiotics  for  a long  period  or  at  a high  dose and  a large  number
of  patients  receiving  small  amounts  of  antibiotic  or  antibiotic  over
a short  period.  Moreover,  this  method  is inßuenced  by  the  length
of  stay  of  patients  [29]  and  may  overlook  antibiotic  de-escalation.
However,  the  number  of  patients  ventilated  for  >2 days  and  the
mean  duration  of  ventilation  remained  stable  throughout  the  study
period.  Second, due  to  the  retrospective,  uncontrolled  design  of  the
study,  potential  confounders,  such  as stafÞng  levels  and  compliance
with  hand  hygiene  rules,  may  have  inßuenced  trends.  However,
stafÞng  remained  stable  in  the  ICU over  the  study  period  and  the
use of  alcohol-based  gels for  hand  hygiene  was  introduced  sev-
eral  years  before  the  study  period.  Third,  there  are many  reasons
for  prescribing  antibiotics  and  the  dose may  depend  on  the  indica-
tion.  The selection  of  resistant  bacteria  occurs  in  individuals,  and
we  did  not  measure  individual  exposure  to  antibiotics  or  assess
the  homogeneity  of  prescription  [30] . However,  no  outbreaks  were
highlighted  by  the  local  infection  control  unit  during  the  study
period  and  relative  changes  in  different  bacterial  groups  revealed
differences  in  behaviour  in  the  same environment.  Fourth,  VAP
diagnosis  has been  a subject  of  intense  debate  because of  pitfalls
associated  with  the  different  diagnostic  strategies.  In  the  context
of  antibiotic  consumption,  we  believe  that  VAP criteria  based on
quantitative  cultures  is the  strategy  that  induces  less undue  treat-
ments.  This  strategy  is the  only  one  applied  in  our  unit  for  many
years,  including  the  study  period.  Finally,  data  were  collected  in  a
single  service  over  a period  of  only  6 years,  but  our  results  on  micro-
bial  epidemiology  are consistent  with  other  monocentric  studies
[19] , thus  suggesting  a certain  external  validity.  Obviously,  larger
prospective  multicentric  studies  are welcome  to  support  these
Þndings.

For the  Þrst  time  in  the  context  of  a nosocomial  disease, such  as
VAP, we  show  here  that  antibiotic  consumption  is correlated  with
an increase  in  the  incidence  of  potentially  MDRB such  as APE. These
results  add  to  several  studies  that  have  suggested  that  consump-
tion  of  antibiotics  has a negative  ecological  impact  that  fosters  the
emergence  of  bacterial  resistance  [10,24,27,28] . As correlation  does
not  prove  causation,  interventional  studies  are required  to  inves-
tigate  the  possibility  of  a causal  relationship.  However,  empirical
antibiotic  treatments  for  VAP should  take  changes  in  the  epidemi-
ological  situation  into  account,  and  a policy  to  control  the  spread
of  these  bacteria  is warranted.
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Abstract Purpose: To character-
ize Escherichia coliventilator-
associated pneumonia (VAP) in
intensive care unit (ICU) patients by
determining antibioresistance and
genotypic characteristics ofE. coli
isolates responsible for VAP or lung
colonization, by comparing them with
their oropharyngeal and rectal
counterparts and by assessing repre-
sentative isolatesÕ virulence in a
pneumonia mouse model.
Methods: Patients under mechani-
cal ventilation for more than 72 h
were screened for simultaneous pres-
ence ofE. coli in rectal,
oropharyngeal, and respiratory sam-
ples (colonization or VAP). If
present,E. coli isolates were
characterized by antimicrobial sus-
ceptibility, phylogenetic grouping,
and virulence factor (VF) gene con-
tent determination. BALB/c mice
were challenged intranasally with
3.6 9 108 colony-forming units
(CFU) of patientsÕE. coli isolates.
Results: Multisite E. coli coloniza-
tion was observed in 19 % of patients
(25 patients, 12 withE. coli VAP).

One hundred Þfteen distinctE. coli
isolates were analyzed. B2 phyloge-
netic group was predominant, with
high VF gene content and low anti-
microbial resistance. Antimicrobial
resistance diversity was observed in
four patients with VAP.E. coli iso-
lates from VAP patients were more
frequently B2 isolates, with signiÞ-
cantly greater VF gene content than
lung colonization isolates. Among
screened VF genes,iroN andsfa
appeared important for lung infection.
A very strong correlation (R2 = 0.99)
was found between VF gene content
and mortality in the mouse model.
Conclusions: This is the Þrst study
establishing antibioresistance and
genotypic characteristics ofE. coli
isolates responsible for VAP in adult
ICU patients. These isolates are
highly virulent speciÞc extraintestinal
pathogenicE. coli strains expressing
virulence factors, representing poten-
tial targets for new therapies.

Keywords Nosocomial infection!
Ventilator-associated pneumonia!
Escherichia coli! Virulence factor
genes! Antibiotic resistance!
Animal model
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Introduction

Lung is the Þrst site of infection in intensive care unit (ICU)
patients [1], and ventilator-associated pneumonia (VAP) is
the most common life-threatening hospital-acquired infec-
tion despite considerable efforts to implement guidelines for
its prevention [2, 3]. Consequences of VAP include
increased duration of mechanical ventilation and length of
ICU and hospital stay [4, 5], high morbidity and mortality
[6], and increased antibiotic consumption and hospital costs
[7]. Gram-negative bacteria (GNB) predominate in hospital-
acquired pneumonia, and among them,Escherichia coliis
the mainEnterobacteriaceaeinvolved in VAP [6]. E. coli is
the most abundant aero-anaerobic commensal intestinal
bacterium [8], with extraintestinal pathogenicity (extrain-
testinal pathogenicE. coli: ExPEC) [9]. Although a huge
amount of data has accumulated onE. coli pathogenicity in
intestinal, urologic, central nervous system, and bloodstream
infections, there is, surprisingly, little data on lung infection
[10], despiteE. coli now being as often responsible for ICU
infections asPseudomonas aeruginosa[1]. Given the wor-
risome increase in multidrug resistance among GNB
including E. coli [11], future therapeutic approaches will
have to rely on other strategies including vaccine and
immunotherapy [12, 13]. Greater knowledge of genotypic
and phenotypic characteristics ofE. coli responsible for
VAP is the necessary Þrst step in the search for potential
vaccine candidates, as forP. aeruginosa[14, 15].

Phylogenetic analysis shows thatE. coli population
can be divided into four major groups (A, B1, B2, and D).
Strains belonging to groups A and B1 are known to
carry few genes encoding virulence factors (VF), with weak
extraintestinal pathogenicity [16], and are commonly mul-
tidrug resistant [17]. On the other hand, group B2 and D
strains typically express numerous VF mediating bacterial
adhesion and protection, cell host invasion, toxicity, and iron
uptake [10], usually exert high extraintestinal pathogenicity
[16], and are generally more susceptible to antibiotics [17].

Phenotypic and genetic characteristics of ExPEC isolates
have been extensively studied except for oropharyngeal and
respiratoryE. coli isolates in the ICU, for which there are no
data. We, therefore, aimed to characterizeE. coli respiratory
isolates of ICU mechanically ventilated patients and com-
pare them with their oropharyngeal and digestive
counterparts. To better understandE. coli lung infection
pathophysiology, an in vivo animal model of lung infection
was used to assess pulmonary virulence of various repre-
sentatives of these isolates.

Patients and methods

Patients

This prospective study was conducted in Louis-Mourier
University Hospital medico-surgical ICU (Colombes,

France) and approved by the ethics committee of the
French National Society of Intensive Care (SRLF), which
did not require informed consent since there was no
change in practices and all procedures were already rou-
tinely performed. Patients or family/relatives were
informed of the nature of the study, its purpose and
objectives. During 22 months, all patients mechanically
ventilated for 3 days or more were systematically sam-
pled for simultaneous presence ofE. coli in the digestive,
oropharyngeal, and respiratory tract (and then once a
week if still under mechanical ventilation). This screening
was only possible during weekdays. Patients for whom
day 3 occurred during the weekend were sampled on the
Monday (unless they were extubated in the meantime).
For each patient whose samples showed simultaneous
colonization of the three sites, clinical, epidemiological,
and laboratory data were recorded. ConcomitantE. coli
pneumonia was also reported.

E. coli isolates [see electronic supplementary material
(ESM)]

Fecal isolates ofE. coli were obtained by rectal swabbing
performed during routine surveillance of multidrug-
resistant bacteria carriage. Oropharyngeal isolates were
obtained by swabbing the oropharyngeal cavity immedi-
ately before routine oropharyngeal care performed every
6 h on average in our unit.

Respiratory isolates were obtained from respiratory
secretions retrieved either during routine tracheal suc-
tioning or during Þberoptic bronchoscopy performed for
VAP suspicion.

When all three sites were positive forE. coli, Þve
colonies of each site were randomly picked [18], isolated,
and stored at- 80 !C in brainÐheart infusion broth con-
taining glycerol 20 %.

IsolatesÕ genetic background analysis (see ESM)

Triplex polymerase chain reaction (PCR) method [19]
was used to determine theE. coli phylogenetic group
membership (A, B1, B2, D). Multiplex PCR was used to
detect genes encoding for seven frequently encountered
extraintestinal VF, which belong to the main classes of
VF (adhesin, toxin, and iron capture system) (see ESM
Table 1) [20]. The VF score was deÞned as the number of
VF present divided by the number of VF tested for each
isolate.

IsolatesÕ intrasample genotypic diversity was investi-
gated based on triplex PCR proÞle and/or VF gene
content as in [21]. Different comparisons of intrasample
diversity were made: between each site, between VAP
and lung colonization, and between VAP and all other
samples.
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Pulsed-Þeld gel electrophoresis (PFGE) was performed
as in [22] on some isolates. VAP B2 phylogroup isolates
were further characterized by presence of 11 additional VF
[20], PCR O-typing [23], and B2-subgrouping [24].

Antimicrobial susceptibility (see ESM)

Antimicrobial susceptibility of each isolate was deter-
mined by disk-diffusion method according to the French
Society of Microbiology. Susceptibility score was deÞned
as the sum of active in vitro antimicrobial agents for each
isolate. A score of 1 was attributed for a sensitive, 0.5 for
an intermediary, and 0 for a resistant isolate, a higher
score thus indicating a more sensitive isolate.

Infection/colonization deÞnitions (see ESM)

Infection was deÞned as a microbiologically proven VAP.
Colonization was deÞned asE. coli present in the respi-
ratory sample but in the absence of clinically suspected or
microbiologically conÞrmed VAP.

Animal study

Experiments were performed in pathogen-free 6Ð8-week-
old male BALB/c mice (Janvier SA, France) in compliance
with the recommendations of the French Ministry of
Agriculture and approved by the French Veterinary Ser-
vices.E. coli isolates were grown overnight (LBMedium! ;
BIO101 Inc., Carlsbad, CA, USA), and serial dilution was
performed to obtain different inocula. To assess pulmonary
virulence of various isolates, these microorganisms were
inoculated via nasal route [25] under light anesthesia with
pentobarbital (Sigma, France) and sevoßurane (Abbott,
France). Preliminary experiments using a well-known
ExPECE. coli isolate (strain 536) [26] served to determine
an inoculum that would yield 60 % mortality. This cutoff
was chosen in order to be able to detect more or less virulent
strains, being obtained with a 3.69 108 colony forming
unit (CFU) inoculum per mouse. This value was therefore
used for the experiments for each isolate.

Preliminary experiments with each strain tested were
used to conÞrm histologically and microbiologically the
presence of pneumonia. Animals were closely monitored
for 96 h. Death never occurred after 48 h. This duration
was subsequently used to assess mortality in our experi-
ments. Each isolate was tested in 25 mice challenged
intranasally with 3.69 108 CFU.

Statistical methods

Results are expressed as mean± standard deviation (SD)
if not indicated otherwise. Thev2 test or FisherÕs exact

test was used to compare categorical variables, and
analysis of variance andt test were used for continuous
variables. Probability of survival was assessed by Kap-
lanÐMeier analysis. Correlation between content of VF
genes and mortality was tested using nonlinear regression.
GraphPad Prism 4 (GraphPad Software, San Diego, USA)
was used. All tests were two-tailed, withP\ 0.05 con-
sidered signiÞcant.

Results

Patients

During the study period, 891 patients were mechanically
ventilated, a total of 381 for more than 3 days, of whom
132 patients were sampled. Others were not sampled
mainly because they were extubated before the sampling
could be performed. All rectal samples were positive for
E. coli. Among those patients, 12 were also positive in the
oropharynx (but negative for the lung) and 25 had positive
cultures forE. coli at the three sites (rectum, oropharynx,
and lung). Positive samples in the lung were always
associated with positive oropharyngeal samples.

Five E. coli colonies were randomly picked from each
sample. Figure1 depicts the ßowchart of the patients and
the isolates. Based on the genotype and antibiotype
characterization, a total of 115 distinct isolates were
studied.

PatientsÕ characteristics are displayed in Table1.
Twelve of these patients had documentedE. coli VAP.
No signiÞcant difference was found between patients with
and without VAP in terms of characteristics (Table1).

Phylogenetic groups and VF genes

Considering all three sites, B2 was the main phylogenetic
group (55 %), followed by group A (28 %), D (13 %),
and B1 (3 %). The distribution pattern (Fig.2) was sim-
ilar among sites, although there was a trend towards a
higher proportion of B2 in the respiratory tract than in the
oropharyngeal and the rectal site (66, 51, and 49 %,
respectively).

Table2 details the distribution of VF genes among
phylogenetic groups. All screened VF genes were dif-
ferent in B2 compared with non-B2 isolates: all buttraT
and aer genes were more prevalent in B2 isolates. Fur-
thermore, B2 isolates had a signiÞcantly higher virulence
score than non-B2 isolates (0.70± 0.18 versus
0.37± 0.25; P\ 0.0001). There was a trend towards
more isolates with a greater virulence score at the respi-
ratory and oropharyngeal sites than the rectal site (data
not shown). When considering respiratory samples only
(Table3), there was a trend toward more B2 strains and
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fewer A strains in isolates from patients with VAP than
from those without. In addition, VAP isolates had a sig-
niÞcantly higher virulence score than those coming from
patients with colonization only. This also held true when
only considering non-B2 isolates (data not shown).
Among VF genes,iroN and sfa were signiÞcantly more
present in VAP isolates than colonization isolates
(Table3). Further characterization of the 16 VAP B2
isolates showed that only two belonged to the frequently
recovered subgroup II [multilocus sequence type complex
(STc)73)] [27]. Of note, Þve isolates from four patients
belonged to subgroup III (STc127), which encompasses
the highly virulent archetypal strain 536 [26] (Table 4).

Individual characteristics of the respiratory isolates of
the 12 VAP patients are given in ESM Table 3. Two
patients were considered to have VAP despite bacterial
count below threshold. Antimicrobial agents were given
in these patients because VAP was strongly suspected in
view of a low PaO2/FiO2 ratio with new radiological
inÞltrate, no other site of infection, and favorable out-
come with appropriate anti-E. coli agents. Of note, lung
microbiological sampling in these patients was performed
while patients had already started receiving antibiotics for
VAP suspicion, a situation in which thresholds of bacte-
rial count should be reduced to maintain validity [28].

IsolatesÕ intrasample genotypic diversity was assessed,
and no difference was found; For example, the mean and
range of phylogenetic group/subgroups among the Þve

891 patients 
mechanically ventilated 

381 patients 
ventilated >3d 

510 patients 
ventilated < 3d 

132 patients sampled 

249 patients not sampled: 
- extubation before sampling 
- sampling due on weekends   

25 patients positive at the 3 sites 
(rectum, oropharynx, respiratory) 

For each patient, 5 colonies 
picked in each sample of each 
site: 25 x 5 x 3 = 375 isolates  

Incomplete analysis for 
technical problems for: 
- 12 rectal 
- 5 oropharyngeal 
- 15 lung isolates 

Total number of isolates studied:
- 113 rectal 
- 120 oropharyngeal 
- 110 lung  

Final number of isolates analysed: 
- 41 rectal 
- 39 oropharyngeal 
- 35 lung 

Exclusion of identical isolates 

Fig. 1 Flowchart of patients and isolates. One hundred Þfteen
distinct E. coli isolates were obtained from 343 studied isolates
from 25 patients. Isolates were considered as identical when they
exhibited identical PCR phylotyping pattern, VF gene content, and
antibiotype

Table 1 Patient demographic and clinical characteristics

Pneumonia
(n = 12)

Lung
colonization
(n = 13)

P value

Age (years) 63 (49Ð70.5) 62 (46.5Ð69.5) 0.84
Male gender,n (%) 9 (75) 10 (77) 1
Comorbid condition,n
Neoplastic disease 2 4
Cirrhosis 2 6
Chronic kidney disease 2 1
Dialysis 1 0
COPD 4 4
Chronic heart failure 4 1
Chronic alcohol consumption 5 6

Reason for ICU admission,n
Community-acquired

pneumonia
3 3

COPD 3 1
Status epilepticus 2 2
Coma 1 3
Cardiac arrest 0 1
Septic shock 1 1
Acute pulmonary edema 1 0
Acute renal failure 1 0
Abdominal surgery 0 1
Hemorrhagic shock 0 1

Severity Score (SAPS II)
on admission [50]

42.5 (34.5Ð45.5) 45 (37Ð59.5) 0.35

Duration of mechanical
ventilation prior to
E. coli isolation (days)

10.5 (3.5Ð20) 4 (2.5Ð8) 0.15

Ongoing exposure to
antimicrobial
therapy,a n (%)

7 (58) 9 (69) 0.57

Prior exposure to
antimicrobial
therapy,a n (%)

8 (67) 4 (31) 0.07

ICU mortality 6 (50 %) 4 (30 %) 0.33

COPD chronic obstructive pulmonary disease,SAPS SimpliÞed Acute
Physiology Score
a An exhaustive list of ongoing and prior antimicrobial therapy can be
found in ESM Table 2
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isolates originating from rectum, oropharynx, and lung
were 1.14 (1Ð3), 1, and 1, respectively.

Antimicrobial susceptibility

Antimicrobial susceptibility to seven clinically relevant
antibiotics is summarized in ESM Table 4. Of all isolates,
11 % were piperacillinÐtazobactam resistant or interme-
diate and third-generation cephalosporin susceptible.

Two patients had extended-spectrumb-lactamase
(ESBL)-producingE. coli isolates at the three sites. B2
isolates were signiÞcantly more sensitive than non-B2
isolates with a greater susceptibility score (15.0± 2.7
versus 8.6± 3.7; P\ 0.0001).

In 12 patients, all rectal, oropharyngeal, and respira-
tory isolates held the same antimicrobial susceptibility
proÞle. In the remaining 13, intrasite diversity was
observed (ESM Fig. 1). Four patients with various anti-
biotic susceptibility proÞles in respiratory samples (ESM
Table 5) had VAP. To differentiate further, PFGE were
performed, and for three of them, similar genomic iden-
tities were evidenced (less than 11 % difference),
suggesting a monoclonal population with microhetero-
geneity. For the last patient, the PFGE pattern evidenced
polyclonal infection. No other case of antimicrobial
heteroresistance was seen in the respiratory samples.

Animal study

Representative photos of histological features of pneu-
monia obtained during preliminary experiments are
displayed in ESM Fig. 2. Characteristics of the six rep-
resentative isolates that were used are detailed in Table5.
Twenty-Þve mice were used per isolate, thus a total of
150 mice were tested. No death occurred before 6 h after
inoculation. We found signiÞcant differences in survival
rates in mice challenged with these isolates (Fig.3a). The
B2 isolate with the greatest content in VF genes (n = 7)
induced the highest mortality. A B2 isolate carrying Þve
VF genes had signiÞcantly higher mortality power than A,
B1, or B2 isolates with fewer VF. We found a very strong
positive correlation (R2 = 0.99) between the numbers of
VF genes carried byE. coli isolates and mortality induced
in the pneumonia model (Fig.3b).

Discussion

To the best of our knowledge, this is the Þrst study
showing genotypic and phenotypic characteristics of
E. coli isolates responsible for VAP in ICU patients and

Fig. 2 Distribution of phylogenetic groups A, B1, D, and B2 at the
three sites whereE. coli was sampled: rectum, oropharynx, and
respiratory tract. The distribution pattern was similar among sites,
although there was a trend towards a higher proportion of B2 in the
respiratory tract than in the oropharyngeal and the rectal site (66,
51, and 49 %, respectively)

Table 2 Distribution of virulence factor genes according to the phylogenetic group of the 115E. coli isolates sampled from the three sites

Virulence factor genes Phylogenetic group

A
n = 32

B1
n = 5

D
n = 15

Non-B2
n = 52

B2
n = 63

P*

papC, n (%) 8 (25 %) 0 2 (13 %) 10 (19 %) 49 (77 %) \ 0.0001
hlyC 0 3 (60 %) 0 3 (6 %) 48 (76 %) \ 0.0001
aer 20 (63 %) 1 (20 %) 11 (73 %) 32 (62 %) 24 (38 %) 0.0123
sfa nd nd nd nd 52 (83 %) Ð
cnf1 nd nd nd nd 47 (75 %) Ð
traT 15 (47 %) 1 (20 %) 15 (100 %) 31 (60 %) 26 (41 %) 0.0502
iroN 13 (41 %) 1 (20 %) 3 (20 %) 17 (33 %) 60 (95 %) \ 0.0001
Virulence score 0.4± 0.3 0.24± 0.2 0.41± 0.2 0.37± 0.3 0.70± 0.2 \ 0.0001
Antimicrobial susceptibility score 8.3± 3.9 5.0± 4.0 10.6± 1.4 8.6± 3.7 15.0± 2.7 \ 0.0001

sfa was searched for in B2 isolates, andcnf1 in B2 isolates carryinghlyC
* Comparisons made between B2 and non-B2 isolates
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comparing them with their rectal and oropharyngeal
counterparts. We also assessed pathogenicity and viru-
lence of representative isolates in a pneumonia mouse
model. The main results can be summarized as follows:
(1) multisite colonization with E. coli is frequent,
observed in 19 % of our patients; (2) the majority of
isolates belong to phylogenetic group B2, characterized
by higher susceptibility to antimicrobial agents and
greater content of VF genes than the other phylogenetic
groups; (3) VAP isolates belong more often to group B2
and have higher VF content than colonization isolates; (4)
VAP B2 isolates exhibit infrequent ExPEC sequence
types; (5) antimicrobial resistance diversity is observed in
respiratory samples of patients withE. coli VAP, an
unprecedented Þnding; (6) high extraintestinal virulence
of these clinical isolates responsible for VAP is conÞrmed
in a mouse model ofE. coli pneumonia, and content of
VF genes and mice mortality are strongly correlated.
These results may have signiÞcant impact in VAP pre-
vention and treatment, given the growing prevalence of
hospital-acquired infections due to GNB [29], by pro-
viding for the Þrst time a detailed analysis ofE. coli
strains colonizing and infecting ICU patients. They may

Table 3 Phylogenetic group, content in virulence factor genes, and
antibiotic susceptibility score ofE. coli isolates from VAP and lung
colonization

VAP,
n = 21

Lung
colonization,
n = 14

P

Phylogenetic group,n (%)
A 4 (19 %) 5 (36 %) 0.236
B1 0 1 (7 %) 0.100
D 1 (5 %) 1 (7 %) 0.740
B2 16 (76 %) 7 (50 %) 0.109

Virulence factor,n (%)
papC 15 (71 %) 6(43 %) 0.163
aer 8 (38 %) 5 (36 %) 0.886
hlyC 12 (57 %) 6 (43 %) 0.406
traT 10 (48 %) 6 (43 %) 0.781
iroN 18 (86 %) 7 (50 %) 0.022
sfa 15 (83 %) 5 (36 %) 0.006
cnf1 12 (92 %) 4 (29 %) 0.007

Virulence score 0.651± 0.196 0.435± 0.317 0.018
Antimicrobial

susceptibility score
15.8± 1.55 10.5± 4.74 \ 0.0001

sfa was screened in 18 pneumonia and 8 colonization isolates, and
cnf1 was screened in 13 pneumonia and 6 colonization isolates

Table 4 Extended characteristics of the 16 VAP B2E. coli isolates
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T145 12 B2 IV 141 NT + + + ! ! + III + + + + + ! ! + ! + + A
T146 12 B2 IV 141 NT + + + ! ! + III + + + + + ! ! + ! + ! B
T147 12 B2 II 73 O6a ! + + + + + II + + + + + + + + ! + ! C
T148 12 B2 IV 141 NT + + + ! ! + III + + + + + ! ! + ! + ! C
T149 12 B2 IV 141 NT + + + ! ! + III + + + + + ! ! + ! + + I
T189 15 B2 II 73 NT ! + + ! ! + III + + + + + ! + + ! + ! A
T204 16 B2 III 127 O6a ! + + ! ! + III + + + + + ! + + ! + + D
T205 16 B2 UG NT ! + + ! ! ! ! ! ! ! + + ! ! + + + ! E
T206 16 B2 UG NT ! + + ! ! ! ! ! ! ! + + ! ! + + + ! F
T208 16 B2 III 127 O6a ! + + ! ! + III + + + + + ! + + ! + + A
T232 18 B2 III 127 O6a ! + + ! ! + III + + + + + ! + + ! + + A

AT261 20 B2 UG O6a ! ! + + ! ! ! ! ! ! + + ! ! + + + + G
PDP272 21 B2 II 73 NT ! + + + ! ! ! ! ! + + + ! ! + ! + + H
PDP291 22 B2 UG NT ! + + ! ! + III + + + + + ! ! + + + ! A
PDP302 23 B2 III 127 O6a ! + + ! ! + III + + + + + ! ! + ! + ! I
PDP317 24 B2 III 127 O6a ! + + ! ! + III + + + + + ! ! + ! + ! B

UG ungrouped,NT non O1, O2a, O4, O6a, O7, O12, O15, O16, O18, O25a, O75, O157
a Determined by the triplex PCR method of Clermont et al. [19]
b According to Ref. [24]
c Sequence type complex (STc) according to the Achtman multilocus sequence typing (MLST) scheme (http://mlst.ucc.ie)
d According to Ref. [23]
e The virulence genes were grouped in pathogenicity islands (PAIs) and plasmid as in Ref. [51] as follow: grey= plasmid, blue=
PAI ICFT073, orange= PAI II J96, green= PAI III 536, violet = high-pathogenicity island (PAI IV536)
f Antibiotypes deÞned for each patient according to a given pattern of antibioresistance
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provide potential leads to investigate future therapeutic
strategies such as those based on vaccine candidates
[30Ð33].

A large-scale epidemiological study on infections in
the ICU showed for the Þrst time thatE. coli was more
frequent thanP. aeruginosain North America and as
frequent in Western Europe [1]. More recent data even
suggest that Enterobacteriaceae(and among them
E. coli) are now more often responsible for VAP than

P. aeruginosaand Staphylococcus aureus[34, 35]. Our
local epidemiology of VAP is in agreement with these
recent Þndings. Paradoxically, little is known about
E. coli lung pathogenicity, apart from the inßammatory
role of E. coli capsule and O-antigen [30] and hemolysin-
induced surfactant dysfunction [36].

In order to investigate potential differences inE. coli
isolates between intestinal commensalism, oropharyngeal
colonization, respiratory tract colonization, and sub-
sequent lung infection, we included in our study only
patients whose samples were simultaneously positive for
E. coli at these three sites. With this restriction in mind,
we found that 25/132 (19 %) of our patients had multisite
positive samples. Among them, 12 were diagnosed with
E. coli VAP. Because of the speciÞc aims of our study
and therefore its design, comparison with existing data is
difÞcult. However, our results expand those previously
published dealing with GNB colonization, indicating
increasing levels of colonization with increasing patient
severity and subsequent risk for VAP [37Ð39].

The B2 group was the most frequent phylogenetic
group at all sites (Fig.2) with a trend towards a higher
proportion in respiratory samples than oropharyngeal and

Table 5 Characteristics of the six isolates assessed for mortality in
the mouse pneumonia model

Sample site Phylogenetic
group

Number of
virulence
factor genes

Name of
virulence
factor genes

Rectal B1 0 None
Respiratory A 1 aer
Rectal B2 3 aer, traT, iroN
Respiratory A 4 papC, aer, traT, iroN
Respiratory B2 5 papC, aer, hlyC, traT,

iroN
Rectal B2 7 papC, aer, hlyC, traT,

iroN, sfa, cnf1

Fig. 3 a Survival curves of
mice instilled with
3.6 9 108 CFU of different
E. coli clinical isolates (25 mice
per isolate). A signiÞcant
difference was found
(P\ 0.001) among survival
rates. B1, A, and B2 isolates
with zero, one, and three
virulence factor genes,
respectively, exerted
signiÞcantly less mortality that
one group A or two group B2
isolates with, respectively, four,
Þve, and seven virulence factor
genes.b Relationship between
mortality and content of
virulence factor genes: a very
strong correlation (R2 = 0.99)
was found between the number
of virulence factor genes carried
by E. coli isolates in the
pneumonia mouse model and
mortality. The best Þt was
observed with a sigmoidal
curve, indicating that a
minimum of virulence factor
genes are required to induce
mortality, and that maximum
mortality was observed with
seven virulence factor genes
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rectal samples. Furthermore, these B2 isolates harbored
more VF genes than isolates from other phylogenetic
groups, in agreement with former Þndings [16]. This
distribution is similar to what has been described in uri-
nary tract infection, septicemia or neonatal meningitis
[16, 40, 41], and reßects the greater virulence of B2
strains.

Testing of antibiotic susceptibility showed signiÞ-
cantly higher antimicrobial susceptibility in B2, compared
with non-B2, for both respiratory and nonrespiratory
isolates. This is also in agreement with former Þndings in
other settings [17]. Furthermore, this trade-off between
virulence and resistance was also observed within the
B2 isolates (ESM Fig. 3). Importantly, we identiÞed 11 %
of isolates that were resistant to the combination pipera-
cillinÐtazobactam but were still susceptible to third-
generation cephalosporin (in relation to secretion of
a high level of penicillinase). This was observed in
both respiratory (2/35; 6 %) and nonrespiratory isolates
(11/80; 14 %) and conÞrms previous reports on this
phenomenon [42]. This Þnding bears potential therapeutic
impact if piperacillinÐtazobactam is used as Þrst-line
empirical therapy for Gram-negative VAP. Interestingly,
we found thatE. coli isolates retrieved from a single
respiratory sample could yield different antimicrobial
susceptibility patterns, highlighting antimicrobial resis-
tance polymorphism inE. coli. Of note and bearing
potential impact on VAP treatment, this diversity was
only evidenced in respiratory samples from patients with
pneumonia (4/12 patients; 33 %). PFGE was performed in
order to test the clonality of the isolates and conÞrmed
that three of these patients had monoclonal infection. In
all other respiratory samples, colonies had the same
antimicrobial resistance phenotype. Antimicrobial diver-
sity resided in sensitivity tob-lactams in three patients,
and in antimicrobial agents of lesser medical interest
(trimethoprim or chloramphenicol) for two of these
patients and for the remaining patient (ESM Table 5), and
resulted probably from plasmid loss. This Þnding may
explain clinical failure of antimicrobial treatment when
the more susceptible strain has been picked for the anti-
biogram. We recently described the same phenomenon in
other E. coli extraintestinal infections [43], and it has
been reported for other microorganisms [44Ð47]. We,
therefore, believe that several colonies of a single respi-
ratory sample should be tested for antimicrobial
susceptibility in case of GNB VAP.

We found among the respiratory isolates that those
responsible for VAP had greater content of VF genes than
those implicated in simple colonization. This held true for
both B2 and non-B2 isolates (data not shown). VF genes
of interest includediroN and sfa, indicating that, along-
side host factors, pathogen factors also play a major role
in lung infection development.iroN codes for a sidero-
phore receptor of extraintestinal pathogenicE. coli, and

has been implicated in the virulence of these strains.
Studies have shown thatiroN may be a potential vaccine
candidate to prevent urinary tract infections [48]. We
found thatE. coli isolates responsible for VAP harbored
iroN more often than those responsible for respiratory
tract colonization, showing the unprecedented potential
role of iroN in lung pathogenicity. Further studies are
required to conÞrm and clarify the respective roles played
by these VF, but our Þndings are consistent with the
choice of iron uptake proteins as potential candidates for
vaccines againstE. coli as recently published [32].

Given the scarcity of experimental data with clinical
respiratory isolates ofE. coli (since the bulk of in vitro
and in vivo extraintestinal experimental data focus on
bloodstream, meningitis, and uropathogenic isolates), we
decided to test representative strains in an animal model
of pneumonia. We found that isolates with the greatest
content of VF genes were associated with the highest
mortality. Interestingly, even a rectal isolate was capable
of very high mortality, in agreement with the notion that
virulence is a by-product of commensalism [24] (Fig. 3a).
Not surprisingly [16], but never reported before in the
setting of pneumonia, we found a very strong correlation
between the number of VF genes carried by isolates and
mortality (Fig. 3b). The additive effects of VF have been
recently reported experimentally using mutant strains
[49].

Limitations and strength of the study

One limitation of the study is the number of patients
screened, and therefore studied. This screening (which
includes extended-spectrumb-lactamase GNB and
methicillin-resistantS. aureus) is part of our routine ICU
admission procedure. Any incoming patient (whether
under mechanical ventilation or not) is screened for the
pathogens listed above on ICU admission and then once
a week. As mean duration in our ICU is 6 days, a
limited number of patients were screened repeatedly
during their stay (n = 20, 15 %), thus it is difÞcult to
assess the dynamics of colonization, and the sequential
acquisition of various isolates at the different sites. We
can only speculate on the qualitative order ofE. coli
acquisition sequence: rectum, then oropharynx, then
lung. The quantitative order (exact time to acquisition)
requires another study, which we are about to perform.
Because studies onE. coli VAP are very limited (and
becauseP. aeruginosa has been already extensively
studied), we deliberately focused solely onE. coli.
Despite a limited number of patients, a major strength of
the study is that it provides for the Þrst time an in-depth
phenotypic and genotypic analysis ofE. coli VAP
in comparison with their oropharyngeal and rectal
counterparts.
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Taken together, our results show that respiratory
isolates and especially those responsible for VAP are
more often B2E. coli, with greater VF gene content
than other isolates, including iron uptake genes such as
iroN. Targeting these proteins by way of vaccines or
monoclonal antibodies may help establish novel thera-
peutic strategies.
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