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Bacterial heterogeneous growth

“Insufficient efficacy of antimicrobials”

Brauner et al, Nat Rev Microbiol 2016
It may be presented as:

l. Tolerance. Whole bacterial population survives transiently exposure to lethal

antibiotic concentrations, via slowing down an essential bacterial process:

No change in the MIC \ . \

ll. Persistence. Phenotypic phenomenon, in which a subpopulation of a clonal

bacterial population survives lethal antibiotic concentrations : \

No genetic changes = non-inherited

MDK_,| [MDK, MDK,, .,

lll. Heteroresistance. Heritable for sufficient generations LS

Stably elevated MICs, antibiotic concentration inhibiting all bacteria is

> 8-fold the highest concentration not affecting the dominant population



Multiple Definitions/Descriptions for Heteroresistance

El-Halfawy and Valvano, Clin Microbiol Rev 2015;28:191-207

Subset of the microbial population is resistant but the rest susceptible,

based on (doubling or stepwise) concentrations in in vitro susceptibility testing
Definitions based on single cutoff concentrations

Bimodal growth in Population Analyses or diffusion assays: growth inhibition with a
low concentration but another peak of growth at higher concentration

Clinical Descriptions: “heteroresistance” is referred to infections with

genetically related bacterial strains with different levels of resistance

Due to the lack of a uniform/consistent definition,

retrospective comparisons to assess its true clinical significance are impossible




Which are the Clinical Implications of Heteroresistance?

I. Diagnostic implications
a. Correct identification of susceptibility status
b. Correct identification of underlying resistance mechanisms

Il. Potential for selection and spread of resistant mutants

lll. Implications for treatment outcome



What do we know about heteroresistance and persistence?

Gram-positives:

Heterogeneous MRSA (Ryffel et al AAC 1994)

Heterogeneous VISA (Wootton et al JAC 2001)
Vancomycin-heteroresistant E. faecium (Alam et al JCM 2001)
Teicoplanin-heteroresistant E. faecium (Qu et al JCM 2009)

Heteroresistance to fosfomycin/penicillin in S. pneumoniae (Engel et al AAC 2013)



Heteroresistance Issues in Gram-Negatives:

B-lactams

* Heteroresistance to carbapenems in:
A. baumannii (Pournaras et al J Antimicrob Chemother 2005)
P. aeruginosa (Pournaras et al ) Med Microbiol 2007)
E. aerogenes (Gordon et al J Clin Microbiol 2009)
K. pneumoniae-KPC (Pournaras et al J Clin Microbiol 2010)

* Heteroresistance to piperacillin/tazobactam in P. aeruginosa
(Pournaras et al J Antimicrob Chemother 2008)

* Heteroresistance to ampicillin/sulbactam in A. baumannii
(Savini et al J Infect 2009)

* Heteroresistance to cephalosporins and penicillins in A. baumannii (Hung et al J Clin
Microbiol 2012)



Heteroresistance in Gram-Negatives:

v Colistin

 Heteroresistance to colistin in A. baumannii (Li et al JCM 2006)
* Heteroresistance to colistin in K. pneumoniae (Meletis et al JAC 2011)

* Heteroresistance to colistin in E. aerogenes and E. cloacae (Landman et al JCM 2013)

v' Aminoglycosides
* Heteroresistance to aminoglycosides in A. baumannii (Anderson et al mSphere 2018)



Bacterial Heterogeneity
Microbiological Investigation:

Population analyses (gold standard):

guantification of bacterial growth in doubling antibiotic increments

PAP

Tlme'Klll curves A = 8 MIC main population
-'l

[ |

Growth rates "

Cfu

Experimental infections

[AB]

[AB]



Population Analyses

Acinetobacter & Meropenem

Fapulation Analyses Frofile

MRSA & Oxacillin / Vancomycin

Fopulation Analysis Frofiles
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Stepl
Preliminary detection of heteroresistance
Parallel to routine antibiotic sensitivity testing

Disc Diffusion Assay or Etest Assay

l

- .

/ ™
!" Discrete colonies in the
. clear zone of inhibition? |

\\7_ 4
Yes No
7 Homogeneous
Heteroresistance population
Population Analysis Profiling (PAP)
by cfu count or turbidimetrically with 2-fold antibiotic increments
Step i
Confirmation of heteroresistance
y. Difference between the lowest \\‘\‘
| concentration exhibiting maximum inhibitionand |
< the highest non-inhibitory concentration? 4
& | 5
| =afold . >8-fold [ 8fold
S’ »I " “ I
Homogeneous Intermediate
population fs teroresistants Heterogeneity
Unlikely if positive for heteroresistance in Step L |
Completely Susceptible Classical Heteroresistance Entirely Resistant
(Fig. 1D) (Fig. 1E) (Fig. 1F)

Monitor the least responsive
subpopulations for
development of
resistance to the antibiotic.

Chemical communication of
resistance is the major concern.
Monitor protection of less
resistant bacteria
in mixed infection.

Antibiotic therapy may select
for resistant subpopulation.
Adjust dose or use another

antibiotic to which the
entire population is sensitive.

El-Halfawy and Valvano
Clin Microbiol Rev 2015



El-Halfawy and Valvano Clin Microbiol Rev 2015

FIG 1 Heteroresistant versus homogeneous responses to antibiotics.

Homogeneous | Heterogeneous

Antibiotic concentrations at 2-fold increments



Why to focus on Acinetobacter baumannii ?

Gradual evolution of
A. baumannii to panresistance

The paradigm of carbapenem resistance
in A. baumannii, Greece

Was carbapenem resistance
developed step by step..(?)

Possible role of heteroresistance..

Pournaras et al J Antimicrob Chemother 2005



Multiresistant Acinetobacter baumannii isolates in intensive care units
in Greece
A. N. Maniatis'*, S. Pournaras”, S. Drﬁcﬂpﬂufﬂuz, P. T. Tassios”, N. J. Legaﬁcisz and the Bacterial Resistance

Study G ]
uay Group Clin Microbiol Infect 2003; 9: 547-553

MIC,, MIC,, Percentage of
Antimicrobial agent (mg/L) (mg/L) Range resistant isolates
Amikacin 5 64 164 29.8
Ampicillin—sulbactam 16 128 4-128 58.7
Aztreonam 128 128 1-128 93.4
Ceftazidime 32 32 4-128 95.9
Ciprofloxacin 4 4 0.5-128 92.6
eRiaEdci 16 16 1-32 87.6
iIImipenem Jd===== 2 4 1—4 0 q=mmm=-
Netimnicin 16 32 1-128 56.2
Piperacillin 128 128 5-256 97.5
Ticarcillin—clavulanate 128 128 2-128 95.9
Tobramycin 16 16 1-32 727




A. baumannii, nationwide data, Greece

A. Wards B.ICU
Huspimls No of Isolates|%e Rl%% 1 Hn'spil::l_ls o of Isolates|% Rl|%o I
GRO27 17 0 & GRO27 24 17 ] 4
GERO040 177 0 1 GEO040 203 1 1
GRO00 2 0 0
GRO046 4 0 0 GERO46 7 0 0
GRO35 25 o |16 GRO35 23 4 117
GRO15 40 0 0 GRO15 5 201 0
GRO12 30 0 0 GRO12 31 0 0
GRO024 13 0 0 GRO24 7 0 0
GRO26 40 0 0
GERO07 28 4 0 GRO07 27 4 0
GERO18 25 4 0 GRO018 17 0 0
GRO05 42 5 0 GRO05 42 2 0
GRO42 30 20 1 10
GERO38 12 251 0 GRO38 19 26 | 5
GRO33 65 26 111 GRO33 445 151 9
GRO13 14 36 | 14 GRO13 26 42 112
GEREO44 2 501 0
GERO08 2 S0 1 0
Cumulative 568 ! 6.5 IS,E Cumuladw 477 ljé-g- 3.0




2004

A. baumannii bacteremias, Greece

2009

MEedicmal YiTmerds hledical Ward=
T Isolates rested: 62 I 5 Feg Isolartes
T T S %0 1 Testedd HalNS| e R el
LA ryrgrdcil Ty s> _5 3.0.0 P@perac%l];in o8 OB 0| s7.8 Lo, 2
Sulbactanm Piperacillin/Tazobactany 102 920 2| 824 | 7.8
Piperacillin 1 S0.9 145 A mpicilling/Sulbactam 66 57.6| 218 | 258
Pigperacillisy iS4 >0
Ta-cobhactasmn = -
LA e IR I R Q7. Ol 92.s 5.3
Cofla—idisrre S0.0 1.2 Ff'f:ftaad:ime 103 B7.5 | BE4.5 e
P T —— o35 — E’Efep]me 103 E?__i‘l 69 9 | 17.5
Cefepine 7.8 7.4 [ prerne1n 103 T ?d ﬁ’.-‘,ﬂ-) 2.7
Tad o rein 25 _ 2 S 2 M eropenenn 103 S9O.21 301 | 29,1
P derao e 1neE 1Ty F3_= o =2
Krendtanmuici 105 G200 1.4 114
Crentarmcin &7 7 = _2 Tobramiycin 101 S4.5| zo.8 | 33,7
Tobrarnyycin &5 5 13 8§ LA makcacin o8 65, 3| s> 7.1
Sy raed b scdm e T = . T etiliaicin o3 T34 S58_8 4T
PJefilamaEcirn el T.T
e A S0 0 K otmmoxazole 10% B7.6| BT 1.0
tprotloxaciny = LB ICiprofloxacin 105 | 8B8.6| s8.6 | 0.0
Medical Wards
Drug
Isolates Tested %NS %R %l
Cefepime 78 87,2 84,6 2,6
Imipenem 82 81,7 81,7 ) 0,0
_——
Meropenem 77 77,9 76,6 1,3




Increacing incidence

of A. baumannii infections



Incidence of A. baumannii infections, Europe

Annual Epidemiological Report 2016 — Healthcare-associated infections acquired in intensive
care units. Stockholm: ECDC; 2016
A. baumannii bacteremias, Rank 9" in Europe overall

Table 3. Number of isolates and percentages of the ten most frequently isolated microorganisms in ICU-acquired bloodstream infection (BSI)
episodes by country, EU/EEA, 2014

. . Belgium
Microorganisim (n=27)

(n=2 188} (n=17) (n:hI;S)

Coagulase-negative

staphylococci 18.5 36.4 32.5 20.2 27.5 29.4 38.8 43.9 22.2 ] 13.5 6.1 26.7 27.6 20 25.3
Enterococcus spp. 14.8 15.6 i8.2 12.4 17.7 o 71 5.3 27.8 4.5 11.6 16.3 o 15.1 13.8 15
Stapfylococcus aureus 22.2 15.6 3.9 11.9 16.5 5.9 1.2 8.8 5.6 ] 15 0 6.7 2.7 18.5 12.1
Kiebsiella spp. 3.7 24.7 7.8 11.8 8.1 5.9 14.1 8.8 5.6 36.4 15 22.4 33.3 10.3 10.8 10.3
Eschericiia colf 18.5 7.8 3.9 10.8 9.7 5.9 2.4 3.5 5.6 9.1 77 0 6.7 7.6 9.2 9.2
Candida spp. 74 7.8 18.2 9.2 8 o 9.4 5.3 5.6 9.1 4.8 4.1 6.7 8.4 12.3 8.4
Pseudoimonas asruginosa 3.7 10.4 3.9 9.8 4.4 29.4 8.2 3.5 5.6 18.2 11.1 8.2 13.3 13.7 4.6 8

- = 0 ] 9.1 10.4 4.9 17.6 3.5 3.5 11.1 13.6 8.7 0 o 5] 6.2 6.7

0 1.3 1.3 1.3 0.8 5.9 14.1 15.8 5.6 9.1 7.2 40.8 6.7 3.4 4.6
11.1 3.9 1.3 2 2.3 o 1.2 1.8 5.6 ] 5.3 2 o] 3.1 0



A. baumannii bacteremias, Greece: Rank 1t among carbapenem-resistant pathogens...

Isolated organism *:::::E:;:d Isolated organism *):;eelf:;:d
A cinetobacter baumannii 39.70 Acinetobacter baumannii 31Q

» A baumanni [Carbapenem resistant] (39.22) » A baumannii [Carbapenem resistant] (2.95)
Pseudomonas aeruginosa 2449 Pseudomonas aemginosa 5‘3‘5

» P. asruginosa [Carbapenem resistant] 11_80 » P. aeruginosa [Carbapenem resistant] 1.05
Klebsiella pneumoniae ) 390 83 Klebsiella pneumoniae 4.19

w I pneu-]:uﬂniae [Carbapenem resistant] 35.03 » K. pneumoniae [Carbapenem resistant] 2.86
Staphyvlococcus aureus 5.04 Staphvlococcus aureus 2.35

» MRSA 2.40 » MRSA 0.93




also... A. baumannii infections in Taiwan, 2015
Rank 15t (bacteremias) and 4t" overall

--------\

 Taiwan!Nosocomial Infections Surveillance System

Table 14 Common pathogens of healthcare-associated infections in the ICUs of regional hospitals, 2015

Types of Infection

Pathogens Total Urinary tract Bloodstream Pneumonia Surgical site Others
Rank No. Rank No. Rank Mo. Rank Mo. Rank No. Rank No.
Escherichia coli 1 061 1 397 T o1 G 37 4 24 10 12
Candida albicans 2 512 2 321 121 38 24 8 18 3 28
Klebsiella pneumoniae 3 511 4 155 2 160 3 143 2 28 5 25
Acinetobacter baumannii I @ 504 8 85 @ 177 2 177 7 20 1 45
Pseudomonas aeruginosa 5 499 3 158 7 91 1 188 1 35 4 27
Staphylococcus aureus & 275 13 25 4 117 4 84 3 26 6 23
Enterococcus faecium 7 240 G 110 a7 27 1 9 10 7 22
Other Candida spp. or NOS a 216 5 127 9 79 15 4 16 2 14 4
Enterobacter species 9 192 10 43 10 70 5 42 4 24 9 13
E.cloacae 141 33 58 20 19 11
Other Entercobacter spp. or NOS 51 10 12 22 5 2
Coagulase negative staphylococci 10 176 12 26 5 102 20 3 9 10 2 35
Others 1,152 365 489 141 81 Fils:
Total 4,838 1,812 1,594 544 278 310




and... A. baumannii infections in China, 2015:
Rank 2"d gverall

Journal of Hospital Infectic:n 95 (2017) 105—111

Reported causative pathogens, according to the major types of infection

Pathogen All HCAls Rank Low respiratory Urinary tract Upper respiratory Surgical site Skin and Primary
(N=2182) tract infection infection tract infection infection soft-tissue bloodstream

(N=1029) (N =268) (N = 240) (N=135) infection infection

(N=113) (N=196)

escLidommangs gelllelngasg 206 (9.4%) 147 (14.3%) 13 (4.9%) 3 (1.3%) 12 (8.9%) 16 (14.2%) 5 (5.2%)

172 (7.9%) @ 131 (12.7%) 4 (0.0%) 5 (2.1%) 8 (5.9%) 8 (7.1%) 4 (4.2%)
Klebsiella pneumoniae 160 (7.3%) 120 (11.7%) 16 (6.0%) 0 1 (0.7%) 7 (6.2%) 10 (10.4%)
Escherichia coli 145 (6.6%) 4 45 (4.4%) 53 (19.8%) 4 (1.7%) 11 (8.1%) 3 (2.7%) 11 (11.5%)

Staphylococcus aureus 110 (5.0%) 5 49 (4.8%) 5 (1.9%) 1 (0.4%) 15 (11.1%) 26 (23.0%) 5 (5.2%)

Candida spp. 95 (4.4%) 6 51 (5.0%) 19 (7.1%) 3 (1.3%) 3 (2.2%) 0 7 (7.3%)
Coagulase-negative 72 (3.3%) 7 23 (2.2%) 5 (1.9%) 2 (0.8%) 10 (7.4%) 7 (6.2%) 20 (20.8%)

Staphylococcus spp.

Enterococcus species 68 (3.1%) 8 10 (1.0%) 36 (13.4%) 0 4 (3.0%) 6 (5.3%) 2 (2.1%)

Enterobacter cloacae 31 (1.4%) 9 (tie) 15 (1.5%) 1 (0.4%) 0 5 (3.7%) 4 (3.5%) 1 (1.0%)

Stenotrophomonas 31 (1.4%) 9 (tie) 25 (2.4%) 1 (0.4%) 0 1 (0.7%) 1 (0.9%) 1 (1.0%)

maltophilia
Bacillus proteus 29 (1.3%) 11 14 (1.4%) 10 (3.7%) 0 1 (0.7%) 3 (2.7%) 2 (2.1%)
Serratia spp. 19 (0.9%) 12 5 (0.5%) 4 (1.5%) 0 4 (3.0%) 3 (2.7%) 1 (1.0%)
Streptococcus pneumoniae 12 (0.5%) 13 F(0.7%) 2 (0.7%) 3 (1.3%) 0 0 0
Burkholderia cepacia 11 (0.5%) 14 7 (0.7%) (0] 0 2 (1.5%) 1 (0.9%) (0]



Current mechanistic data on heteroresistance...

The high prevalence of antibiotic heteroresistance
in pathogenic bacteria is mainly caused by gene
amplification Nature Microbiology. 2019

Hervé Nicoloff 3, Karin Hjort"?, Bruce R.Levin? and Danl. Andersson@™

* Prevalence and mechanisms of heteroresistance (HR) investigated in
41 clinical isolates of E. coli, S. enterica, K. pneumoniae and
A. baumannii (10 isolates) against 28 different antibiotics
e 27.4% of the 766 bacteria—antibiotic combinations was heteroresistant!

* Genetic analysis showed that most HR cases (88%) were unstable — 12% stable

* Resistance in the subpopulations resulted from
spontaneous tandem amplifications, typically including known resistance genes

* Limitations of MIC as sole criterion for susceptibility determinations



Etest .
a :
11 E. coli, 10 8. Typhimurium, 10 K. pneumoniae and 10 A. baumannii isolates testad Nikoloff et al Nature Microbiology 2019
[®e] on 28 antibiotics (TET, TGC, CEF, CXM, CTX, CAZ, CPR, FEP, ATM, MEM, ETP, IPM, DOA, :
%‘ AMP, 3AM, ERY, RIF, NAL, CIP, LVX, SMX, SXT, PMB, CST, AMK, TOB, GEN and NET)

Fig. 2 Sﬁmmary of tests performed and
Fully resistant . :
main results

Suspacted 564 Not suspected
HR

Etest for each isolate—
antibiotic combination
(997 combinations

FEEREGEE

b
. ] 53
Four additional Confirmed o 1 62 Possibly HR
Etests and four — not HR Mot tested or ; Still not HR
; rasults unclear Do
PAP tests on S R S
184 cases of "
suspected HR \ :
Fraqp_ancy' of lalsf Confirmed Eﬁ'g;;ﬁ?fl Suspected frequancy of
itives: 37.9% = vas: e
pasitves: HR (11.4%7) M- o7 45,8 falza negatives: 14.7%
Stability of d Lie | Resistanca not linked to ampliﬁc:alh:uﬂ E
) : Lo (30% . . .
rES|stance of 5 table recictant o —— Lo - | The mutations involved
t E " 9 rems“r;qil:.l.lt:pcpua en resistant - 1 in unstable HR were
su pOpLI' at'gn : subpopulation — » E 5 investigated by WGS for
was analyze . (88%) ;! | 18 cases
for 3_4 cases of : P |F|95istan-:e linked to amplification (51%) | !
confirmed HR | ~ s T ——. .




Fig. 4 Molecular mechanisms of HR

Nikoloff et al Nature Microbiology 2019

a b
Unstable HR Stable HR
(i) (ii) Revertant: (iif) (iv)
Revertant: possible
Parental isolate and loss of the HR Parental isolate: loss of the HR Parental isolate: Parental isolate:
revertant: HR phenotype HR phenotype HR HR
w
g ’ ----- % ’---- F----\ ’----
c O S "y St , Y St 4 y St g y
@ S f\ ______ } |\ \..____.fl ‘..i---;l
S & SO g ™\ e ae— S
52 | i) | o) | l
a8
T R =4 R ey R e R ey
G
| | | |
,', DA33137, GEN 1 1 _____ 1 __________
R =y R R R
: o —

DA33140, TOB
DA34837, CEF

Populations in
presence of antibiotics

DA33144, AMK?
DA34833, SXT”

DA33135, NET® DA33135, ATM®

a, (i) Unstable HR, linked to genetic amplifications or (ii) other types of mutations.
b, Stable HR. HR is stable if the mutation increasing resistance has no measurable effect on fitness.
HR is stable if (iii) the mutation increasing resistance has no measurable effect on fitness

or

(iii, iv) if the reversion rate or the effect on fitness is too low to allow revertants to take over rapidly

during growth in the absence of antibiotic



Heteroresistance in A. baumannii:

Available descriptions in the literature...



Heteroresistance to carbapenems in Acinetobacter
bﬂumﬂﬂ ﬂff Pournaras et al. J Antimicrob Chemother 2005

* A. baumannii with subcolonies present
in the zone of inhibition

 When re-testing resistant colonies,
carbapenem MICs were the same with
those of the original clinical isolate

* Again, heterogeneous subpopulations
were grown in the inhibition halo
— persistence

Figure 1. Imipenem and meropenem Etests on A. bawmnannii showing resist-
ant subpopulation. In this particular instance. imipenem and meropenem
MICs were 12 and 6 mg/L., respectively., but a subpopulation of resistant
cells was grown at up to an imipenem or meropenem concentration of
= 32mg /L.



Heteroresistance to Meropenem 1n Curbﬂyc11cm-5us-:~c¢:ptihlc

Acmetobacter baumarnit’ ikonomidis et al. J Clin Microbiol 2009

Characteristics of carbapenem heteroresistance were studied in

14 apparently carbapenem-susceptible A. baumannii:

imipenem and meropenem MICs of the native isolates = 0.25-4 mg/L

PAP: subpopulations grown in the presence of imipenem up to 8 mg/L and meropenem

up to 32 mg/L

Meropenem-heteroresistant subpopulations of 11 isolates exhibited

stable resistance: MICs 16 to >32 mg/L



Heteroresistance to Meropenem 1n Cﬂrbﬂgenem-Susceptible

Acmnetobacter baumannii Ikonomidis et al. J Clin Microbiol. 2009; 47:4055-96

TABLE 2. Characteristics of the tested isolates

Highest Agar MIC (mg/liter) of

T concn of
Agar dilution heterogenous

, rowth in e Toc
Isolate  D2t€ of isoalatic-n Ward Specimen bla a1 tike Allelicﬂ ST PFGE MIIEEE.')HQ Ifﬂpu[aﬂc,n subpopulations in®:
(day/moyyr) allele profile® type® type analyses
(mg/liter) [PM MEM
IPM¢ MEM¢ IPM T:iEhl‘IPM MEM IPM MEM
AB5 09/10/07 Cardiology Sputum 66 1-1-1 1 I 2 4 4 : 8 14
ABI3 28/09/07 Medical Decubitus ulcer 66 1-1-1 1 V1 2 0.5 2 12 : 2
AB27 15/09/07 Icv Bronchial 91 1d-4-1c* NA VII 025 1 1 : 8 105
AB32 31/10/07 ICU Bronchial 66 7-4-1a* NA V 1 2 1 18 12
AB49 26/11/07 Oncology Blood 66 la-1-1 1 I 4 4 8 : 16 : 4
AB68 19/12/07 Oncology Sputum 66 la-1-1 1 I 2 2 8 132 12
ABTI 28/11/07 Medical Blood 66 la-1-1 1 I 025 025 4 18 11
AB72 02/12/07 Orthopedic  Pus 04 7-2-7* NA 1I 1 2 2 : 8 :0.5
ABTS8 07/01/08 Medical Blood 94 7-2-100 NA 1I 1 2 2 18 112
ABT9 16/01/08 Medical Decubitus ulcer 69 2-2-2 2 I 0.5 1 2 18 105
ABI119  07/02/08 Neurosurgery Sputum 66 4-2-7*% NA VII 025 1 1 : 8 : 0.5
ABI129  28/02/08 Neurosurgery Blood 69 2-2-2 2 I 2 1 8 16 11
ABI133  27/03/08 Orthopedic  Pus 66 1-1-1 1 IX 2 2 4 132 12
ABI135  31/03/08 Oncology Sputum 69 2-2-2 2 IV 1 1 4 : 16 : 1
——

¢ MICs estimated after 7 daily subcultures in antibiotic-free medium



Heteroresistance to Meropenem 1n Cﬂrbagenem-Susceptible
Acinetobacter baumannii Ikonomidis et al. J Clin Microbiol. 2009; 47:4055-96
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Heteroresistance to Meropenem in C‘ﬂrhagenern-Susceptihle

Acinetobacter baumannii lkonomidis et al. J Clin Microbiol 2009; 47:4055-96

» Time-kill assays with meropenem:
4/14 isolates were killed in time-dependent manner'®”

less pronounced killing for 10/14 isolates
e substantial regrowth after 9-12h for 3 isolates
* substantial regrowth after 24h for 7 isolates Z:S‘;e'lf‘“
- B ys:
- inoculum
so DX 106 CFU/mI
- meropenem 4

mg/L

Conclusions:
» Apparently meropenem-susceptible A. baumannii
may contain resistant subpopulations T c T R DR | ST : s s N—

B IR S | - e T T T

» Meropenem pressure may select highly 10+
resistant strains via heteroresistant subpopulations, .

1072

» Potential for selection by suboptimal therapeutic
dosages?

10°7

50



Imipenem heteroresistance induced by imipenem in multidrug-resistant
Acinetobacter baumannii: mechanism and clinical implications

Lee et al Int J Antimicrob Agents 2011

Retrospective case—control study, involving clinical
cases with subsequent clinical imipenem-non-susceptible MDR-AB isolates of the
same genotype and matched controls with imipenem-susceptible MDR-AB isolates

* Invitro experiments indicated Table 3

that imipenem Comparison 1:11 the length of use [-:[a*_-..rsjllof various antibiotics between cases and
. . controls.
heteroresistance, associated
with overexpression Antibiotic Controls (n=10) Cases (n—14) P-value
of bla ..o, could be induced Imipenem 5.33 + 4.80 10.86 + 6.48 0.02
bv imi Ciprofloxacin 2.33 + 4.95 2.71 &+ 6..83 0.22
y Imipenem Ceftriaxone 2.33 & 4.95 2.71 + 5.01 0.86
Ceftazidime 1.23 = 3.04 1.00 £ 3.74 0.83
. SAM 3.44 + 5.45 3.0 £ 6.13 0.88
Carba.penem US.e wa? the Moxifloxacin 0.78 = 2.33 0.29 £ 10.60 0.49
only risk factor identified for Cefepime 0.33 + 1.00 0.71 + 1.98 0.60
the emergence of Vancomycin 6.78 &= B.18 11.43 £+ 8.01 015
b h . Amikacin 1.23 = 4.00 1.50 £ 4.05 0.92
carbapenem-heteroresistant Ampicillin 0.00 + 0.00 0.50 + 1.87 0.44

MDR-AB



Imipenem heteroresistance induced by imipenem in multidrug-resistant

Acinetobacter baumannii: mechanism and clinical implications
Lee et al Int J Antimicrob Agents 2011

Imipenem MICs 6—32 mg/L
— resistant cells in the inhibition zone
of Etest strips or disks

Switch from susceptibility to

heteroresistance more likely after

exposure to imipenem * Isolate expressing imipenem heteroresistance lost in vitro
by Day 7 after serial passage in medium without imipenem

* When cultured in medium containing imipenem, the isolate
regained the heteroresistant phenotype by Day 3

Physicians should weigh risks-benefits
of carbapenem treatment for
carbapenem-susceptible AB infection

— Need for combination treatment
to prevent heteroresistance?

- v = 0 U

m O 3 M ~ On



Prevalence and analysis of microbiological factors
associated with phenotypic heterogeneous resistance
to carbapenems in A. baumannii

Fernandez Cuenca et al Int J Antimicrob Agents 2012

 Rate of phenotypic heterogeneous resistance (PHR):
20% to imipenem
24% to meropenem

* Susceptibility to imipenem in 39% isolates with PHR
* Susceptibility to meropenem in 7% isolates with PHR

* MICs of carbapenems for heterogeneous colonies similar (1 log2 dilution) to those of
their parental isolates

* Colonies growing inside the inhibition halo also reproduced PHR to carbapenems
— persistence



Heteroresistance to ampicillin/sulbactam

Misidentification of ampicillin/sulbactam heteroresistance

in A. baumannii strains from ICU patients
Savini et al J Infect 2009

 Twenty genetically-unrelated MDR A. baumannii strains: all were susceptible to
ampicillin/sulbactam (MICs 4 mg/L)

* Plates were incubated for 48 h (rather than 24 h)
* Interestingly, in five strains, few (<5) colonies were observed in the amp/sul inhibition zones

* Heterogeneous colonies inside inhibition halos had full amp/sul resistance...
— heteroresistance

* Heteroresistant colonies were misidentified both by automatic method (Vitek2) and by the
CLSI BMD test, having 18-24 h as endpoint for reading
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Heteroresistance to|Cephalosporins and Penicillins| in
Acinetobacter baumanmnii
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Heteroresistance to ampicillin-sulbactam (AB; SAM), cefepime © 0 1 2 a s 16 32 6a 128 268 512
(PM; FEP), and cefpirome (CR; CPO) showing a distinct colony Cefepime (ug/ml)
morphology oLcircuIar rings within the inhibition halos FIG 3 I:lopulaition artl)alysilsll profiles (E’:hA{’l} gf;t:r A. b_aumanfiiif SIsraiHS- Cefepime
detected by the disk diffusion and Etest was used to select subpopulations wi 1gher resistance levels.

Isolate ABOO8 exhibited bimodal growth in PAP with cefepime:

High-level cefepime-resistant subpopulations of - initial peak of growth at 1 pg/ml
A. baumannii were stable: - growth inhibition at 2--32 pg/ml
retained their high-level resistance trait upon repeated - peak of growth at 256 pg/ml
passages in medium without cefepime




] 5., | mSphere
Aminoglycoside Heteroresistance in Acinetobacter baumannii

AB5075 Anderson et al, mSphere. 2018
* The tobramycin-resistant subpopulation was cross-resistant to P
gentamicin but not amikacin A €
®

[ r

: : : . ™
* The increased tobramycin resistance phenotype was highly unstable: cells S
reverted to a less resistant population after growth on nonselective media 256 i

%
g S
* Mechanistic basis of heteroresistance: a8 &
At least two different mechanisms: ?é o

. . 8 g >

- aadB gene — increased expression of aadB s 1. n
- aadB-independent mechanism c
e

* C(linical effects of aminoglycoside heteroresistance are unknown

Anderson et al mSphere 2018



Heteroresistance and Resistance
to Colistin

a long story...



Heteroresistance to Colistin in MDR A. baumannii
Li et al Antimicrob Agents Chemother 2006

Heteroresistance to colistin in 16 clinical A. baumannii isolates,

apparently susceptible to colistin on the basis of MICs

Colistin showed early concentration-dependent killing, but

bacterial regrowth was observed at 24 h

PAPs revealed that heteroresistance to colistin was prevalent: 15/16 clinical isolates

Colistin-resistant A. baumannii may be observed more frequently due to potential

suboptimal dosage of colistin methanesulfonate
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Heteroresistance to Colistin in MDR A. baumannii
Li et al Antimicrob Agents Chemother 2006
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Comparative evaluation of colistin susceptibility testing methods in
colistin-heteroresistant E. cloacae and A. baumannii

Lo-Ten-Foe et al Antimicrob Agents Chemother 2007

Colistin heteroresistance observed in E. cloacae and A. baumannii

Resistance to colistin induced upon colistin exposure rather than caused by stable
mutations [not known in 2007!]

Heteroresistance could be detected by broth microdilution, agar dilution, Etest, or
disk diffusion test, not by VITEK 2

“In species known to exhibit heteroresistance, susceptibility methods capable of
detecting heteroresistance should be used”



Colistin Heteroresistance in Acinetobacter:

Its Association with Previous Colistin Therapy
Hawley et al Antimicrob Agents Chemother 2008

* Population analysis profiles identified resistant Acinetobacter subpopulations
among colistin-susceptible clinical isolates

* The proportion of cells exhibiting heteroresistance was significantly higher
among isolates from patients treated with colistin



Detection of colistin heteroresistance in A. baumannii

from blood and respiratory isolates
Srinivas et al Diagn Microbiol Infect Dis 2018

* The majority of colistin-susceptible A. baumannii blood and respiratory isolates
demonstrated colistin heteroresistance (20/24, 83%)

e Colistin heteroresistance was not associated with suboptimal clinical outcomes

possibly due to the use of aggressive colistin dosing regimens and combination
therapy

but...

* The previous use of colistin was not associated with the subsequent development of
heteroresistance...



Colistin heteroresistance and the involvement of the

PmrAB regulatory system in A. baumannii
Charretier et al Antimicrob Agents Chemother 2018

From 3 unrelated A. baumannii clinical strains (ST 2, 3, and 20), 8 colistin-resistant
mutants were selected

Using PAP, half of the mutants showed unstable HR to colistin, associated with
several point mutations within pmrA and pmrB

The other half mutants exhibited stable resistance, associated with
point mutations within pmrB



Virulence of A. baumannii exhibiting phenotypic heterogeneous growth

against meropenem in a murine thigh infection model
Neou E et al, Antibiotics 2013; 11: 73-82

Investigation of the virulence of 5 A. baumannii

Clinical importance?

Isolate

Abl

Ab2

Ab3

Ab4

AbSs

Characteristics of the study 1solates

isolates grown heterogeneously in the presence of meropenem

Agar Highest M EM " Agar dilution
* Susceptibility dilution concentration of MIC (mg/L)
status to PFGE MEM growth in of M EM
antimicrobials MIC population grown
(mg/L) analyvses (mg/L.) subpopulations
SAM. CIP. COL.
I 4 16 32 «—
BN 5 stable HR
GEN. TOB. CIP.
1T 1 S 1 A
SAM. MEM. COL “~
GEN. TOB. SAM. -
I 2 S 1 «—
MEM. COL persisters
GEN. SAM. MEM. /
I 4 16 2
COL
GEN. TOB. SAM.
I1T 2 32 = 32 <
MEM. oL stable HR

b MICs estimated after 7 subcultures in antibiotic-free medium



Mean bacterial lung concentration Mortality

Strain Treatment regimen (log CFU/g thigh) P
Untreated control 10.468 3/3
Clinical Meropenem 20 mg /kg/8 h 10.250 1/3
Abl . S IREC
isolate Meropenem 100 mg/kg/12 h MIC 4 mg/L7.992 1/3
Meropenem 400 mg/kg/8 h 8.480 0/3
Untreated control 10.079 0/3
Ablh Heterogeneous Meropenem 20 mg /kg/8 h M IC 3 2 m g / Ll 0.010 0/3
subpopulation  Meropenem 100 mg/kg/12 h 7.599 0/3
Meropenem 400 mg/kg/8 h 6.135 0/3
Untreated control 10.568 3/3
Ab2 Clinical Meropenem 20 mg/kg/8 h 10.450 2/3
. isolate Meropenem 100 mg/kg/12 h 10.508 0/3
Meropenem 400 mg/kg/8 h 7.393 0/3
Untreated control 10.560 0/3
Ab2h Heterogencous Meropenem 20 mg /kg/8 h 10.450 0/3
subpopulation  Meropenem 100 mg/kg/12 h 10.508 0/3
Meropenem 400 mg/kg/8 h 7.393 0/3
Untreated control 10.370 3/3
Ta b I e 2 Ab3 Clinical Meropenem 20 mg/kg/8 h 10.250 2/3
° AR isolate Meropenem 100 mg/'kg/12 h 10.032 0/3
E H t I H f t' Meropenem 400 mg/kg/8 h 8.100 0/3
xperlmen a In ec Ions Untreated control 10.365 3/3
. Ab3h Heterogeneous Meropenem 20 mg /kg/8 h 10.125 0/3
t re ate d W |t h m e ro p e n e m subpopulation Meropenem 100 mg/kg/12 h 10.032 1/3
Meropenem 400 mg/kg/8 h 8.124 0/3
Untreated control 10.280 3/3
Aba Clinical Meropenem 20 mg/kg/8 h 10.145 1/3
) isolate Meropenem 100 mg/kg/12 h 10.055 0/3
Meropenem 400 mg/kg/8 h 7.950 0/3
Untreated control 10412 3/3
Ab4h Heterogeneous Meropenem 20 mg /kg/8 h 10.275 1/3
subpopulation  Meropenem 100 mg/kg/12 h 10.032 0/3
Meropenem 400 mg/kg/8 h 8.116 0/3
Untreated control 10.350 3/3
AbS Clinical Meropenem 20 mg/kg/8 h 10.150 2/3
T isolate Meropenem 100mg/kg/12h MIC 2 m g / |10.035 1/3
Meropenem 400 mg/kg/8 h 8.066 0/3
Untreated control 10.128 0/3
Heterogeneous Meropenem 20 mg /kg/8 h 0.078 0/3
AbS51 = , ==
* subpopulation  Meropenem 100 mg/kg/12 h MIC32 m / 0.032 0/3
Meropenem 400 mg/kg/8 h 8.299 0/3
Untreated control 9.077 0/3
Meropenem 20 mg/kg/8 h 8.015 0/3
L E. coli ATCC 25922 - e .
Neou E et al, Antibiotics 2013; 11: 73-82 Meropenem 100 me/kg/12 h 7.979 0/3
Meropenem 400 me'ke/8 h 2.015 0/3



Virulence of A. baumannii exhibiting phenotypic
heterogeneous growth against

meropenem in a murine thigh infection model
Neou E et al, Antibiotics 2013; 11: 73-82

* No treatment:
Heteroresistant A. baumannii subpopulations killed considerably
fewer mice — reduced virulence

* Meropenem treatment:
Similar outcome in infections caused by heterogeneous vs. parental
isolates [irrespective much higher MICs of the HR isolates]
— further evidence of reduced virulence

Clinical importance of heteroresistance in A. baumannii questionable...



REPORT OF POSSIBLE CLINICAL HETERORESISTANCE

Growth Retardation, Reduced Invasiveness, and Impaired
Colistin-Mediated Cell Death Associated with Colistin
Resistance Development in Acinetobacter baumannii

Pournaras et al Antimicrob Agents Chemother 2014

e Colistin-susceptible isolates caused severe bloodstream or soft tissue infections
e Colistin-resistant isolates were mainly colonizers; they had significantly slower growth
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These observations overall suggest that changes contributing to colistin
(hetero)resistance confer a considerable fitness cost and affect the
capacity to produce clinical infections
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