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Histolre

e 1928: Pénicilline
e 1930s : Sulfamides
e Début 1940: Production de masse Pénicilline

* 1944: Streptomycine
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I'téure 1. Conventional I'aponefrin Nebulizer.

Thi: 1is capable of producing sprays with a particulate size of
lecs than one wicron.

SEGAL, et al “Penicillin inhalation therapy.” NEJM (1947)
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The Diagnosis and Management ot
Acute Infectious Pneumonia

GEORGE W. MORROW, JR., M.D.
HOWARD A. ANDERSEN, M.D.

JOSEPH E. GERACI, M.D.

Morrow, G W Jr et al. The Medical clinics of North America vol. 48 (1964):
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In pneumococcal and stretococcal infections, penieillin (
irythromyein may be substltuted 1f the patient is

the agent of choice. |
allergic to penicillin.,

In staph; lococcal neumoma if the organism is sensitive to penicillin
G, then aqueous erystalline penicillin G is the agent of choice. Infections
caused by sta.phylococm res1stant to penicillin G are treated with one of
the semisynthetic penicillins. Parenteral therapy with (Staph-
cillin) is best initially; sodium (Prostaphlin) is reserved for oral
administration after the infection has been brought under control. Since
penicillin G and the semisynthetic penicillins are cross-allergenic, the latter
agents cannot be used in patients who previously have had a serious
untoward reaction to penicillin G. In patients with mild moderate
infections who are allergic to penicillin G, erythromycin or novobioein may
be substituted; but in the moderate to severe infections and those caused
by strains resistant to penicillin G, and are the
agents of second and third choice.

In infections due to H mﬂuenzae K. pneumoniae, or brucellar
organisms, combined tetracyecline-streptomyein therapy is effective. Strep-
tomycin alone suffices in 1nfect10ns due to Pasteurella tularensis, as this
species remains uniformly sensitive to it. Chloramphenicol continues as
the drug of choice for infections due to Salmonella. typhosa Tetracycline
is used in rickettsial infections such as Rocky Mountain spotted fever and
Q fever, and also in psittacosis and ornithosis.

Morrow, G W Jr et al. The Medical clinics of North America vol. 48 (1964):



Un Changement de Paradigme

- - é(

Landecker, Hannah. “Antibiotic Resistance and the Biology of History.” Body & society vol. 22,4 (2016)



Antibiotiques inhales

Quels roéle dans la gestion des infections
pulmonaires?



Technique de nébulisation



Aerosolized Antibiotics for Ventilator-associated

Pneumonia

Lessons from Experimental Studies

Use a controlled mode of mechanical
ventilation with the following ventilator settings:

diameter<5Spum

Use tlhasonlc o1 vibrating plate nebulitﬂ.lnroducmg
aero rodynamic

Remove heat and moisture exchanger and conventional - Respiratory frequency 12 bpm

humidifier am’ stop humidification funng the period of nebulization

period

Place the nebulizer on the inspiratory limb, 20 cmfromthe Y ¢

Determine in vitro the extrtapulmonary deposition inthe
ventilator circuits using ventilator settings applied during the nebulizat

- Constant inspiratory fiow
- Tidal volurme of 7- 9 mikg

- Inspiratory to Expiratory ratio 1/1
- Inspiratory plateau pressure 20 %
- Remove any hurnidification system
KOphmae alveolar recrutment

The amount of antiiotic deposted o nspratory and expratory
crcuks shouks be measured after Bvaje of egch part of the crcutwith
a Anown vokime of water.

- Nebulizer
Connec ting tub ng

POTSEOHIET void assisted modes of mechanical ventilation

Determine the daily dose 1o be placed in the nebulizer chamnl

here the patient triggers flow dunng spontaneous
inspiratory efforts

N the aminogicoside is admi
nistered exclisively Ly nebulration,
the dose shouls be calbulated as the
ntravencus dose x Yextrapuimonay
depostion (96). ¥ the amnagycoside
s concomianty nravenously &
mmistered, then the deterrmination of
the approprete dosage s difcut
Theough plsme concentrabions
shouss be dady montored » order to
voxs sy stemi accumuition.

mufl:ﬁy :am mp s ~vold discoordination of the patient with
Mnd ;mu rcngommuan'ono, the ventilator

@ 15 miions 0N
Unts 7 day. X £ & also inbave
nousy admmnisteced, then the
determnation of the appropriate
dosage is dffcut Through
plsma concentrabions showid
be dady montored i order to
avOors sy stemic aCcumuiation.

If necessary, provide sedation with
acontinuous infusion of propofol
duringthenebulization pernod

Determine the interval between each nebulization:

For aminoghcosides, a single daily nebuhzation

ETEONEN 9 OOy MeuTions (e 0 I/ Rouby, Jean-Jacques et al. Anesthesiology (2012)




Hypotheses

+ -
* Meilleure action locale? * Moins bonne action locale?
* Moins de résistances? e Plus de résistances?

* Moins de toxicité?




Aminosides



Caractéristiques

Bactéricidie tres rapide, tres intense.
Concentration dépendant.
Associations synergiques

Elimination rénale

Toxicité renale et cochléovestibulaire

Vd = Liquides extracellulaires



Meécanisme d’action

Transport intracellulaire par la Chaine respiratoire

Sensibilité Résistances Naturelle
Ensemble des Anaérobies strict
bactérie aérobies Streptocoques et Entérocoques

Fixation Ribosome
Résistances acquise Effet pOSt antibiotique

Y 4
Inactivation enzymatique ma rque.
Cible

Perméabilité cellulaire



Diffusion pulmonaire?

Tableau III. Diffusion pulmonaire des aminosides et des fluoroquinolones.

Réf. Posologie Valeur en ug-mL™" ou ug-g' de tissu
Sérum Muqueuse Biopsies Film Macrophages Liquide
bronchique  pulmonaires alvéolaire alvéolaires pleural
Gentamicine 52 1,5 mg'kg™ ! IV A 2.9 (57)**
2 5 mgkg~! IV DM 5 6 (120) 0,6 (12)
Nétilmicine 52 2 mgkg™! IV 54 3,7 (69)*
Tobramycine 2 1,7 mgkg™ 6 6-9 3 (50)
(100-150)
53 2,33-0,77
(30-153)
54 300 mg IM 5,3-5,5 3 (55) 3,3 (61)
Amikacine 23 500 mg IV 11-20 6-9 (45-54)
35 500 mg IV 20,7 8,3 (40)
56 7,5 mg'kg~! IV DM 17 14,9 (88)**
16,2 (95)*

Boselli, E, and B Allaouchiche. Annales francaises d'anesthesie et de reanimation ol. 20,7 (2001)



Passage systémique?
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Plasma AMK concentration (ug.mi™")
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time after administration (h)

Goldstein, Ivan et al. “Lung tissue concentrations of nebulized amikacin during mechanical
ventilation in piglets with healthy lungs.” AJRCCM (2002)



Concentrations locales?
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Goldstein, Ivan et al. “Lung tissue concentrations of nebulized amikacin during mechanical
ventilation in piglets with healthy lungs.” AIRCCM (2002)



Chez le poumon infecté?

50~
-‘g A
S 40 l O \Y,
=
o
gsofT
g ‘ o Inhalé
¥20-
=
<
£ 10 -
w
<
Q. 5
0 ' f‘ IGY ‘9—

0 2 4 8 8 10 12 14 16 18 24
Time after administration (hour)

Goldstein, Ivan et al. “Lung deposition and efficiency of nebulized amikacin
during Escherichia coli pneumonia in ventilated piglets.” AJRCCM 2002



AMK lung tissue concentrations
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Goldstein, Ivan et al. “Lung deposition and efficiency of nebulized amikacin
during Escherichia coli pneumonia in ventilated piglets.” AJRCCM 2002



AMK lung tissue AMK lung tissue

concentrations (pg.g;') concentrations (ug.g”’)
Aerosol group IV group
n~13
200 n=7 n=33
150
4
100 ! n=37
( ' 0" ’ '
Mild BPN Severe BPN Mild BPN Severe BPN

Goldstein, Ivan et al. “Lung deposition and efficiency of nebulized amikacin
during Escherichia coli pneumonia in ventilated piglets.” AJRCCM 2002



Conséquence?

* Meilleure concentration locale
* Meilleure efficacité?
* Moins de sélection de R?

* Moindre diffusion systéemique
* Moindre toxicité?

* Quelles conséquence sur les foyers d’infection périphérique?



Colimycine

* Toxicité rénale et
neurologique

» Bactéricide, Concentration
dépendant

* Tres mauvaise diffusion
pulmonaire.

e Efficacité ++ Pyocyanique
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Lu, Qin et al. “Nebulized and intravenous colistin in experimental pneumonia
caused by Pseudomonas aeruginosa.” Intensive care medicine (2010)



Pseudomonas aeruginosa lung bacterial burden (cfu.g')
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Lu, Qin et al. “Nebulized and intravenous colistin in experimental pneumonia
caused by Pseudomonas aeruginosa.” Intensive care medicine (2010)



Nebulized Ceftazidime and Amikacin in
Ventilator-associated Pneumonia Caused
by Pseudomonas aeruginosa

Aerosol Intravenous

(n = 20) (n = 20) P Value
Cure of P. aeruginosa VAP on Day 9, n (%) 14 (70) 11 (55) 0.33
Day 9: Positive BAL = 10* cfu-ml ' or mini-BAL = 10° cfu-ml ', n 3 6
Persisting P. aeruginosa VAP on Day 9, n (%) 3(15) 6 (30) 0.26
VAP caused by superinfection on Day 9, n (%) 3(15) 3(15) NS
Recurrence of P. aeruginosa VAP, n 3 1 NS
Recurrence of VAP caused by superinfection, n 2 0 NS
Duration of MV, median (IQR) 29 (22-38) 18 (13-31) 0.13
Duration of MV after inclusion, median (IQR) 14 (7-22) 8 (6-12) 0.18
Length of stay in ICU, median (IQR) 38 (29-55) 29 (18-44) 0.08
Length of stay in ICU after inclusion, median (IQR) 24 (18-48) 16 (11-23) 0.08
Mortality on Day 28, n (%) 2 (10) 1(5) 0.55

Lu, Qin et al. “Nebulized ceftazidime and amikacin in ventilator-associated

pneumonia caused by Pseudomonas aeruginosa.” AJRCCM (2011)



Baseline Day 3 Day 5 Day 7 Day 9

Aerosol Group
BAL, n 20 17 16 12 12
BAL P. aeruginosa + P. aeruginosa susceptibility, n 20 1 0 2 5*
CAZ-AMK
§-S 16 1 2 5
S-1 1
I*-s 2
) 1
Intravenous Group
BAL, n 20 16 15 10 11
BAL P. aeruginosa + P. aeruginosa susceptibility, n 20 8 8 5 6
CAZ-AMK
§-S 17 6 5 1 3
S-1 3 2 1
I-S 1 2 1
R-S 2 1 1
R- 1

Lu, Qin et al. “Nebulized ceftazidime and amikacin in ventilator-associated
pneumonia caused by Pseudomonas aeruginosa.” AJRCCM (2011)



Nebulization of Antiinfective Agents in Invasively
Mechanically Ventilated Adults

A Systematic Review and Meta-analysis

Nebulized antibiotics  Intravenous antibiotics Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Palmer 2008 0 19 8 24 20.2% 0.07 [0.00, 1.20] ¢ A
Palmer 2014 2 16 6 11 79.8% 0.23 [0.06, 0.93) .
Total (95% C1) 35 35 100.0% 0.18 [0.05, 0.64) ==
Total events 2 14
Heterogeneity: Tau® = 0.00; Chi’ = 0.61, df = 1 (P = 0.44); I = 0% ' t t {
Test for overall effect: Z = 2,66 (P = 0.008) 0.0 0.1 : 10 100

Favours nebulization Against nebulization

Fig. 3.|Emer9ence of resistant strains |n patients treated with nebulized antibiotics for ventilator-associated tracheobronchitis.
| = heterogeneity index; M-H = Mantel-Haenszel.

Solé-Lleonart, Candela et al. Anesthesiology (2017)



B Nebulized therapy Intravenous therapy

Risk Difference Risk Difference
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
1.7.1 RCT
Hallal 2007 0 5 2 5 21.5% -0.40 [-0.85, 0.05] v
Subtotal (95% CI) 5 5 21.5% -0.40 [-0.85, 0.05) | S TE——
Total events 0 2
Heterogeneity: Not applicable
Test for overall effect: Z = 1.73 (P = 0.08)
1.7.2 Observational Studies
Ghannam 2009 0 16 5 16 78.5% -0.31[-0.55, -0.08] t
Subtotal (95% CI) 16 16 78.5% -0.31[-0.55, -0.08]
Total events 0 5
Heterogeneity: Not applicable
Test for overall effect: Z = 2.59 (P = 0.010)
Total (95% Cl) 21 21 100.0% |-0.33[-0.54, -0.12] == S
Total events 0 7
Heterogeneity: Tau? = 0.00; Chi® = 0.11, df = 1 (P = 0.74); I’ = 0% I {

Test for overall effect: Z = 3.10 (P = 0.002)
Test for subgroup differences: Chi’ = 0.11, df = 1 (P = 0.74), I* = 0%

-1 -0.5 0 0.5 1
Favours nebulization Against nebulization

Fig. 7JNephrotoxicity ih patients treated with nebulized antibiotics for ventilator-associated pneumonia—(A) adjunctive adminis-

tration strategy an substitution administration strategy.

controlled trial.

| = heterogeneity index; M-H = Mantel-Haenszel; RCT = randomized

Solé-Lleonart, Candela et al. Anesthesiology (2017)



Nebulized therapy Intravenous therapy Odds Ratio Odds Ratio

Stud up Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
1.3.1 All-causej Observational Studies

Kofteridis 201 10 43 18 43  16.9% 0.42(0.17, 1.07) S —
Tumbarello 2013 45 104 48 104 48.9% 0.89 [0.51, 1.54) TI
Subtotal (95% C1) 147 147 65.8% 0.68 [0.33, 1.37)

Total events 55 66

Heterogeneity: Tau® = 0.13; Chi’ = 1.85,df = 1 (P = 0.17); I’ = 46%
Test for overall effect: Z = 1.09 (P = 0.28)

1.3.2 VAP-related; Observational Studies

Doshi 2013 15 44 27 S1  21.2% 0.46 [0.20, 1.06) ——t
Kofteridis 2010 7 43 11 43 13.0% 0.57 [0.20, 1.63) N———
Subtotal (95% CI) 87 94 342% 0.50 [0.26, 0.96) sifEs
Total events 22 38
Heterogeneity: Tau® = 0.00; Chi* = 0.09, df = 1 (P = 0.76); I = 0%
Test for overall effect: Z = 2.09 (P = 0.04)
Total (95% CI) 234 241 100.0% 0.64 [0.44, 0.94) &
Total events 77 104
| j 2 = ' i = = = -2 = : 3 # :
Heterogeneity: Tau® = 0.00; Chi* = 2.83, df = 3 (P = 0.42); I’ = 0% 0.01 on l 10 100

Test for overall effect: Z = 2.26 (P = 0.02)

Favours nebulization Against nebulization
Test for subgroup differences: Chi’ = 0.39, df = 1 (P = 0.53), I* = 0X ¢

Fig. 5| Mortalitylof patients treated with nebulized antibiotics for ventilator-associated pneumonia (VAP) caused by resistant
pathogens—adjunctive administration strategy.|l = heterogeneity index; M-H = Mantel-Haenszel.

Solé-Lleonart, Candela et al. Anesthesiology (2017)



Hypotheses

e Meilleure action locale?
* Moins de résistances?
* Moins de toxicité?




Clinical Infectious Diseases

DA

Management of Adults With Hospital-acquired and
Ventilator-associated Pneumonia: 2016 Clinical Practice
Guidelines by the Infectious Diseases Society of America
and the American Thoracic Society

Kalil, Andre C et al. Clinical infectious diseases : an official publication of the Infectious Diseases Society of America (2016)



ROLE OF INHALED ANTIBIOTIC THERAPY

XIV. Should Patients With VAP Due to Gram-Negative Bacilli Be Treated
With a Combination of Inhaled and Systemic Antibiotics, or Systemic
Antibiotics Alone?

Recommendation

1. For patients with VAP due to gram-negative bacilli that are
susceptible to only aminoglycosides or polymyxins (colistin
or polymyxin B), we suggest both inhaled and systemic anti-
biotics, rather than systemic antibiotics alone (weak recom-

mendation, very low-quality evidence).

Values and Preferences: This recommendation places a high
value on achieving clinical cure and survival; it places a lower
value on burden and cost.

Remarks: It is reasonable to consider adjunctive inhaled anti-
biotic therapy as a treatment of last resort for patients who are
not responding to intravenous antibiotics alone, whether the
infecting organism is or is not multidrug resistant (MDR).

Kalil, Andre C et al. Clinical infectious diseases : an official publication of the Infectious Diseases Society of America (2016)
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R3.6 - Dans le cadre des pneumonies documentées a bacilles a Gram
négatif multirésistants, définis comme sensibles a la colimycine et/
ou aux aminosides et lorsque aucun autre antibiotique n'est efficace,
il faut probablement administrer la colimycine (colistiméthate
sodique) et/ou un aminoside par voie nébulisée.

GRADE 2+, ACCORD FORT



Depuis?



Inhaled amikacin adjunctive to intravenous standard-of-care
antibiotics in mechanically ventilated patients with
Gram-negative pneumonia (INHALE): a double-blind,
randomised, placebo-controlled, phase 3, superiority trial

Niederman, Michael S et al. The Lancet. Infectious diseases (2019)



Amikacin Inhale Placebo group
group (n=255) (n=253)
(Continued from previous column)
Most common pathogens (=10% of patients)
Pseudomonas aeruginosa 75 (29%) 88 (35%)
Acinetobacter baumannii 77 (30%) 69 (27%)
Klebsiella pneumoniae 53 (21%) 44 (17%)
Escherichia coli 28 (11%) 29 (11%)
Other 22 (9%) 23 (9%)
Monomicrobial or polymicrobial infection
Monomicrobial 172 (67%) 165 (65%)
Polymicrobial 82 (32%) 87 (34%)
Data missing 1(<1%) 1(<1%)
Gram-stain status of infection
Gram-negative only 230 (90%) 230 (91%)
Gram-negative and 24 (9%) 22 (9%)
Gram-positive
Data missing 1(<1%) 1(<1%)
Drug-resistance designation of pathogens
Not multidrug-resistant 126 (49%) 112 (44%)
Multidrug-resistant 44 (17%) 61 (24%)
Extensively drug-resistant 81(32%) 77 (30%)
Pandrug-resistant 3(1%) 2 (1%)
Data missing 1(<1%) 1(<1%)

Table 1: Baseline characteristics of efficacy population




Amikacin Inhale group  Placebo group

Primary endpoint*
Survival at days 28-32 (n=255 vs n=253)
Treatment successful 191 (75%) 196 (77%)
Treatment unsuccessful 64 (25%) 57 (23%)
Secondary endpoints
Mortalities (n=255 vs n=253) 64 (25%) 57 (23%)
Pneumonia-related deaths 43 (67%) 36 (63%)
Pneumonia-unrelated deaths 21(33%) 21 (37%)
Early clinical response (n=255 vs n=253)
Achieved early response 149 (58%) 145 (57%)
Did not achieve early response 106 (42%) 108 (43%)
Duration of mechanical ventilation, days (n=255 vs n=252)
Mean (SD) 206 (10-1) 202 (102)
Median (IQR) 280 (9-0-28-0) 28.0 (8-5-28.0)
Duration of intensive care unit stay, days (n=247 vs n=249)
Mean (SD) 213 (8-2) 21.9 (8-0)
Median (IQR) 280 (13-0-28.0) 28.0 (14-0-28.0)

Table 2: Primary and secondary outcomes in the efficacy population




AmikacinInhale  Placebo group Total
group (n=353) (n=359) (n=712)
TEAEs of special interest
Local-effect adverse events, excluding 31(9%) 26 (7%) 57 (8%)
bronchospasm
Bronchospasm 15 (4%) 4 (1%) 19 (3%)
Device-related adverse event 7 (2%) 3 (1%) 10 (1%)
Hypersensitivity 21 (6%) 19 (5%) 40 (6%)
Nephrotoxicity 39 (11%) 44 (12%) 83 (12%)
Ototoxicity 0 1 (<1%) 1(<1%)
Neuromuscular blockade 4 (1%) 6 (2%) 10 (1%)

Table 3: TEAEs in the safety population




Amikacin Inhale | Placebo
group group
Microbiological response
Pseudomonas aeruginosa
Eradication 55/75 (73%) 44/88 (50%) ™
Persistence 20/75 (27%) 44/88 (50%)
Clinical response
Not multidrug-resistant™
Survived 98/126 (78%) 88/112 (79%)
Died 28/126 (22%) 24/112 (21%)
Multidrug-resistantt
Survived 34/44 (77%) 48/61 (79%)
Died 10/44 (23%) 13/61 (21%)
Extensively drug-resistanti
Survived 56/81(69%) 58177 (75%)
Died 25/81(31%) 19/77 (25%)
Pandrug-resistant§
Survived 3/3 (100%) 2/2 (100%)
Died 0/3 0/2

Table 4: Microbiological response at test-of-cure visit (days 17-19)
for selected baseline respiratory pathogens and clinical response by
drug resistance designation




The INHALE trial:
multiple reasons for a
negative result

Rouby, Jean-Jacques et al. The Lancet. Infectious diseases (2020)



The INHALE trial:
multiple reasons for a
negative result

* PAVM BGN MDR

e Bithérapie IV + Amikacine vs
Bithérapie IV + Placebo

* 40mg/Kg
* Dispositif non synchronisé

e Parametre ventilateur
optimise

Rouby, Jean-Jacques et al. The Lancet. Infectious diseases (2020)



The INHALE trial:
multiple reasons for a Authors’ reply
negative result

 PAVM BGN MDR * Inclusion des suspicions

e Bithérapie IV + Amikacine vs

Bithérapie IV + Placebo * Dispositif synchronise

adapté
* 40mg/Kg
¢ DISpOSItIf Non synch ronisé Although the design of future trials
. ] might lead to success, we do not think
 Parametre ventilateur that the suggestions by Rouby and
Opt|m|sé colleagues are an answer for how to

move forward.*

Rouby, Jean-Jacques et al. The Lancet. Infectious diseases (2020) Niederman, Michael S et al. The Lancet. Infectious diseases (2020)



Conclusion



Conclusion

Peu de preuve, peu d’études, peu de substrat clinique.
Place dans l'arsenal thérapeutique incertaine
Impact cliniqgue nul dans la population de PAVM au sens large

Réduction des toxicité systémique
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