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1. WYKAZ STOSOWANYCH SKROTOW
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MDR

MGE

NDM-1

oIT
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omv

OXA

PBP

PCR

PDR

real-time PCR

beta-laktamazy klasy D hydrolizujgce karbapenemy (ang. carbapenem-

hydrolyzing class D beta-lactamases)
metoda inaktywacji karbapenemdw (ang. carbapenem inactivation method)
polisacharyd otoczkowy (ang. capsular polysaccharide)

szczepy Acinetobacter baumannii oporne na karbapenemy (ang.

carbapenem-resistant Acinetobacter baumannii)

zewnatrzkomodrkowa substancja polimerowa (ang. extracellular polymeric

substances)

sekwencje insercyjne (ang. insertion sequences)
lipooligosacharyd (ang. lipooligosaccharide)
metalo-beta-laktamazy (ang. metallo-beta-lactamases)
szczep wieloantybiotykooporny (ang. multidrug-resistant)
mobilne elementy genetyczne (ang. mobile genetic elements)

New Delhi metalo-beta-laktamaza-1 (ang. New Delhi metallo-beta-

lactamase)

oddziat intensywnej terapii

biatka btony zewnetrznej (ang. outer membrane proteins)
pecherzyki btony zewnetrznej (ang. outer membrane vesicles)
oksacylinazy (ang. oxacillinases)

biatka wigzgce penicyline (ang. penicillin binding proteins)

reakcja fanncuchowa polimerazy (ang. polymerase chain reaction)
szczepy oporne na wszystkie antybiotyki (ang. pan-drug-resistant)

tancuchowa reakcja polimerazy w czasie rzeczywistym (ang. real-time

polymerase chain reaction)



VAP zapalenie ptuc zwigzane z wentylacja mechaniczng (ang. ventilator-

associated pneumonia)

XDR szczepy O rozszerzonej opornosci na antybiotyki (ang. extensively drug

resistance)



2. WSTEP
2.1. Charakterystyka pateczek Acinetobacter baumannii
2.1.1. Klasyfikacja i rys historyczny

Bakterie z rodzaju Acinetobacter zostaty po raz pierwszy opisane w 1911 r. przez dunskiego
mikrobiologa Beijerincka. Wyizolowany woéwczas przez siebie drobnoustréj z gleby
zaklasyfikowat on do rodzaju Micrococcus i nadat nazwe Micrococcus calco-aceticus [1]. W
kolejnych latach taksonomia tych bakterii pozostawata niejasna i przypisywano je do réznych
rodzajéw, np. Alcaligenes, Mima, Moraxella, Achromobacter. W 1954 r. Brisou i Prevot
zaproponowali podziat rodzaju Achromobacter na gatunki zdolne i niezdolne do ruchu; te
nieruchliwe nazwali Acinetobacter (gr. akwetoo [akinetos] — nie poruszajgce sie) [2]. Nazwa ta
zostata zaakceptowana dopiero w 1968 r., po pojawieniu sie publikacji amerykanskiego
mikrobiologa Paula Baumanna, ktéra dotyczyta oceny cech odzywczych i biochemicznych
oksydazo-ujemnych pateczek nalezgcych do grupy Mima-Herellea-Acinetobacter. Na
podstawie wynikdw tych badan naukowcy zaklasyfikowali wszystkie oksydazo-ujemne bakterie
z tej grupy do jednego rodzaju, o nazwie wczesniej zaproponowanej przez Brisou i Prevota —
Acinetobacter [3]. W 1980 r. w ,,Approved List of Bacterial Names” wymienione zostaty dwa
gatunki tego rodzaju A. calcoaceticus i A. Iwoffii [4]. Przetom w dtugiej i ztozonej historii
nomenklatury rodzaju nastgpit w 1986 r., kiedy Bouvet i Grimont opierajgc sie na badaniach
hybrydyzacji DNA-DNA, wyodrebnili 12 genogatunkdw, z ktdrych niektére otrzymaty formalne
nazwy gatunkowe, w tym A. baumannii, A. calcoaceticus, A. haemolyticus, A. johnsonii, A. junii
i A. lwoffii [5].

Wedtug wspodtczesnej taksonomii wyrdznia sie ponad 100 gatunkéw nalezgcych do
rodzaju Acinetobacter. Najistotniejszym pod wzgledem klinicznym gatunkiem jest
A. baumannii, ktéry z uwagi na bliskie pokrewienstwo i trudnosci zwigzane z réznicowaniem
opartym na wtasciwosciach fenotypowych, zostat zaklasyfikowany do A. calcoaceticus-
baumannii complex. Ta grupa taksonomiczna obejmuje 6 gatunkdw: A. calcoaceticus,
A. baumannii, A. pitti, A. nosocomialis (gatunek genomowy 13TU), A. seifertii i A. lactucae [6].

W tabeli nr 1 przedstawiono obowigzujgcg aktualnie klasyfikacje gatunku A. baumannii [7].

Tabela 1. Klasyfikacja A. baumannii

Typ Klasa Rzad Rodzina Rodzaj Gatunek

Proteobacteria | y-Proteobacteria | Pseudomonadales | Moraxellaceae | Acinetobacter | A. baumannii



2.1.2. Wystepowanie i cechy biologiczne

Pateczki A. baumannii s rozpowszechnione w przyrodzie, wystepujg w wodzie, glebie, na
roslinach i w Sciekach. Mozna je rowniez wyizolowac ze skéry i jelit zdrowych ludzi lub zwierzat.
S3 rozpowszechnione w srodowisku szpitalnym [8].

A. baumannii to Gram-ujemne ziarniako-pateczki, czasem tworzace uktady
popodziatowe w postaci dwoinek. W fazie logarytmicznego wzrostu przyjmujg postac pekatych
pateczek, natomiast czesto w fazie stacjonarnej wykazujg ksztatt kokoidalny (ziarniakéw).
Wielkos¢ ich komoérek waha sie miedzy 1,0-1,5 um x 1,5-2,5 um. Czesto podczas barwienia
metoda Grama wybarwiajg sie nieregularnie, co jest cechg typowa dla réznych przedstawicieli
rodziny Moraxellaceae [7,9]. Sg nieruchliwe, jednak czes¢ szczepdw, pomimo braku rzesek,
wykazuje ruch drgajacy (ang. twitching motility) po powierzchniach statych, ktory jest zalezny
od uzycia pili typu IV [10] oraz ruch okreslany zwrotem ,,rojny” (ang. swarming) polegajacy na
skoordynowanym, wielokomérkowym przemieszczaniu sie bakterii. Zdolno$¢ ta pozwala
bakteriom na szybkie rozprzestrzenianie sie, zwtaszcza w $rodowisku szpitalnym (np. na
cewnikach, powierzchniach urzadzen) i kolonizacje nowych nisz [11]. Przedstawiciele gatunku
A. baumannii nie wytwarzajg przetrwalnikéw [9].

Pateczki nalezace do rodzaju Acinetobacter majg niewielkie wymagania pokarmowe. Sg
to prototrofy, wyrastajg na ubogich podtozach i mogg wykorzystywac wiele réznych zwigzkéw
organicznych jako Zrédto wegla i energii. Optymalna temperatura wzrostu szczepdéw
A. baumannii to 37°C. Optymalne pH do rozwoju wynosi 6,5, jednak mogg wyrasta¢ w zakresie
pH 5,0—-8,0. Na agarze z krwig baranig, po 24 godzinach inkubacji w temperaturze 37°C tworzg
biatawe, wypukte kolonie o srednicy 1,5 — 3 mm. Niektére szczepy wytwarzajace otoczke
wyrastajg w postaci sluzowych kolonii [7].

Gtéwne cechy biochemiczne umozliwiajgce rdznicowanie A. baumannii z innymi
tlenowymi pateczkami Gram-ujemnymi to: utlenianie glukozy, ksylozy, laktozy oraz brak

wytwarzania oksydazy cytochromowej [12].

2.1.3. Czynniki wirulencji i patogeneza zakazen
Pateczki A. baumannii dysponujg czynnikami wirulencji stanowigcymi wyspecjalizowane
mechanizmy i struktury, ktére umozliwiajg kolonizacje tkanek gospodarza, wywotywanie
zakazen miejscowych i ogdlnoustrojowych, unikanie mechanizmdéw obronnych gospodarza

oraz przetrwanie w réznych warunkach srodowiskowych. Najbardziej charakterystycznym



sktadnikiem btony zewnetrznej pateczek Gram-ujemnych jest lipopolisacharyd, jednak szczepy
A. baumannii posiadajg lipooligosacharyd (LOS), ktéry ma krétszg strukture oligosacharydowa
z powodu braku antygenu O w swojej budowie [13]. Wykazano, ze wystepowanie LOS
stymuluje wrodzong odpowiedZ immunologiczng gospodarza poprzez aktywacje receptora
Toll-like 4 [14]. Budowa LOS moze zmienia¢ sie w wyniku warunkéw stresowych i pozwala
A. baumannii adaptowac sie do niskich temperatur [15].

Kolejng wazng determinantg zjadliwosci jest polisacharyd otoczkowy (ang. capsular
polysaccharide, CPS), ktéry stanowi gtdwny sktadnik otoczki bakteryjnej. Posredniczy ona w
unikaniu mechanizmdéw odpowiedzi immunologicznej gospodarza przez szczepy A. baumannii
poprzez ograniczanie interakcji miedzy immunogennymi strukturami powierzchniowymi
bakterii, a mechanizmami obronnymi gospodarza. Obecnos¢ CPS zwieksza opornos¢ tych
bakterii na zwigzki przeciwdrobnoustrojowe, w tym srodki dezynfekcyjne [16]. Tolerancja
A. baumannii na wysuszenie wynika z tzw. strategii ,zatamania lub rozkwitu” (ang. ,bust or
boom”), w ktdrej przetrwata subpopulacja komodrek przezywa kosztem obumierajgcych
komodrek. CPS zwieksza ponadto tolerancje na wysuszenie, zapewniajac fizyczng bariere
utatwiajgca zatrzymywanie wody w komérce [17]. Udowodniono, ze hiperwirulentny szczep
A. baumannii AB5075 wytwarza warstwe CPS dwukrotnie grubszg niz ich mniej zjadliwe
odpowiedniki [18].

Sposréd czynnikdw determinujgcych wirulencje pateczek A. baumannii na szczegélng
uwage, ze wzgledu na swoje umiejscowienie, zastugujg biatka btony zewnetrznej (ang. outer
membrane proteins, OMP) [19]. Sposrdd wielu biatek OMP, najliczniej wystepuja: OmpA, Omp
33-36 kDa, BauA, CarO, OprD-like, AbuO, TolB, DcaP, Oma87/BamA, NmRmpM, CadF i OprF
[19-21]. Sg one uwalniane wraz z innymi czgsteczkami tworzacymi btone zewnetrzng w
pecherzykach btony zewnetrznej (ang. outer membrane vesicles, OMV) [22]. OMP
umiejscowione na zewnatrz btony biorg udziat w adhezji do komérek gospodarza, ich inwazji,
majg réwniez zdolnos¢ do aktywacji apoptozy i petnig role w transporcie réznych czasteczek,
w tym antybiotykdw do wnetrza komdrki bakteryjnej [23]. U szczepdw A. baumannii w btonie
zewnetrznej najliczniej wystepuje biatko OmpA. Fizjologicznie, jak wszystkie OMP, petni ono
role kanatu porynowego dla matych czasteczek, ktdore dostajg sie do wnetrza komorki
bakteryjnej. W patomechanizmie zakazenia czynnik ten oddziatuje na komdorki uktadu
immunologicznego gospodarza, m.in. poprzez stymulacje wytwarzania reaktywnych form

tlenu, co prowadzi do wczesnej apoptozy komdrek gospodarza [24]. Biatko Omp o masie
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czasteczkowej od 33 do 36 kDa (Omp 33-36) to poryna, dziatajgca jako kanat umozliwiajacy
przeptyw wody. W komodrkach gospodarza biatko to indukuje apoptoze poprzez aktywacje
kaspaz i modulacje zjawiska autofagii [25]. Wykrywano specyficzne przeciwciata IgM, IgA, IgG
W surowicy wigzace biatko Omp 34,4 kDa, co mogtoby wskazywaé, ze biatko to moze by¢
markerem diagnostycznym w badaniach serologicznych wykrywajgcych zakazenie o etiologii
A. baumannii [26]. Wykazano rowniez, ze OMV uczestniczg w horyzontalnym transferze gendw,
w tym gendw opornosci na antybiotyki, do sgsiednich komadrek bakteryjnych [27].

Celem przetrwania w sSrodowisku o ograniczonym dostepie do zelaza niektore
drobnoustroje wyksztatcity systemy pozyskiwania zelaza — siderofory. Cho¢ opisywane bakterie
mogg wytwarza¢ kilka sideroforow, gtédwny i najlepiej scharakteryzowany siderofor
wytwarzany przez pateczki A. baumannii to acinetobaktyna. Geny kodujgce biatka
zaangazowane w biosynteze (np. basA, basB, basC i basD) i transport (np. bauA, bauC, bauD)
acinetobaktyny s zlokalizowane w obrebie jednego klastru genowego [25,26]. Wsréd
szczepbw A. baumannii opisano réznorodnos$é genetyczng w klastrach gendéw acinetobaktyny,
co moze by¢ powigzane ze zréznicowang wirulencjg przedstawicieli tego gatunku [28,29].

Jednym z gtéwnych czynnikdw pozwalajgcych przetrwaé A. baumannii w srodowisku
szpitalnym jest zdolno$¢ do wytwarzania biofilmu. Jest to struktura sktadajgca sie z
drobnoustrojéw przylegajgcych do powierzchni otoczonych przez wytworzong przez nie
macierz ztozong z zewngatrzkomadrkowej substancji polimerowej (ang. extracellular polymeric
substances, EPS) [30]. Taka budowa umozliwia komérkom A. baumannii obrone przed
dziataniem ukfadu odpornosciowego oraz unikanie niekorzystnego wptywu srodkéw
dezynfekcyjnych czy antybiotykdow [31]. Wytwarzanie biofilmu jest ztozonym procesem, ktéry
mozna podzieli¢ na 5 gtdwnych etapow:

1. odwracalne przyleganie komdrek bakteryjnych do powierzchni,

2. nieodwracalng adhezje za pomocg czynnikéw zwigzanych z powierzchnig komarki,

3. poczatkowe formowanie sie biofilmu indukowane wytwarzaniem macierzy
zewnatrzkomorkowej,

4. dojrzewanie biofilmu poprzez ciggty podziat komérek bakteryjnych i wytwarzanie
dodatkowych EPS,

5. rozproszenie komadrek z biofilmu [32].
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Kazdy z tych etapdw jest regulowany przez szereg czynnikdw zewnetrznych i
wewnetrznych, m.in.: OMP, pili, fimbrie, system komunikowania sie komérek bakterii —
guorum sensing, biatko Bap [33].

Czynnikami, ktére wptywajg bezposrednio na strukture btony komérek gospodarza sg
enzymy — hemolizyny (bezposrednie i posrednie), lipazy, proteazy i fosfolipazy. Szczepy
A. baumannii mogg wytwarzac¢ fosfolipazy C oraz D. Ich dziatanie polega na hydrolizie
fosfolipidu wchodzacego w sktad btony komérkowej eukariontow — fosfatydylocholiny.
Hydroliza tego fosfolipidu powoduje zmiane przepuszczalnosci btony komérkowe]j gospodarza

[34,35].

2.1.4. Mechanizmy opornosci na antybiotyki

Pateczki A. baumannii wykazuja wysoki poziom opornosci na szereg antybiotykéw réznych
grup chemicznych. Wiekszo$¢ szczepdw tego gatunku, izolowanych od pacjentéw
hospitalizowanych, wykazuje fenotyp opornosci rozszerzonej na antybiotyki (ang. extensively
drug resistance, XDR). Wytwarzane przez drobnoustroje mechanizmy opornosci na antybiotyki
mozna podzieli¢ na trzy gtéwne grupy, tj.: kontrole transportu antybiotyku przez btony
biologiczne, zmiane miejsca docelowego dziatania lekdéw, dziatanie enzymatyczne zmieniajgce
lub inaktywujgce dziatanie antybiotyku. Pateczki A. baumannii wyksztatcity wszystkie
dotychczas poznane mechanizmy antybiotykoopornosci, ktére czesto wspdtwystepujg w
obrebie jednego szczepu.

Kontrola transportu antybiotyku moze zachodzi¢ poprzez utrate biatek porynowych,
ktdre tworzg czesto kanaty btonowe dla antybiotykéw, co skutkuje zmniejszeniem ich stezenia
wewnatrzkomorkowego. Alternatywnie moze sie to odbywaé poprzez nadekspresje pomp
wyrzutu (ang. efflux pump), ktérych dziatanie polega na aktywnym transporcie antybiotykdéw
na zewnatrz komérki bakteryjnej [36,37].

Do zmiany miejsca docelowego dziatania lekéw moze dochodzi¢ na skutek mutacji
gendéw, ktoére kodujg biatka bedace receptorem dla danego antybiotyku (np. wobec
fluorochinolonéw mutacje zachodzg w genach kodujacych podjednostke gyrazy DNA i
podjednostke C topoizomerazy). Pateczki A. baumannii wytwarzajg ponadto liczne enzymy
hydrolizujgce beta-laktamy, w szczegdlnosci beta-laktamazy o waskim i rozszerzonym zakresie

dziatania, a takze enzymy modyfikujgce aminoglikozydy.
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Pateczki A. baumannii, ze wzgledu na wyjatkowg plastycznos¢ genomu, poprzez
rearanzacje genetyczne, zdolne sg do nabywania nowych mechanizméw opornosci na
antybiotyki, np. na drodze horyzontalnego transferu gendéw. Najprostszymi mobilnymi
elementami genetycznymi (ang. mobile genetic elements, MGE), ktére wystepuja u tego
gatunku sg sekwencje insercyjne (ang. insertion sequences, IS), ktore mogg formowad
transpozony. Bardziej ztozonymi MGE, powigzanymi z antybiotykoopornosciag sg integrony,

wyspy genomowe i plazmidy [38].

2.1.5. Mechanizmy opornosci na karbapenemy

Opornosé A. baumannii na karbapenemy, ktére do niedawna byty antybiotykami z wyboru w
leczeniu zakazen o tej etiologii, wynika z obecnosci wielu, czesto wspdtwystepujgcych
mechanizméw. Utrata biatek porynowych, np. CarO, OprD, Omp33-36, zwieksza poziom
opornosci komorki bakteryjnej na karbapenemy, gdyz tracg one mozliwo$é dyfuzji do miejsca
ich docelowego dziatania, tj. przestrzeni peryplazmatycznej [19].

Kolejnym mechanizmem, ktérego dziatanie réwniez polega na obnizaniu stezenia
wewnatrzkomérkowego leku, jest nadekspresja pomp wyrzutu. Z opornoscia na karbapenemy
najbardziej powigzana jest pompa wyrzutu AdeABC — nalezgca do rodziny pomp RND (ang.
resistance-nodulation-division) [39]. Sktada sie ona z trzech komponentéw: AdeA — biatko
fuzyjne btony komdrkowej, AdeB — kanat biatkowy btony wewnetrznej i AdeC — kanat
biatkowy btony zewnetrznej [40]. Nadekspresja biatka AdeB wynika zazwyczaj z mutacji w
genach adeS i adeR, ale moze takze by¢ zwigzana z obecnoscig sekwencji insercyjnej ISAbal
powyzej genu adeS [41,42]. Zdecydowanie mniejsze znaczenie w rozwoju opornosci na
antybiotyki beta-laktamowe u pateczek A. baumannii, podobnie jak u pozostatych bakterii
Gram-ujemnych, ma zmiana struktury grupy biatek wigzgcych penicyline (ang. penicillin
binding proteins, PBP). Opornos¢ na karbapenemy powigzana jest gtdwnie ze zmianami
strukturalnymi w czgsteczkach PBP3 [43].

Oporno$é na karbapenemy u pateczek A. baumannii determinowana jest gtdwnie
poprzez wytwarzanie przez te drobnoustroje enzymoéw hydrolizujgcych antybiotyki —
karbapenemaz. Bakterie te wytwarzajg beta-laktamazy wszystkich typow ujetych w klasyfikacji
Amblera [44]. Sposréd beta-laktamaz klasy A, sporadycznie wykrywano karbapenemaze
Klebsiella pneumoniae (ang. Klebsiella pnemoniae carbapenemase) [45]. Najwieksze znaczenie

kliniczne wsréd beta-laktamaz klasy B (metalo-beta-laktamazy, MBL) wykrywanych u
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klinicznych szczepow A. baumannii ma New Delhi metalo-beta-laktamaza-1 (ang. New Delhi
metallo-beta-lactamase, NDM-1) oraz imipenemaza (ang. imipenemase). Geny kodujgce
enzym NDM-1 s3 najczesciej umiejscowione na plazmidach, w zwigzku z tym posiadajace je
szczepy stanowig istotne zagrozenie epidemiologiczne ze wzgledu na mozliwos¢
przekazywania informacji genetycznej na drodze horyzontalnego transferu gendw [46].
Mechanizmem warunkujgcym opornosc na karbapenemy u wiekszosci szczepdw A. baumannii
jest wytwarzanie beta-laktamaz klasy D hydrolizujgcych karbapenemy (ang. carbapenem-
hydrolyzing class D beta-lactamases, CHDL), nazywanych réwniez oksacylinazami (ang.
oxacillinases, OXA). U pateczek A. baumannii najczesciej wystepujg enzymy typu: OXA-23, OXA-
24/40 i OXA-58. Geny kodujace ten rodzaj beta-laktamaz mogg by¢ zlokalizowane zaréwno w
strukturze chromosomu bakteryjnego, jak i plazmidu. Naturalnie wystepujacg oksacylinazg u
A. baumannii, kodowang chromosomalnie jest natomiast OXA-51 [47]. CHDL to enzymy
serynowe, ktére wykazujg niskie powinowactwo do karbapenemoéw. Na poziom ekspresji
genow blaoxa istotnie wptywa wystepowanie sekwencji promotorowych, insercyjnych [45]. U
A. baumannii najczesciej wystepuje sekwencja ISAbal. Ponadto elementy IS w obrebie swoich
sekwencji kodujg enzym transpozaze, co umozliwia horyzontalny transfer genéw i wptywa na
rozprzestrzenianie sie tego mechanizmu opornosci pomiedzy szczepami [47].

2.1.6. Epidemiologia i postaci zakazen wywotywanych przez Acinetobacter
baumannii

Dawniej uwazano, ze bakterie z rodzaju Acinetobacter wystepujg tylko w wilgotnym klimacie.
Byty one drugg najczestszg, po pateczkach z gatunku Pseudomonas aeruginosa, przyczyng
zapalenia ptuc zwigzanego z wentylacjg mechaniczng w gwatemalskich szpitalach. Pateczki
A. baumannii, mimo, ze nie wytwarzajg przetrwalnikéw, wykazujg zdolnos¢ do przetrwania w
suchym S$rodowisku, co moze sprzyja¢ ich transmisji poprzez kontakt ze skazonymi
powierzchniami (np. klamki, telefony, blaty) w szpitalach. W zwigzku z tg cechg, jak i zdolnoscia
przylegania do polimerow stosowanych w medycynie (szczegdlnie do rurek
tracheostomijnych), pateczki te od lat 70. XX w. nabraty istotnego znaczenia klinicznego —
stanowig wazny czynnik etiologiczny zakazen szpitalnych réwniez w klimacie umiarkowanym
[48].

Pateczki A. baumannii wywotujg przede wszystkim zakazenia oportunistyczne. S3
czynnikiem etiologicznym m.in.: zapalenia ptuc zwigzanego z wentylacjg mechaniczng (ang.
ventilator-associated pneumonia, VAP), zakazen ran, zakazen uktadu moczowego (szczegdlnie
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u pacjentéw cewnikowanych) oraz bakteriemii. Dtuisze okresy hospitalizacji, obnizona
skuteczno$¢ odpowiedzi immunologicznej pacjenta, oparzenia i obrazenia ciata, dtugi czas
ekspozycji na antybiotyki, stosowanie procedur inwazyjnych, brak wydajnej kontroli zakazen
oraz choroba podstawowa to uznane czynniki ryzyka zakazen szczepami A. baumannii [49].
Czesc z tych czynnikéw wspdtwystepuje u pacjentdw leczonych na oddziatach intensywnej
terapii (OIT), dlatego bakterie tego gatunku najczesciej izoluje sie od chorych leczonych w
jednostkach szpitalnych o tym profilu [50].

Mozliwos¢ tworzenia biofilmu i preferencja srodowiska wilgotnego prowadzi do
kolonizacji respiratorow przez pateczki A. baumannii. Jest to zazwyczaj faza wstepna VAP.
Zgodnie z rekomendacjami Narodowego Programu Ochrony Antybiotykdw, pateczki
A. baumannii sg jednym z gtéwnych czynnikéw etiologicznych pdznego VAP, tj. takiego, ktéry
pojawia sie po uptywie 5. doby od rozpoczecia oddechu zastepczego [51]. Epizody bakteriemii
wywotanej przez A. baumannii wystepujg najczesciej u pacjentdéw w stanie krytycznym
przyjmowanych na OIT. Objawy kliniczne bakteriemii wywotanej przez A. baumannii nie sg
specyficzne. Najczestszymi zrédtami bakteriemii sg cewniki wewnatrznaczyniowe i drogi
oddechowe. Zakazenia wewnatrzszpitalne wywotane wieloantybiotykoopornymi (ang.
multidrug-resistant, MDR) szczepami A. baumannii charakteryzuje wysoki odsetek
Smiertelnosci. W przypadku VAP wynosi on niemal 70%, natomiast ponad 40% w przypadkach

bakteriemii [52].

2.1.7. Leczenie zakazen wywotywanych przez pateczki Acinetobacter baumannii

Zakazenia o etiologii A. baumannii sg jednym z najwiekszych zagrozen w srodowisku szpitalnym
na catym Swiecie ze wzgledu na wysoki odsetek szczepdédw opornych na dziatanie lekow
przeciwbakteryjnych. Wobec tych, ktére pozostajg wrazliwe na antybiotyki, lekiem z wyboru
sg karbapenemy. Odsetek takich izolatéw w Polsce dotyczy jednak zaledwie od kilku do
kilkunastu procent. W 2024 r. Swiatowa Organizacja Zdrowia aktualizujac liste drobnoustrojéw,
dla ktdrych kluczowe jest poszukiwanie nowych opcji terapeutycznych, ponownie umiescita na
niej pateczki A. baumannii oporne na karbapenemy (ang. carbapenem-resistant Acinetobacter
baumannii, CRAb) [53]. Lekiem, ktory dotychczas byt traktowany jako antybiotyk ostatniej
szansy w zakazeniach o etiologii A. baumannii jest kolistyna. Jej stosowanie podlega jednak
pewnym ograniczeniom, gdyz z uwagi na ograniczong skuteczno$¢ zaleca sie jej stosowanie

jedynie w terapii skojarzonej. Sposréd dotychczas znanych lekéw aktywnych wobec CRAb
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skutecznos¢ kliniczng przy stosowaniu wysokich dawek moze wykazywaé¢ ampicylina z
sulbaktamem [54]. Leczenie zakazen o etiologii CRADb jest niezwykle trudne, dlatego sugeruje
sie, zeby kazdorazowo stosowac terapie skojarzona.

Ze wzgledu na wystepowanie u pateczek A. baumannii licznych mechanizméw
antybiotykoopornosci konieczne jest poszukiwanie nowych skutecznych lekéw. W ciggu
ostatnich lat na rynku medycznym pojawit sie antybiotyk z grupy cefalosporyn — cefiderokol.
Struktura sideroforowa tego leku pozwala na wigzanie pozakomérkowego zelaza, co umozliwia
jego aktywny transport do przestrzeni peryplazmatycznej [55]. Kolejnym nowym rozwigzaniem
jest potgczenie sulbaktamu z durlobaktamem, ktéry w Stanach Zjednoczonych jest
zarejestrowany do leczenia zapalenia ptuc o etiologii CRAb. Jego mechanizm dziatania opiera
sie na zastosowaniu nowego inhibitora beta-laktamaz — durlobaktamu, ktéry hamuje dziatanie
CHDL i przywraca aktywnos¢ sulbaktamowi petnigcemu jednoczes$nie funkcje inhibitora beta-
laktamaz oraz wykazujgcemu aktywnos¢ wobec pateczek Acinetobacter spp. poprzez wigzanie
z biatkami PBP, co prowadzi do zaburzania syntezy sciany komérkowej i w konsekwencji do

Smierci komorki bakteryjne;j.
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3. CEL BADAN

Na przetrwanie pateczek A. baumannii w srodowisku szpitalnym i mozliwos¢ zakazania
kolejnych pacjentéow wptywa wiele czynnikbw. Po pierwsze, patogeneza zakazen
wywotywanych przez pateczki A. baumannii jest determinowana przez szereg czynnikéw
zjadliwosci, ktére umozliwiajg patogenom adhezje, inwazje i przetrwanie w Srodowisku
niesprzyjajagcym dla rozwoju drobnoustrojéw. Po drugie, leczenie zakazen o etiologii
A. baumannii u pacjentéw hospitalizowanych stanowi powazine wyzwanie terapeutyczne.
Dotychczas lekami z wyboru stosowanymi w leczeniu tych zakazen byty karbapenemy. W
ostatnich latach wsrdd izolatow szpitalnych notuje sie znaczacy wzrost liczby szczepow
opornych na antybiotyki beta-laktamowe. Opornos$¢ na karbapenemy u pateczek A. baumannii
warunkowana jest wspétwystepowaniem réznych mechanizméw opornosci. W zwigzku ze
zjawiskiem narastajgcej antybiotykoopornosci u tych szczepéw konieczne jest zastosowanie
celowanej oraz jak najbardziej wiarygodnej i szybkiej diagnostyki zakazen.

Celem badan witgczonych do niniejszego cyklu publikacji byta ocena i analiza
mechanizmédw warunkujgcych oporno$¢ na antybiotyki oraz zdolno$¢ do wywotywania
zakazen przez kliniczne szczepy A. baumannii, ze szczegdlnym uwzglednieniem zaleznosci
pomiedzy czynnikami wirulencji i mechanizmami opornosci na karbapenemy oraz ich analiza
w znaczeniu diagnostycznym. W szczegélnosci podjeto prébe:

e okreslenia powigzan pomiedzy wybranymi genami wirulencji a opornoscig na
karbapenemy,

e oceny znaczenia elementédw mobilnych w fenotypowym ujawnieniu opornosci na
karbapenemy,

e analizy przydatnosci metod molekularnych w wykrywaniu mechanizmdéw opornosci na
karbapenemy.

W poszczegdlnych publikacjach, realizujgc powyzsze cele, przeprowadzono nastepujgce oceny:

e czestosci wystepowania gendw kodujgcych czynniki biorgce udziat w patogenezie

zakazen wywotywanych przez szczepy A. baumannii niewrazliwe na karbapenemy oraz

mozliwos¢ ich zastosowania jako markeréw genetycznych (Publikacja nr 1),

e wspotwystepowania gendw kodujgcych karbapenemazy klasy D oraz gendw

kodujacych wybrane czynniki zjadliwosci (Publikacja nr 1),

e wystepowania gendw blaoxa wsrdd izolatéw wrazliwych na jeden z karbapenemow tj.

meropenem (Publikacja nr 2),

17



czestosci wystepowania sekwencji insercyjnych wsrdd izolatédw wytwarzajacych
karbapenemazy typu OXA, tj. szczepdw blaoxa-23-dodatnich (Publikacja nr 2),
parametrow diagnostycznych metod stosowanych w diagnostyce mikrobiologiczne;j

stuzgcych do wykrywania beta-laktamaz klasy D (Publikacja nr 3).
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5. MATERIAL | METODY BADAWCZE
5.1. Materiat kliniczny

Szczepy ujete w badaniach opisanych w poszczegdlnych publikacjach izolowano od pacjentéw
leczonych w Szpitalu Uniwersyteckim nr 1 im. dr. Antoniego Jurasza w Bydgoszczy w latach
2017-2023. Badane szczepy pochodzity od pacjentdow hospitalizowanych na rdéznych
oddziatach szpitalnych. Szczegétowe dane dotyczgce pochodzenia izolatow oraz rozktadu
procentowego rodzajow materiatu klinicznego, z ktdérego wyodrebniono szczepy,

przedstawiono w poszczegdlnych publikacjach.

5.2. Identyfikacja i ocena antybiotykowrazliwo$ci pateczek Acinetobacter baumannii

Identyfikacje gatunkowg badanych szczepdédw przeprowadzano przy uzyciu metody
spektrometrii mas z desorpcjg/jonizacjg laserem wspomagang matrycg i analizatorem czasu
przelotu (ang. Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry,
MALDI-TOF MS) w aparacie firmy Bruker Daltonik GmbH (Mannheim, Niemcy). Oznaczenie
antybiotykowrazliwos$ci badanych szczepdw przeprowadzono metody pdétautomatyczng w
aparacie BD Phoenix™ M50 (panele NMIC-402; Becton, Dickinson and Company, Sparks, MD,
USA). Wyniki oceny antybiotykowrazliwosci interpretowano zgodnie z wytycznymi
Europejskiego Komitetu ds. Oznaczania Lekowrazliwosci Drobnoustrojéow (ang. European
Committee on Antimicrobial Susceptibility Testing, EUCAST). W celu zapewnienia
wiarygodnych wynikdw do kontroli jakos$ci metod oceny antybiotykowrazliwosci uzyto
wzorcowych szczepéw P. aeruginosa ATCC 27853 i Escherichia coli ATCC 25922. Zastosowano
klasyfikacje pod wzgledem fenotypdw opornosci na antybiotyki szczepéw wedtug
nastepujacych definicji:

o szczepy o fenotypie MDR — szczepy oporne na co najmniej trzy sposrdd badanych
antybiotykow, nalezacych do odrebnych  grup  chemicznych lekow
przeciwdrobnoustrojowych,

e szczepy o fenotypie XDR — szczepy oporne na wszystkie, z wyjgtkiem dwdch grup
uwzglednionych lekéw przeciwdrobnoustrojowych, ktére mogg wykazywac aktywnosc
wobec szczepdw A. baumannii,

e szczepy oporne na wszystkie badane antybiotyki (ang. pan-drug-resistant, PDR).
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5.3. Metody stosowane w poszczegolnych publikacjach

Publikacja nr 1

W celu uzyskania wysokiej jakosci materiatu genetycznego badanych szczepdéw pateczek
A. baumannii przeprowadzano izolacje DNA z zastosowaniem metody kolumienkowej —
Genomic Mini kit (A&A Biotechnology, Gdansk, Polska) zgodnie z instrukcjg producenta. Geny
kodujgce czynniki zjadliwosci i karbapenemazy wykrywano przy uzyciu tancuchowej reakgji
polimerazy w czasie rzeczywistym (ang. real-time polymerase chain reaction, real-time PCR) z
analizg krzywych topnienia DNA w aparacie LightCycler 480 Il (Roche, Basel, Szwajcaria) i CFX
OPUS 96 (Bio-Rad, Hercules, CA, USA). Zastosowanie etapu analizy krzywych topnienia DNA
umozliwito weryfikacje uzyskanych wynikéw poprzez ocene specyficznosci produktéw reakcji
real-time PCR. Zastosowane startery przedstawiono w tabeli 1 zamieszczonej w publikacji.
Dodatkowo, w celu zapewnienia wiarygodnosci otrzymanych wynikéw, zastosowano kontrole
dodatnie dla poszczegdlnych gendw w postaci DNA wyekstrahowanego z referencyjnych
szczepdw A. baumannii DSMZ 30008 oraz A. baumannii DSMZ 102930. Uzywano réwniez
kontrole ujemng w postaci wody do zastosowan w biologii molekularnej, co pozwalato na

wykrycie ewentualnego zanieczyszczenia reakcji real-time PCR.
Publikacja nr 2

Izolacje DNA badanych szczepdw A. baumannii przeprowadzano réwniez przy uzyciu zestawu
Genomic Mini Kit (A&A Biotechnology, Gdansk, Polska). Obecnos¢ genéw kodujgcych
karbapenemazy typu OXA wykrywano metodg real-time PCR z analizg krzywych topnienia
amplifikowanego DNA. Natomiast sekwencje insercyjne ISAbal powyzej genu blaoxa-23
wykrywano klasyczng reakcjg taricuchowg polimerazy (ang. polymerase chain reaction, PCR).
Produkty tej reakcji rozdzielano w 1,5% zelu agarozowym podczas elektroforezy w aparacie

MINI SUB™ DNA CELL (Bio-Rad, Feldkirchen, Niemcy).
Publikacja nr 3

Karbapenemazy u badanych izolatéw wykrywano przy uzyciu testéw fenotypowych: testu
CarbAcineto NP, metody inaktywacji karbapenemoéw (ang. carbapenem inactivation method,
CIM), ktére wykonywano zgodnie z opublikowanymi procedurami [56,57]. Wytwarzanie
karbapenemaz oceniano takze przy uzyciu metody potautomatycznej przeprowadzanej w

aparacie BD Phoenix™ M50 (panele GN-502; Becton Dickinson, Franklin Lakes, NJ, USA).

21



Wszystkie badania wykonywano zgodnie z instrukcja producenta. Geny kodujace
karbapenemazy OXA wykrywano natomiast z zastosowaniem reakcji PCR oraz real-time PCR,
ktérych metodologie opisano szczegétowo w publikacji.

Izolacje materiatu genetycznego badanych szczepéw wykonywano metodg termiczng
zgodnie z opublikowang procedura [58]. Uzyskany supernatant wykorzystywano jako matryce
DNA do dalszych analiz. W celu wykrywania genéw blaoxa-a0i blaoxa-23 przeprowadzano analizy
z zastosowaniem technik biologii molekularnej. Reakcje PCR oraz real-time PCR z analiza
krzywych topnienia DNA wykonywano z uzyciem odpowiednich starteréw. Amplifikacje w
klasycznej metodzie PCR przeprowadzano przy uzyciu termocyklera GeneAmp® PCR System
2700 (Applied Biosystems, Foster City, CA, USA) stosujgc odpowiednie profile temperaturowe.
Produkty reakcji PCR rozdzielano metodga elektroforezy w zelu agarozowym w urzadzeniu MINI
SUB™ DNA CELL (Bio-Rad, Feldkirchen, Niemcy). Zoptymalizowano reakcje real-time PCR z
analizg krzywych topnienia DNA z uzyciem zestawu zawierajgcego barwnik interkalujgcy (HOT
FIREPoI® EvaGreen®; SolisBiodyne, Tartu, Estonia). Reakcje przeprowadzano w aparacie cobas
z480 (Roche, Basel, Szwajcaria).

Jako metode referencyjng zastosowano test z certyfikacjg IVD (ang. in vitro diagnostic)
eazyplex® SuperBug complete A (Amplex Diagnostics GmbH, Gars am Inn, Niemcy), ktéry

wykonywano zgodnie z instrukcjg producenta.

5.4. Analiza statystyczna
Analize statystyczng uzyskanych wynikéw przeprowadzano stosujgc program Statistica™ 13.3
(TIBCO Software Inc., Palo Alto, CA, USA). W celu oceny zaleznosci pomiedzy wystepowaniem
gendw kodujgcych poszczegdlne czynniki wirulencji a pochodzeniem badanych izolatéw
wykonano test korelacji rang Spearmana. Natomiast w celu oceny istotnosci statystycznej
réznic w pochodzeniu szczepdw oraz zmian w profilach opornosci na antybiotyki zastosowano
test chi-kwadrat Pearsona oraz doktadny test Fishera. Za statystycznie istotne uznano wartosci
p < 0,05. Wartosci wspdtczynnika kontyngencji Pearsona wykorzystano do oceny sity korelacji

wspotwystepowania poszczegdlnych cech oraz pochodzenia szczepéw (p < 0,05).
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6. OPIS WYNIKOW UJETYCH W PUBLIKACJACH WCHODZACYCH W SKtAD CYKLU

Publikacja nr 1

W tej publikacji scharakteryzowano antybiotykowrazliwos¢ 100 klinicznych szczepdéw
A. baumannii. Oceniono réwniez u tych bakterii czesto$é¢ wystepowania gendw kodujacych
czynniki wirulencji (bap, surAl, omp33-36, bauA, baus i pld) i gendw kodujgcych najczesciej
stwierdzane karbapenemazy typu OXA (blaoxa-23s i blaoxa-a0) oraz zaleznos$ci miedzy ich
wystepowaniem. Charakterystyka powyzszych cech miata na celu rozszerzenie wiedzy na
temat genetycznych podstaw patogenezy zakazen wywotywanych przez szczepy MDR oraz
identyfikacje potencjalnych markerow genetycznych, ktdre mogtyby zostaé wykorzystane w
szybkiej diagnostyce molekularnej zakazen o etiologii pateczek A. baumannii.

U wszystkich badanych szczepéw wykazano fenotyp opornosci typu MDR, z ktérych 6
(6,0%) okreslono jako PDR. Geny kodujgce biatko Bap i SurAl wykryto u wszystkich izolatéw
ujetych w ocenie, natomiast gen basD i pld u 99 (99,0%) szczepdw. Gendw bauA i omp33-36
nie wykryto w badanej grupie szczepdw. Obecnos¢ gendw blaoxa-ao i blaoxa-23 wykazano
odpowiednio, u 62 (62,0%) i 35 (35,0%) izolatéw. Po przeprowadzonej analizie nie stwierdzono
istotnych statystycznie réznic pomiedzy obecnoscig poszczegdlnych gendéw wirulencji a
obecnoscig gendw wykrywanych karbapenemaz.

W badanej grupie szczepow nie odnotowano jednoznacznej zaleznosci pomiedzy
obecnoscig gendw omp33-36 i bauA, a zdolnoscia do wywotywania zakazen, co moze
wskazywag, ze czynniki te nie sg kluczowymi determinantami patogenezy w badanej populacji
blaoxa-dodatnich szczepédw A. baumannii. Stwierdzone wspotwystepowanie gendw bap i
surAl u wszystkich izolatdw sugeruje, ze mogg one stanowié¢ potencjalne markery
molekularne zakazen wywotywanych przez te grupe bakterii. Ich przydatno$é diagnostyczna
wymaga jednak dalszych badan. Uzyskane wyniki wskazujg ponadto, ze w badanym regionie
czesciej wystepujg karbapenemazy typu OXA-40, co pozostaje zgodne z wynikami

wczesniejszych opracowan dotyczacych szczepdw klinicznych izolowanych w Polsce [59].
Publikacja nr 2

W wymienionej publikacji oceniono wystepowanie genéw kodujgcych beta-laktamazy klasy D
(blaoxa-23, blaoxa-a0 i blaoxa-s1) u 35 klinicznych szczepow A. baumannii wrazliwych na jeden z
karbapenemdéw — meropenem. Celem analizy byto okreslenie, w jakim stopniu obecno$é tych

genow koreluje z fenotypowg opornoscig na karbapenemy. Dodatkowo oceniono obecnos¢
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sekwencji insercyjnej ISAbal zlokalizowanej powyzej genu blaoxa2s u 53 szczepdw
A. baumannii.

Obecnos¢ genu blaoxa-s1 potwierdzono u wszystkich badanych szczepéw (n=35). Geny
blaoxa-ao i blaoxa-23 wykryto odpowiednio, u trzech (8,6%) i dwdch (5,7%) izolatéw. W tabeli 6.
w publikacji nr 2 przedstawiono antybiotykowrazliwo$¢ tych szczepdw. U obu izolatéw blaoxa-
23-dodatnich powyzej genu wykryto ISAbal. Sposrdd 53 szczepdw blaoxa-23-dodatnich u 52
(98,1%) potwierdzono obecnos¢ ISAbal powyzej genu blaoxa-23. Dla jednego szczepu nie
uzyskano produktu o oczekiwanej dtugosci 962 pz., natomiast otrzymano amplikon okoto 1000
pz., co moze sugerowac rearanzacje poszukiwanego genu i wymaga przeprowadzenia dalszych
badan pod tym wzgledem.

Uzyskane wyniki wskazujg, ze sama obecnos¢ gendw blaoxa nie zawsze determinuje
fenotypowg opornos¢ na karbapenemy. Jednocze$nie obecnos¢ ISAbal w regionie promotora
genu blaoxa-23 jest zjawiskiem powszechnym wsrdd badanych szczepéw i moze odgrywad
istotng role w modulowaniu ekspresji gendw opornosci. Ponadto otrzymane wyniki sugeruja,
ze karbapenemy moga wykazywac¢ aktywnos¢ wobec szczepdw majgcych geny blaoxa, co ma
istotne znaczenie w kontekscie interpretacji wynikédw badan mikrobiologicznych w odniesieniu

do podejmowanych decyzji terapeutycznych.
Publikacja nr 3

Ze wzgledu na diagnostyczny charakter niniejszego cyklu publikacji, w tej pracy dokonano
oceny i pordownania parametrow diagnostycznych metod fenotypowych oraz genotypowych
stosowanych do wykrywania karbapenemaz klasy D wsrdd klinicznych izolatéw A. baumannii.
Z uwagi na zwigzek wystepowania tych enzyméw z opornoscig na karbapenemy, szybka
diagnostyka w tym zakresie ma istotne znaczenie kliniczne i epidemiologiczne.

Wszystkie badane szczepy (n=58) A. baumannii charakteryzowaty sie
wieloantybiotykoopornoscig, a 54 (93,1%) z nich wykazywato fenotyp XDR. W analizowanej
grupie szczepdw stwierdzono obecno$é gendéw kodujgcych karbapenemazy typu OXA, przy
czym dominujgcym wariantem byt gen blaoxa-a0, wykrywany u 39 (67,2%) izolatéw. Natomiast
gen blaoxa-23 zidentyfikowano u 19 (32,8%) badanych szczepdw.

Ocena przydatnosci metod diagnostycznych wykazata, ze zaréwno PCR
konwencjonalny, jak i real-time PCR charakteryzowaty sie petng czutoscia (100%) w

wykrywaniu gendw blaoxa. Poréwnywalng skuteczno$é uzyskano rowniez dla metody CIM oraz
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systemu Phoenix™ M50, ktére wykazaty petng zgodno$é z metoda referencyjng. Natomiast
test CarbAcineto NP cechowat sie istotnie nizszg czutoscig, wynoszacg 65,5%, co mogto
wynikac z subiektywnej oceny wynikdw oznaczen oraz trudnej do zauwazenia nieuzbrojonym
okiem zmiany barwy wskaznika pH.

Uzyskane wyniki wskazujg, ze metody molekularne, w tym PCR konwencjonalny oraz
real-time PCR, stanowig wiarygodne i szybkie narzedzia diagnostyczne w identyfikacji
mechanizmow opornosci na karbapenemy u A. baumannii, przewyzszajac pod wzgledem
czutosci wybrane metody fenotypowe. Zastosowanie metod PCR i real-time PCR umozliwia
szybkie wykrywanie szczepéw A. baumannii opornych na karbapenemy, co moze wspierac
podejmowanie racjonalnych decyzji terapeutycznych. Skrécenie czasu diagnostyki stwarza
mozliwos¢ wczesniejszego wdrozenia odpowiedniej antybiotykoterapii, przyczyniajgc sie do
ograniczenia rozwoju antybiotykoopornosci, optymalizacji kosztéw leczenia oraz poprawy

efektywnosci opieki zdrowotne;j.
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7. WNIOSKI | PODSUMOWANIE
7.1. Whnioski
Na podstawie przeprowadzonych badan sformutowano nastepujace wnioski:

e wsrod badanych klinicznych szczepdw A. baumannii powszechnie wystepujg geny
powigzane z tworzeniem biofilmu, z czego geny bap i surAl wystepujg u wszystkich
badanych izolatéw,

e pomimo relatywnie czestego wspétwystepowania gendéw wirulencji i genow
karbapenemaz, nie stwierdza sie statystycznie istotnych zaleznosci pomiedzy
obecnoscig tych poszczegdlnych determinant,

o obecnos¢ gendw kodujacych karbapenemazy nie zawsze koreluje z fenotypowa
opornoscia na meropenem, co wskazuje na ztozony charakter mechanizméw
warunkujgcych opornos¢ na karbapenemy,

o wysoka czesto$é wystepowania ISAbal wsrdd izolatéw posiadajgcych gen blaoxa-23
moze wskazywac na jej potencjalny udziat w ksztattowaniu opornosci na karbapenemy,

o poréwnanie metod fenotypowych i molekularnych stosowanych do wykrywania
karbapenemaz wykazato zalety diagnostyczne metod molekularnych oraz ograniczenia
metod fenotypowych,

o metody molekularne charakteryzujg sie wyzszg czutoscig niz metody fenotypowe w
wykrywaniu karbapenemaz i stanowig wiarygodne narzedzie diagnostyczne w
identyfikacji szczepéw CRAD,

e oOpracowana samodzielnie i zwalidowana metoda real-time PCR z analizg krzywych
topnienia DNA umozliwia szybkie i wiarygodne wykrywanie gendéw karbapenemaz u

klinicznych szczepdw A. baumannii.

7.2. Podsumowanie

Cykl publikacji koncentruje sie na analizie molekularnych determinant opornosci na
karbapenemy, ze szczegélnym uwzglednieniem gendw blaoxa, sekwencji insercyjnych
zwigzanych z regulacjg ekspresji gendw kodujgcych oksacylinazy oraz gendw kodujgcych
wybrane czynniki wirulencji u klinicznych szczepdw A. baumannii. Badania obejmujg réwniez
opracowang metode real-time PCR z analizg krzywych topnienia DNA oraz ocene przydatnosci
metod konwencjonalnego PCR i real-time PCR w szybkiej diagnostyce szczepow

karbapenemoopornych.
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Wktad badan w rozwdj nauki dotyczy przede wszystkim poszerzenia aktualnej wiedzy
na temat zaleznos$ci pomiedzy obecnoscig determinant molekularnych a fenotypem opornosci
na karbapenemy. Uzyskane wyniki wskazujg na potencjalnie istotng role sekwencji
insercyjnych, szczegdlnie ISAbal, w modulowaniu ekspresji gendw oksacylinaz i ksztattowaniu
poziomu opornosci szczepdw A. baumannii. Badania wzbogacajg tym samym dotychczasowe
rozumienie procesow regulujgcych ekspresje mechanizmdédw opornosci na antybiotyki i
podkreslajg znaczenie elementéw mobilnych genomu bakterii.

Istotnym elementem naukowym jest analiza obecnosci wybranych gendéw wirulencji
oraz ich wspoétwystepowania z determinantami antybiotykoopornosci. Uzyskane wyniki
wpisujg sie w aktualny nurt badad nad kompleksowg charakterystyka klinicznych szczepéw
wielolantybiotykoopornych, uwzgledniajgc zaréwno mechanizmy opornosci, jak i wtasciwosci
zwigzane z wirulencjg, tworzeniem biofilmu oraz adaptacjg srodowiskows.

Wyniki tych badan poszerzajg réwniez wiedze na temat sytuacji epidemiologicznej w
lokalnym srodowisku szpitalnym, co ma istotne znaczenie w monitorowaniu i przeciwdziataniu
rozprzestrzeniania sie szczepow wieloantybiotykoopornych.

Znaczacym aspektem cyklu publikacji jest ocena przydatnosci metod molekularnych w
szybkiej i wiarygodnej diagnostyce zakazen wywotywanych przez szczepy CRAb. Wyniki badan
wskazujg, ze klasyczny PCR i opracowana samodzielnie metodologia oparta na real-time PCR
mogg stanowi¢ wiarygodne i uzyteczne narzedzia wspierajgce identyfikacje genéw opornosci
na antybiotyki oraz monitorowanie szczepdéw szpitalnych w ujeciu epidemiologicznym.
Badania wpisujg sie tym samym w rozwijajacy sie obszar diagnostyki translacyjnej, tgczacej
badania podstawowe z praktyka kliniczna.

Wartos¢ naukowa badan wynika z aktualnosci problematyki antybiotykoopornosci,
uznawanej obecnie za jedno z najwazniejszych zagrozen zdrowia publicznego na Swiecie.
Rozwdj wiedzy dotyczgcej molekularnych mechanizmdéw opornosci na antybiotyki oraz metod
ich szybkiej identyfikacji ma kluczowe znaczenie dla skutecznego monitorowania globalnego
rozprzestrzeniania sie szczepow wieloantybiotykoopornych i opracowywania nowych strategii
diagnostycznych i terapeutycznych.

Wyniki badan majg potencjalne znaczenie aplikacyjne przede wszystkim w obszarze
diagnostyki mikrobiologicznej, kontroli zakazen szpitalnych oraz monitorowania wystepowania
szczepdw wieloantybiotykoopornych. Jednym z najwazniejszych potencjalnych zastosowan

praktycznych jest mozliwo$é wykorzystania metod klasycznego PCR i real-time PCR do szybkiej
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identyfikacji klinicznych szczepdw A. baumannii, w tym izolatéw wykazujgcych opornosé na
karbapenemy. Zoptymalizowana przez zespét badawczy metoda real-time PCR wykorzystujgca
analize krzywych topnienia umozliwia uzyskanie wiarygodnych wynikow w krotszym czasie
(okoto dwodch godzin), co moze sprzyja¢ wczesniejszemu wdrozeniu ukierunkowanej
antybiotykoterapii oraz szybszemu podejmowaniu dziatan ograniczajgcych transmisje
szczepow wieloantybiotykoopornych w srodowisku szpitalnym.

Uzyskane wyniki mogg wspiera¢ rozwdj nowoczesnych paneli diagnostycznych
ukierunkowanych na wykrywanie: gendw blaoxa, sekwencji insercyjnych zwigzanych z
ekspresjg opornosci czy wybranych gendw wirulencji. Takie rozwigzania mogtyby miec
zastosowanie w laboratoriach  mikrobiologicznych  (medycznych, weterynaryjnych,
srodowiskowych) oraz osrodkach monitorowania i kontroli zakazen. Uzyskane wyniki moga
stanowié¢ podstawe do opracowania paneli diagnostycznych bardziej dostosowanych do
lokalnej sytuacji epidemiologiczne;j.

Potencjat aplikacyjny badan obejmuje mozliwos$é wykorzystania uzyskanych danych w
dziataniach z zakresu kontroli zakazen szpitalnych i racjonalizacji antybiotykoterapii. Szybsza
identyfikacja szczepéw CRAb moze przyczyniaé sie do ograniczenia transmisji patogenow
alarmowych, zmniejszenia liczby zakazen szpitalnych oraz poprawy bezpieczenstwa pacjentow.

Istotne znaczenie aplikacyjne majg aspekty edukacyjne i spoteczne prowadzonych
badan. Upowszechnianie wiedzy dotyczacej molekularnych mechanizméw
antybiotykoopornosci, szerzenia sie szczepdw wieloantybiotykoopornych oraz znaczenia
szybkiej diagnostyki moze wspiera¢ dziatania zwigzane z ochrong zdrowia publicznego i
racjonalnym stosowaniem antybiotykdw w réznych obszarach (medycyna, hodowla zwierzat,
roslin).

Uzyskane wyniki mogg stanowié podstawe do dalszych badanin obejmujgcych, analize
ekspresji gendw opornosci, badania transkryptomiczne i genomowe, sekwencjonowanie
catogenomowego DNA szczepdw klinicznych, badania dokfadnych zaleznosci pomiedzy

wirulencjg a antybiotykoopornoscia bakterii.
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8. STRESZCZENIE W JEZYKU POLSKIM

Jednym z najwiekszych wyzwan wspétczesnej medycyny jest narastajgca antybiotykoopornosc
drobnoustrojéw. Problem ten dotyczy w szczegdlnosci bakterii odpowiedzialnych za zakazenia
zwigzane z opiekg zdrowotng, ktére podlegajg silnej presji selekcyjnej Srodowiska szpitalnego.
Pateczki A. baumannii sg oportunistycznymi patogenami charakteryzujacymi sie wysokim
poziomem opornosci na liczne grupy antybiotykéw. Do niedawna karbapenemy stanowity leki
z wyboru w leczeniu wywotywanych przez nie zakazen. Poznanie mechanizmow
warunkujgcych zjadliwos$¢ tych drobnoustrojow oraz ich opornos¢ na karbapenemy moze
przyczyni¢ sie do opracowania skuteczniejszych strategii diagnostycznych, terapeutycznych i
profilaktycznych, ograniczajgcych rozprzestrzenianie sie szczepdw antybiotykoopornych.

Celem badan zrealizowanych w publikacjach wchodzacych w skfad przedstawionego
cyklu byto scharakteryzowanie na poziomie molekularnym gendw zwigzanych z wirulencjg oraz
mechanizmami opornosci na karbapenemy u klinicznych szczepéw A. baumannii. Ponadto, ze
wzgledu na rosngce znaczenie diagnostyki molekularnej w identyfikacji szczepdw opornych,
oceniono przydatnos¢ metod wykrywania mechanizméw opornosci na karbapenemy, w tym
opracowanej samodzielnie metody real-time PCR opartej na analizie krzywych topnienia
produktow amplifikacji gendéw karbapenemaz.

Przeprowadzone badania wykazaty, ze wsrdd klinicznych szczepdw A. baumannii
niewrazliwych na karbapenemy geny wirulencji wystepowaty powszechnie, przy czym
najczesciej identyfikowano geny bap i surAl, co wskazuje na ich potencjalne znaczenie w
patogenezie zakazen wywotywanych przez ten gatunek. Analiza gendw kodujacych
karbapenemazy typu OXA oraz sekwencje insercyjne wykazata, ze sama obecnos¢ gendw
blaoxa nie zawsze warunkuje fenotypowa opornos¢ na karbapenemy. Jednoczesnie
potwierdzono czeste wystepowanie sekwencji ISAbal w regionie promotora genu blaoxa-23, co
wskazuje na jej potencjalne znaczenie w regulacji ekspresji mechanizmdéw opornosci. Ponadto
wykazano wysokg przydatnos¢ metod konwencjonalnego PCR oraz real-time PCR w
wykrywaniu genow blaoxa. Obie metody charakteryzowaty sie wysokg czutoscig diagnostycznag
i pozwalaty na szybkg identyfikacje szczepdw opornych. Uzyskane wyniki podkreslajg znaczenie
diagnostyki molekularnej w monitorowaniu mechanizmdéw opornosci oraz wspieraniu
racjonalnej antybiotykoterapii zakazen wywotywanych przez A. baumannii. Potwierdzajg takze
ztozonos$¢ mechanizmdw warunkujgcych zjadliwosé oraz opornosc na karbapenemy u pateczek

A. baumannii. Przedstawione dane majg znaczenie naukowe, diagnostyczne i kliniczne oraz
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moga stanowi¢ podstawe do dalszych badan nad patogenezg zakazern wywotywanych przez
ten przedstawicieli tego gatunku, mechanizmami opornosci na karbapenemy i rozwojem

metod szybkiej diagnostyki molekularnej.
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9. ABSTRACT

Antimicrobial resistance of microorganisms is one of the greatest challenges of modern
medicine. This issue is particularly relevant to bacteria responsible for healthcare-associated
infections, due to the selection pressure present in the hospital environment. A. baumannii is
an opportunistic pathogen characterized by a high level of resistance to numerous classes of
antibiotics. Until recently, carbapenems were the drugs of choice for treating infections caused
by A. baumannii. Understanding the mechanisms that determine the virulence of these
microorganisms and their resistance to carbapenems may contribute to the development of
more effective diagnostic, therapeutic, and preventive strategies to limit the spread of
antibiotic-resistant strains.

The aim of the studies described in this series of publications was to characterize, at
the molecular level, the genes associated with virulence and carbapenem resistance
mechanisms in A. baumannii clinical strains. Furthermore, due to the growing importance of
molecular diagnostics in the identification of resistant strains, the usefulness of methods for
detecting carbapenem resistance mechanisms was evaluated, including the self-developed
real-time PCR method based on the analysis of melting curves of carbapenemases genes
amplification products.

The study demonstrated that virulence genes were widespread among carbapenem-
resistant A. baumannii clinical strains, with the bap and surA1 genes being the most frequently
identified, suggesting their potential role in the pathogenesis of infections caused by this
species. Analysis of genes encoding OXA-type carbapenemases and insertion sequences
revealed that the presence of blaoxa genes does not necessarily determine phenotypic
resistance to carbapenems. At the same time, the frequent prevalence of the ISAbal in the
promoter region of the blaoxa23 gene was confirmed, indicating its potential role in the
regulation of resistance gene expression.

Furthermore, both conventional PCR and real-time PCR methods proved highly
effective for the detection of blaoxa genes. These methods presented high diagnostic sensitivity
and enabled the rapid identification of resistant strains. The findings highlight the importance
of molecular diagnostics in monitoring resistance mechanisms and supporting rational
antimicrobial therapy for infections caused by A. baumannii. They also emphasize the
complexity of the mechanisms underlying virulence and carbapenem resistance among the

representatives of the species. The data presented are of scientific, diagnostic, and clinical
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significance and may provide a foundation for further research into the pathogenesis of A.
baumannii infections, the mechanisms of carbapenem resistance, and the development of

rapid molecular diagnostic methods.
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Abstract: Healthcare-associated infections caused by multidrug-resistant Adnetobacter baumannii
strains are a serious global threat. Therefore, it is important to expand the knowledge on the
mechanisms of pathogenicity of these particular bacteria. The aim of this study was to assess the
distribution of selected virulence factor genes (bap, surA1, onp33-36, bauA, baus, and pld) among
carbapenem-non-susce ptible clinical A, bauntannii isolates and to evaluate their potential usefulness as
genetic markers for rapid diagnostics of A. baumannii infections. Moreover, we aimed to compare the
virulence genes prevalence with the occurrence of carbapenemases genes. A total of 100 carbapenem-
non-susceptible A, baumannii clinical isolates were included in the study. The presence of virulence
factors and blapxs genes was evaluated by real-time PCR. The occurrence of virulence factors genes
was as follows: 100.0% for the bap and surA1 genes, 99.0% for the lasD and pld geres. The bauA
and omp33-36 genes were absent among the studied strains. The predominant genes (bap and surAl)
are involved in biofilm formationand their presence among all clinical strains can be applied as a
genetic marker to recognize A. baumannii infection. High frequencies of the basD gene—involved
in siderophore biosynthesis and the gene encoding phosphelipase D (pld)—were also noted among
blagxs-positive strains, showing their potential rale in a pathogenicity of Waoxa-positive A. baumarmii
clinical strains.

Keywords: Acinetobacter barmamnii; blagy s genes; catbapenem-resistance; HAT; virulence factor genes

1. Introduction

Acinetobacter baumannii are non-fermenting, acrobic Gram-negative rods [1]. Due to
their ability to survive in a hospital environment, these bacteria mainly cause healthcare-
asseciated infections (HATs) [2]. Ventilator-associated pneumonia (VAP) and bacteriaemia
are the most common infections caused by them, with highest mortality rates [3].

An increasing threat of A. baumannii infections is related to a high percentage of
antimicrobial-resistant isolates. Therefore, Rice et al. [4] included A. bauntannii representa-
tives into a group of bacteria known as ESKAFE (among Enterococcus faecium, Staphylococcus
aureis, Klebsiella pnewnoniae, Psewdontonas aeruginosa, and Enterobacter spp.). This acronym
describes bacteria that can easily avoid the effects of antimicrobials treatment. Momover,
in 2017, the World Health Organization recognized carbapenem-resistant A. baunannii
(CRAD) as critical pathogens for which profound research and development of effective
drugs are needed [5].

A, baumannii strains possess many intrinsic resistance mechanisms. Moreover, due
to the plasticity of their genome, they also easily acquire new mechanisms, such as genes
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encoding antibiotic hydrolyzing enzymes [6], with carbapenem-hydrolyzing class D beta-
lactamases (CHDLs, oxacillinases) prevailing among these bacteria. Among the afore-
mentioned enzymes, the most prevalent oxacillinases families are chromosomally en-
coded OXA-51-like and the following enzymes encoded on mobile genetics elements
(plasmids, transposons): OXA-23-like, OXA-40/24-like, OXA-58-like, OXA-143-like, and
OXA-235-like carbapenemases [7].

The pathogenicity of A. bawmannii is determined by factors involved in the following
processes: bacteria transmission, binding to host structures, human cells damage and
invasion [8]. In turn, bacterial viability in the hospital environment is assodated the
most with A. baumannii biofilm formation. Proteins and structures involved in biofilm
formation are mainly: pili, outer membrane proteins (surface antigen protein 1—5urA1),
and adhesins (biofilm-associated protein—Bap). As it has been previously shown, Bap
is involved in intercellular adhesion, ensuring the maturation of biofilm on biotic and
abiotic surfaces, with mutations in the hap gene causing a weakening of adhesive capacity
of A. baumannii strains [9].

Bacterial porins are involved in adhesion and they have also been shown to play a
crucial role in an apoptosis process. The 33-36-kDa Omp protein (Omp 33-36) is a water
channel in A. baumannii cells and plays a role in apoptosis and modulates autophagy.
The Omp 33-36 is released into the host cells inside the outer membrane vesicles. This
protein has also been shown to have an effect on DNA fragmentation in HeLLa and Hep-2
cells lines [10,11].

Bacterial cells, during the proceeding infection, have limited access to iron, which is
important for their viability. Most bacteria, including A. bauwmannii, obtain iron within
siderophores.  Acinetobactin is the most important siderophore among A, baumannii
strains [1]. BauS and BauA proteins are needed for acinetobactin biosynthesis and transport,
respectively. These proteins have also been shown to play a vital role in the apoptotic death
of epithelial cells [12].

Phosphatidylcholine (PC) is one of the phospholipids that builds the cell membrane
of eukaryotic cells; among lung structures, almost 80% of all phospholipids are PC com-
pounds, which is very important due to the localization of the majority of infections (VAF).
A. bawwmannii cells synthesize phospholipases (e.g., phospholipase D—FPLD) that hydrolyze
PC and alter the permeability of the host cell membrane [13,14].

The investigated virulenoe genes are all chromosomally encoded and play a role
inbacterial viability. In the relevant literature, there is a lack of information on the transfer
of these genes between species, except for the plasmid-encoded blapys genes, which can
potentially be transferred be tween bacteria [7].

The aims of the study were to: assess the frequency of the selected virulence genes
presence (bap, surAl, omp33-36, bauA, baus, and pld) involved in pathogenicity of CRAb
clinical strains and to evaluate their potential usefulness as genetic markers for rapid
diagnostics of A. bawmannii infections. The objective of the study was also to investigate
the prevalence of Blagxa genes among these strains and the occurrence of virulence factor
genes among strains carrying different oxacillinases genes.

2. Materials and Methods
2.1. Bacterial Isolates and Their Origin

The study included 100 CRAD clinical strains. They were all isolated in the Clinical
Microbiology Department from different patients hospitalized at University Hospital No. 1
in Bydgoszcz, Poland, between 2017 and 2020. In total, 63 (63.00%) strains were derived
from the patients of the Anesthesiology and Intensive Care Unit (for the detailed origin of
the strains, see Table S1).

A. bmmannii strains werne isolated from various clinical specimen ty pes, mainly from
respiratory tract infections (RTIs) (n = 46) (for the detailed data, see Table 52).

The studied strains were identified using MALDI-TOF MS (Bruker, Mannheim, Ger-

many) in a routine laboratory diagnostic procedure according to the manufacturer’s pro-
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tocol. The MALDI Biotyper software version 4.2.28 was used for bacterial identification.
The cut-off scores for identification were as follows: >1.7—a reliable identification to the
genus level, rate > 1.7—a reliable identification to the species level. In the current study,
scores above 2.0 were reached for every strain. The bacterial test standard (BTS, Bruker,
Mannheim, Germany) was used as identification quality control.

The isolates were stored in Brain Heart Infusion (Becton, Dickinson and Company,
Sparks, MD, USA) with 15% glycerol (Sigma-Aldrich, St. Louis, MO, USA) at —80 °C and
were grown on MacConkey Agar (Becton, Dickinson and Company, Sparks, MD, USA)
before the testing,

2.2, Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing (AST) of the studied isolates was performed with
BD Phoenix™ M50 NMIC-402 panels (Becton, Dickinson and Company, Sparks, MD, USA)
in a routine laboratory diagnostic scheme. The results of AST were interpreted according
to the European Committee on Antimicrobial Susceptibility Testing recommendation v 13.0
(EUCAST). P acruginosa ATCC 27853 and Escherichia coli ATCC 25922 were used as quality
control strains, according to EUCAST recommendations [15].

The classifications of the strains into multid rug-resistant (MDR) and pandrug-resistant
(PDR) groups were as follows: MDR—strains resistant to at least three of the tested antimi-
crobials belonging to separate antibiotic groups, and PDR—strains resistant to all of the
tested antimicrobials [16].

2.3. DNA Extraction, Virulence Factor, and blapx 4 Genes Detection

DNA samples from the investigated A. baumannii strains were isolated using the
Genomic Mini kit (A&A Biotechnology, Gdansk, Poland) according to the manufacturer’s
protocol. DNA was stored at —20 °C before the examination.

The virulence factors and blaoxa genes were detected by real-time PCR with the
LightCycler 480 I (Roche, Basel, Switzerland) and CFX OPUS 96 (Bio-Rad, Hercules, CA,
USA). The spedfication of primers used in the study is summarized in Table 1. Final
volume of each reaction was 20 pL. The reagents were used as follows: 4 L of 5 » HOT
FIREPOL” EvaGreen™ Mix (SolisBiodyne, Tartu, Estonia), 5 pL. of molecular biology grade
water (EurX, Gdansk, Poland), 5 uL (0.25 pM/reaction) of each primer (Genomed, Warsaw,
Poland), and 1 uL of the DNA extracted from the investigated isolates. The following
temperature conditions were applied: one cycle at 95 °C for 12 min, followed by 40 cycles
at 95 °C for 15 s, annealing temperature (depending on the detected gene, see Table 1) for
20 s, and the final elongation—72 °C for 20 s. The data collection was enabled at each
extension step. The melt curve protocol was added afterwards—95 “C for 5s and 60 °C
for 1 min—followed by data acquisition at 0.11 °C increments between 60 °C and 97 °C
to confirm the specificity of the amplification product (for the results, see Figures 51-516).
The data collection was enabled continuously at each increment during the temperature
change (high-resolution melting).

The DNA extracted form A. baumannii DSMZ (Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen, Germany) 30008 and A. baumannii DSMZ 102930 were used
as the reference strains (positive controls) for the investigated genes presence (the distri-
bution of virulence factors genes among the references A. baumannii strains are shown
in Table 53). The molecular biology grade water (EurX, Gdansk, Poland) was used as a
negative control (NTC).
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Table 1. Sequences of primers applied for vinilence genes detection and real-time PCR parameters
used in the study.

Gene

Annealing

i ) o
Detected Primer Sequences 5 —3 Tm (°C) Temperature (°C) References
" F: AGTTAAAGAAGGGCAAGAAG 47.7
an 58 17
P R: GGAGCACCACCTAACTGA 50.3 7 [17]
F: CAATTGGTAGCTGGCGATCA 51.8
surAl 58 [18]
R: TTAGGCGGGACTCAGCTTTT 51.8
F: CTCTTGCATGGCAACACCAC 53.8
basD — - — 60 [19]
R: CCAACGAGACCGCTTATGGT 53.8
F: TGGCAAGGTGAAAATGCACG 51.8
bauA —— — - - 60 [20]
R: GCCGCATATGCCATCAACTG 53.8
1 F CCGTCAATTACGCCAAGCTG 53.8
! 60 13
P R: CTGACGCTACCTGACGGTTT 53.8 [13]
i F: ATTAGCCATCGACCGGTGCTC 53.8
omp33-36 - 60 [10]
R: CCACCCCAAACATGGTCGTA 53.8
b F: GGTTAGTTGGCCCCCTTAA 51.8 )
T A- 58 21
foxa-40 R: AGTTGAGCGAAAAGGGGATT 197 7 (1)
F: GATCGGATTGGAGAACCAGA 50.3
blagya-as - - — 58 [21]
R ATTTCTCGACCGCATTTCCAT 47.7

F—forward primer, R—reverse primer, Tm—primer melting temperature.

2.4. Statistical Data Analysis

Statistical analysis was performed using the Statistica™ 13.3 (TIBCO Software Inc.,
Palo Alto, CA, USA) program, using Spearman’s rank-order correlation test to investi-
gate the correlation for particular genes' coexistence and the strains origin (p < 0.05). An
interpretation of Spearman’s rank-order correlation test was as follows: for r < 0.2—mno corre-
lation observed; 0.2-0.4—weak correlation; 0.4-0.7—moderate correlation; 0.7-0.9—strong
correlation; >(0.9—very strong correlation.

3. Results
3.1. Antimicrobial Susceptibility

All the tested A. bawmannii isolates were non-susceptible to carbapenems and showed
a high percentage of resistance to most of the antimicrobial agents tested. Except for colistin,
the in vitro activity of other antimicrobial agents was relatively low (with about 20% strains
susceptible to aminoglycosides). All of the strains belonged to MDR, while 6 (6.0%) were
additionally PDR. Antimicrobial susceptibility results of the studied strains are shown in
Table 2.

Table 2. Antimicrobial susceptibility of the studied strains (i = 100).

Number (%) of Strains

Antimicrobial Susceptible Susceptible, Increased Exposure Resistant
Imipenem (IPM) 0 {0.0) 2{2.0) 98 (98.0)
Meropenem (MEM) 220 1(1.0) 97 (97.0)
Gentamicin (GEN) ! 21 (21.9) 0(0.0) 75 (78.1)
Amikacin (AMEK) 17 (17.0) 5(5.0) 78 (78.0)
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Table 2. Cont.
Number (%) of Strains
Antimicrobial Susceptible Susceptible, Increased Exposure Resistant
Tobramyc in (NIN) 22(220) 0{0.0) 78 (78.0)
Ciprofloxacin (CIP) 0 0.0y 0{0.0) 100 (100.0)
Levofloxacin (LEV) 0400} 0(0.0) 100 (100.0)
Trimethoprim/sulfamethoxazole (SXT) 2102.0) 0(0.0) 98 (98.0)
Colistin (COL) 90 (90.0) 0{0.0) 10 (10.0)

1 suscep tibility to genta micin was tested on 96 isolates.

3.2, blagy 4 Genes Presence

Among the studied strains, blagxa-4p and blagya 23 were detected in 62 (62.0%) and
35 (35.0%) isolates, respectively. Very strong negative correlation was revealed between the
occurrence of both genes (r = —0.937306).

blagy s genes were not detected in three (3.0%) isolates. These were the only CRAD
strains without alread y known carbapenemases that were available during the study and
therefore included in the study. One of them was susceptible, with increased exposure to
imipenem and meropenem, while the second one was susceptible, with increased exposure
to imipenem and susceptible to meropenem. The distribution of susceptibility profiles for
the investigated strains is shown in Table 3. Twenty antimicrobial susceptibility profiles
were distinguished. The profile of susceptibility to colistin was the only one (44.0%) that
was most prevalent, regardless of the blagyx,, genes detected.

Table 3. Distribution of susceptibility profiles and oxacillinases genes among A. baumannii strains
included into the study (n = 100).

Profile
I
11
i
v
—v
VI
VII
VI

XI
XII
XIIT
XIV
XV
XVI
XVII
XVIIT
XIX
XX1 1
XXIL?

rmMm

ARARA—-—AAAAAAARAAARAAAARADAA

MEM GEN! AMK

=

AR AFrwn—- A ARARA A "R RAOAA

Number (%) of

NN cIp LEV  SXT  COL  blagyy g 0t O
R R R R R R 5 Plioxa 24 (24.0)
R R R R R R s BlaoxA-40 20 20.0)
5 R R R R R 5 Plaoxa o 10(10.0)
R S S R R R s Blaoxa-0 9©.0)
5 s s R R R 5 PRoxa 1 (4.0)
R I R R R R s Blaoxa o 1(4.0)
R R s R R R 5 Ploxa.s 1(4.0)
S R R R R R s BlaoxA-23 1(4.0)
R R R R R R R Blaoxan 3(3.0)
R R R R R R R Blaoxa-40 3(3.0)
R s s R R R R Dlaoxaw 2(2.0)
R R R R R R S B T(L0)
R R R R R 5 5 Mo T(L.0)
R S S R R R s BlaoxA-23 1(.0)
R R s R R R 5 Plaoxaan T(L.0)
S R R R R R R Tlhoxam 1(1.0)
R R R R R R 5 B 1(1.0)
R R R R R R S B 1(1.0)
5 s s R R R R Dlaoxawn T(L.0)
s I R R R R s POy A0 1(1.0)
R R R R R S Blaoxa 2 3(3.0)
R R R R s S Ploxadn 1(1.0)

1 susceptibility to gentamicin was tested on 96 isolates, R—resistant (pink baxes), l—susceptible, in-

creased exposure (vellow boxes), S—susceptible (green boxes), IPM—imipenem, MEM-—mempenem,
GEN-—gen tamicin, AMK—amikacin, NN—tobramycin, CIP—ciprofloxacin, LEV—Ilevofloxacin,
SXT—trimethoprim/sulfame thoxazole, COL—calistin
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There was a weak positive correlation between the presence of the blagyxa-23 gene and
the strains’ origin from RTI cases (r = 0.24819). The blagy -4o-positive isolates were derived
statistically more often from other sites of infections—very weak positive correlation
(r = 0.22818). The detailed prevalence of the blagya genes in A. bawmannii in relation to the
strains’ origin is shown in Table 4.

Table 4. The occurrence of blagy s genes in A, haumamnii with respect to strains” origin.

Clinical Material blagya.e0  Plagxa.m blagya-anizs-Negative Total (n = 100)
RTI 23(50.0%)  22(47.8%) 1{2.2%) 46 (46.0%)
Other origin ! 39(72.2%) 13 (24.1%) 2(3.7%) 54 (54.0M6)

! wound infections/ pus, invasive infections, urinary tract infections, body fluids, tissue, granulation tissue,
wvascular catheter (for detailed data, see Table 52).

3.3. Virulence Factor Genes Presence and Co-Existence

The prevalence of virulence factors genes was as follows: 100 (100.0%) for the hap and
surAl genes, 99 (99.0%) for the basD and pld genes. The bauA and omp33-36 genes were
not detected among the studied strains. Table 5 shows the occurrence of virulence factors
genes with relation to the detected carbapenemase gene.

Table 5. The occurrence of virulence factor genes among A. baumanniii strains included in the study
(1 = 100).

Number (%) of Strains with a Particular Virulence Factor Gene

bap surAl basD bauA pld o0mp33-36
blagy .40 (n = 62) 62 (100.0) 62 (100.0) 62 (100.0) 0(0.0) 62 (100.0) 0(0.0)
blagy .o (1= 35) 35 (100.0) 35 (100.0) 34(97.1) 0(0.0) 34 (97.1) 0(0.0)
blacya.qny p-negative (11 = 3) 3 (100.0) 3(100.0) 3 (100.0) 0(0.0) 3 (100.0) 0{0.0)

There were no statistically significant differences between the detected carbapenemase
gene and the particular virulence factor gene presence (Spearman’s rank-order correlation
below 0.2). The only difference was shown for the two blagy a-23-positive isolates, one of
which was absent for the basD gene, while the other lacked the pld gene.

4, Discussion

HAIs caused by CRAD are a global problem due to limited therapeutic options for
their treatment. A. baumannii strains are persistent in the hospital environment due to
the development of resistance mechanisms to disinfection and a high survival rate in dry
environments [22]. The CRAD strains account for almost 90% of A. baumannii infections in
some countries, mostly in southern Europe and Asia [23]. Momeover, the European Center
for Disease Prevention and Control report in 2021 highlights the increased isolation rate of
Acinetobacter spp., mainly A, baumannii complex representatives, during the two years of the
pandemic (2020-2021). The reason might have been that more patients were mechanically
ventilated in the aforementioned time period due to Coronavirus disease [24].

A, bawmannii strains frequently exhibit antimicrobial susceptibility profiles categorized
as MDR or even PDR. In our study, six (6.0%) of the isolates were PDR. Resistance to
carbapenems is often connected with lack of susceptibility to other groups of antibiotics
(e.g., fluoroquinolones) [25]. In our study, 1007% of CRAbs were simultaneously resistant to
fluorogquinolones, only about 20% of isolates were susceptible to aminogly cosides, which
correlates with the reports of other researchers [26,27]. Therefore, the only treatment option
for the infections with this etiology is often colistin [28]. This is in concordance with the
results of our study, with the most prevalent antimicrobial susceptibility profile consisting
of the strains exclusively susceptible to colistin.
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The overuse of antibiotics, such as carbapenems, results in CRAD selection [29]. The
most prevalent mechanisms of carbapenem resistance among A. baumannii isolates are
CHDLs, with OXA-23 occurring the most often among A. baumannii worldwide [30,31].
Meanwhile, the results of our study showed that in our region, OXA-40-positive isolates
are dominant, which is consistent with other studies conducted in Poland [32]. In our study,
no isolates were simultaneously positive for both tested blaoxa genes.

The main factor in the early stages of pathogenicity and persistence of A. baumannii
strains is biofilm formation. Bap is a factor involved in biofilm synthesis, but also in an
adhesion to epithelial cells and abiotic surfaces [33]. The results of our study show that
all A. baumannii isolates carried the bap gene, which makes this gene useful as one of the
markers of A. baumannii infections. Our findings are similar to the results obtained by
Monfared et al. [34]. They have also shown that the bacteria lacking the bap gene are
incapable of biofilm synthesis. Of note, the isolates used in this study were derived from
specific clinical specimens (mostly broncho-alveolar lavage and wound swabs) where the
biofilm formation is crucial for an infection initiation.

The outer membrane protein also involved in biofilm formation, adhesion, and serum
resistance is a surface antigen protein 1 (surAl) [18]. Liu et al. described that 100.0% of
MDR and 83.3% of non-MDR A. baumannii isolates carry the surAl gene [20]. The results
of the aforementioned study are similar with our observations; all the tested isolates were
positive for the surAl gene, also making this gene a potential biomarker of infections with
this etiology.

Interestingly, due to the fact that the presence of the lap and surAl genes is noted in
all of the clinical strains, they can be altogether used as a genetic marker to confirm A.
baumannii infection, with an application using molecular biology methods, however, this
observation requires further research.

Outer membrane protein 33-36 (omp 33-36) is involved in adherence, invasion, and
cytotoxicity to human epithelial cells [10,11]. The previous study showed that the decrease
expression of Omp33-36 could be also associated with imipenem resistance [35]. None of
the A. baumannii tested in this study possessed this gene, but all were non susceptible to
imipenem. In turn, other researchers have shown that there is no statistically significant
difference in the frequency of this gene among CARb and non-CRADb strains [20].

Phospholipase D is an enzyme involved in serum resistance and invasion due to
hydrolysis of phospholipids which build the host cell membrane [13]. Phospholipase D
cleaves off a head group of phospholipids and could interfere with the immune system
response [1]. The results of our study indicate a high prevalence of the pld gene (99.0%)
among CRAD strains, which is similar to the results of the previous study [20]. Therefore, it
has been concluded that phospolipase D may play an important role in the pathogenesis of
A. bawmannii infections.

The system of iron acquisition in A. baumannii is based on the production of low-
molecular iron-specific chelators—siderophores. The best known siderophore, produced
by A. baumannii strains, is acinetobactin. The biosynthesis of adnetobactin is accomplished
by the proteins BasA-D and BasF-] [36]. Siderophores enter the bacterial cell in an ac-
tive transport way, for which appropriate receptors on the cell membrane are needed,
e.g., BauA is a receptor for acinetobactin. One of the previous studies showed a high
prevalence of gene encoding BauA (bauA) especially among MDR isolates [37]. Our results
are contradictory—no isolates with the bauA gene were detected. In tumn, the basD gene
was detected in 99.0% of isolates and this isin line with the results of other studies, showing
basD more often (92.0%) than bauA (62.5%) among MDR isolates [20]. Porbaran et al. [38]
showed the prevalence of basD and bauA in a lower percentage of A. awmannii isolates
among 12.5% and 15.2%, respectively. This is more concordant with the results of our study.
They also showed a strong correlation between the prevalence of metallo-beta-lactamases
and AmpC genes and the occurrence of genes involved in the iron/siderophore uptake sys-
tem. The genes encoding the adnetobactin metabolism protein are normally located within
the Acinetobactin Cluster, meanwhile Eijkelkamp et al. [39] described that the A. bawmannii
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SDF isolate lacks the Acinetobactin gene cluster. This may be one of the explanations why
the bauA gene was not detected among any of the isolates included into our study.

All the investigated genes encode proteins involved in the viability and pathogenicity
of A. baumannii. In this study, we only examined the pathogenic potential of the tested
strains, however, evaluating the presence of these genes among clinical A. baumannii isolates
gives better insight into their molecular characteristics. A potential importance of particular
genes as biomarkers of these pathogens was also underlined, however, more research is
needed to investigate the actual significance of these virulence factors, for example, the
ability to biofilm synthesis or assessing the expression levels of the genes studied.

A limitation of this study was that only carbapenem-non-susceptible A. baumannii
strains were considered. However, they are definitely the most prevalentisolates worldwide
and therefore the most promising study objects. Nevertheless, in order to complete the
data on the distribution of virulence factor genes, it would be preferable to investigate
carbapenem-susceptible isolates also. However, due to such widespread presence of
MDR and PDR A. baumannii isolates, the multidrug-susceptible strains are currently not
easily reachable.

To the best of our knowledge, this is the first work showing the prevalence of viru-
lence factors genes in terms of the presence of blaoxa genes among A, baumannii isolates
derived from patients hospitalized in Poland. Definite further studies on this issue are
necessary, e.g., genes presence confirmation by DNA sequendng, testing for more clinically
threatening beta-lactamases such as OXA-48 or NDM-1. However, there are no statistically
significant differences or obvious correlations between the presence of virulence factor
genes and blagy, genes. Comparing the result of our study to the studies of other re-
searchers, it can be concluded that the omp33-36 and bauA genes are not essential for the
pathogenesis of infections caused by blagy s -positive A, baumannii clinical isolates, at least
for the infections localized in the sites considered in the present study.

5. Conclusions

The most prevalent virulence factors genes among studied A. bawmannii isolates are
the bap and surAl genes. These genes, especially their co-existence, could be used as
biomarkers for the diagnostics of A. bauntannii infections. A high percentage of the gene
encoding a protein involved in the biosynthesis of the siderophore (acinetobactin}—basD is
also observed among A. baumannii. Meanwhile, the lauA gene—encoding the transport
protein for acinetobactin is abse nt among carbapenem-non-susceptible isolates. Therefore,
there is a possibility of another pathway for the siderophore transport for this particular
group of A. baumannii strains.

Supplementary Materials: The following supporting information can be dow nloaded at: https: / /www.
mdpi.com/article/ 103390/ diagnostics13061086 /51, Table S1: The origin of A dnetobacter baumannii
(n =100} clinical strains used in the study (units); Table S2: The origin of Acinetobacter bawmannii
(1 = 100) strains included in the study (specimen types); Table S3: The distribution of virulence
factors genes among the reference Acinetobacter baumaninii strains; Figure S1: Picture of amplification
curves showing results of real-time PCR for the hap gene detection—LightCycler 480 IT (Roche, Basel,
Switzerland); Figure 52: Anexample of picture showing melting peaks of the real-time PCR product
specificity for the ap gene—LightCycler 480 II (Roche, Basel, Switzerland}); Figure 53 Picture of
amplification curves showing results of real-time PCR for the sur A1 gene detection—Light Cycler 480 1T
(Roche, Basel, Switzerland); Figure S4: An example of picture show ing melting peaks of the real-time
PCR product specificity for the surAl gene—LightCycler 480 1 {Roche, Basel, Switzerland); Figure
55: Picture of amplification curves showing results of real-time PCR for the hasD gene detection—
LightCycler 480 Il (Roche, Basel, Switzerland); Figure S6: Anexample of picture showing melting
peaks of the real-time PCR product specificity for the basD gene—LightCycler 480 II (Roche, Basel,
Switzerland); Figure 57: Picture of amplification curves showing results of real-time PCR for the
bauA gene detection—CFX OPUS 96 (Bio-Rad, Hercules, CA, USA); Figure S8: Anexample of picture
showing melting peaks of the real-time PCR product specificity for the hauA gene—CFX OPUS %
(Bio-Rad, Hercules, CA, USA); Figure 59: Picture of amplification curves showing results of real-time
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PCR for the pld gene detection—CFX OPUS 96 (Bio-Rad, Hercules, CA, USA); Figure 510: An example
of picture showing melting peaks of the real-time PCR product specificity for the pld gene—CFX
OPUS 96 (Bio-Rad, Hercules, CA, USA); Figure 511: Picture of amplification curves showing results
of real-time PCR for the omp33-36 gere detection—CFX OPUS 96 (Bio-Rad, Hercules, CA, USA);
Figure 512: Anexample of picture showing melting peaks of the real-time PCR product specificity for
the omip33-36 gene—CFX OPUS 96 (Bio-Rad, Hercules, CA, USA); Figure 513: Picture of amplification
curves showing results of real-time PCR for the blagy 40 gene detection—LightCycler 480 11 (Roche,
Basel, Switzerland); Figure 514: An example of melting peaks picture showing specificity of the
real-time PCR product for the blagy .4 gene—LightCycler 480 1T (Roche, Basel, Switzerland); Figure
515: Picture of amplification curves showing results of real-time PCR for the Wapx .23 gene detection—
LightCycler 4580 IT (Roche, Basel, Switzerland); Figure S16: Anexample of picture showing melting
peaks of the real-time PCR product specificity for the Wapxa2; gene—LightCycler 480 IT (Roche,
Basel, Switzerland).
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Table 51. The origin of Adnetobacter baumannii (n = 100) clinical strains used in the study (units).

Number (%) of

Clinic/Unit stralns
Anesthesiology and Intensive Care 63 (63.0)
Liver and General Surgery 11(11.0)
Cardiology 6 (6.0)
Nephrology, Hypertension and Internal Medicine 5 (5.0)
Vascular Surgery and Angiology 3(3.0)
Geriatrics 3(3.0)
Endocrinology and Diabetology 2 (2.0)
Anaesthesiology and Intensive Care with Cardiac Anaesthesiology Division 2(2.0)
Vascular Surgery 2(2.0)
Rehabilitation 1(1.0)
Cardiac Surgery 1(1.0)
Chronic Wounds Care 1(1.0)

Table 52. The occurrence of blagxs, genesin A. baumannii with respect to strains’ origin.

Clinical material Number (%) of strains blagxaao (%) blagxa-2s (%)
Bronchoalveolar lavage 41 (41.0) 21(51.2) 19 (46.3)
Wound swahs 25 (25.0) 18(72.0) 6 (24.0)
Blood 10 (10.0) 7 (70.0) 3(30.0)
Urine 6 (6.0) 4(66.7) 1(16.7)
Peritoneal swabs 3(3.0) 3(100.0) 0(0.0)
Pus 3(3.0) 2 (66.7) 1(33.3)
Vascular catheter 2 (2.0) 1(50.0) 1 (50.0)
Tissue 2(2.0) 2(100.0) 0(0.0)
Respiratory tract secretion 2(2.0) 1(50.0) 1(50.0)
Peritoneal fluid 1(1.0) 1(100.0) 0 (0.0)
Sputum 1(1.0) 0(0.0) 1(100.0)
Cerebrospinal fluid 1(1.0) 1(100.0) 0(0.0)
Pleural fluid 1(1.0) 1(100.0) 0(0.0)
Tracheal swab 1(1.0) 0(0.0) 1(100.0)
Granulation tissue 1(1.0) 0(0.0) 1(100.0)

Table $3. The distribution of virulence factors genes among the reference Acinetobacter baumannii
strains.

bap surAl basD bauA pld omp33-36
DSM 102930 + + + - + +
DSM 30008 + - + + +

(+#) — presence of a particular gene; (-) — absence of a particular gene; DSMZ - Deutsche Sammiliung
von Mikroorganismen und Zellkulturen, Germany
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Figure S1. Picture of amplification curves showing results of real-time PCR for the bap gene detection
= LightCycler 480 Il (Roche, Basel, Switzerland); red lines — positive results, including positive control;
green line —negative control.
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Figure 52. An example of picture showing melting peaks of the real-time PCR product specificity for

the bap gene — LightCycler 480 Il (Roche, Basel, Switzerland); dark blue lines — positive results,

including positive control, showing specificity of the amplified product; light blue line — negative
control.
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Figure 53. Picture of amplification curves showing results of real-time PCR for the surAl gene
detection — LightCycler 480 Il (Roche, Basel, Switzerland); red lines — positive results, including
positive control; green line — negative control.
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Figure S4. An example of picture showing melting peaks of the real-time PCR product specificity for
the surAl gene — LightCycler 480 Il (Roche, Basel, Switzerland); blue lines — positive results, including
positive control, showing specificity of the amplified product; red line — negative control.
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Figure S5. Picture of amplification curves showing results of real-time PCR for the basD gene
detection — LightCycler 480 Il (Roche, Basel, Switzerland); red lines — positive results, including
positive control; green line — negative control.
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Figure 56. An example of picture showing melting peaks of the real-time PCR product specificity for
the basD gene — LightCycler 480 Il (Roche, Basel, Switzerland); dark blue lines — positive results,
including positive control, showing specificity of the amplified product; light blue line — negative
control.
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Figure S7. Picture of amplification curves showing results of real-time PCR for the bouA gene
detection — CFX OPUS 96 (Bio-Rad, Hercules, United States); an amplification curve with Cycle
threshold (Ct) around 16th cycle — positive control; the remaining curves — negative results.
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Figure 58. An example of picture showing melting peaks of the real-time PCR product specificity for
the bauA gene — CFX OPUS 96 (Bio-Rad, Hercules, United States), the peak with melting point at
84.5°C — positive control showing specificity of the amplified product, the remaining lines — negative

results.
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Figure 59. Picture of amplification curves showing results of real-time PCR for the pld gene detection
—= CFX OPUS 96 (Bio-Rad, Hercules, United States); amplification curves with Ct around 21st cycle -
positive results, including positive control; the remaining curves —negative results.
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Figure 510. An example of picture showing melting peaks of the real-time PCR product specificity for
the pld gene — CFX OPUS 96 (Bio-Rad, Hercules, United States); the peaks with melting point at 86°C —
positive results showing specificity of the amplified product, the remaining lines — negative results.
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Figure $11. Picture of amplification curves showing results of real-time PCR for the omp33-36 gene
detection — CFX OPUS 96 (Bio-Rad, Hercules, United States); an amplification curve with Ct around
21st cycle — positive control; the remaining curves — negative results.
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Figure 512. An example of picture showing melting peaks of the real-time PCR product specificity for
the omp33-36 gene — CFX OPUS 96 (Bio-Rad, Hercules, United States); the peak with melting point at
83.5°C — positive control showing specificity of the amplified product, the remaining lines — negative

results.
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Figure S13. Picture of amplification curves showing results of real-time PCR for the blagxa.so gene
detection — LightCycler 480 Il (Roche, Basel, Switzerland); red lines — positive results, including
positive control; green lines — negative results.

p— 8 o)

47T} Flusrescece (455510}
§ 33438593338

\
|
!

&
=
4

€0 B3 B = A S A =
Temperature [*C]
Figure 514. An example of melting peaks picture showing specificity of the real-time PCR product for
the blogvas gene — LightCycler 480 Il (Roche, Basel, Switzerland); blue lines — positive results,
including positive control, showing specificity of the amplified product; red lines — negative results.
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positive control, showing specificity of the amplified product; blue lines — negative results.
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Abstract: Carbapenem-resistant Acinetobacter baumannii is one of the major problems among hos-
pitalized patients. The presence of multiple virulence factors results in bacteria persistence in the
hospital environment. It facilitates bacterial transmission between patients, causing various types
of infections, mostly ventilator-associated pneumonia and wound and bloodstream infections. A.
bawmannii has a variable number of resistance mechanisms, but the most commonly produced are
carbapenem-hydrolyzing class D p-lactamases (CHDLs). In our study, the presence of blagys 2.
blagya 40 and blagya 5 genes was investigated among 88 clinical isolates of A. baumanmii, including
53 (60.2%) strains resistant to both carbapenems (meropenem and imipenem) and 35 (39.8%) strains
susceptible to at least meropenem. Among these bacteria, all the isolates carried the blagys .51 gene.
The blaca-23 and bla cps_g0 genes were detected in two (5.7%) and three (8.6%) strains, respectively.
Among the OXA-23 carbapenemase-producing A. bawmannii strains (n = 55), insertion sequences
(I5Aba1) were detected upstream of the blagy 4 03 gene in fifty-two (94.5%) carbapenem-resistant
and two (3.6%) meropenem-susceptible isolates. A. bawnannii clinical strains from Poland have
a similar antimicrobial resistance profile as those worldwide, with the presence of ISAlal among
blagy a.0a-positive isolates also being quite common. Carbapenem resistance among A. baumannii
strains is associated with the presence of CHDLs, especially when insertion sequences are present.

Keywords: Acinetobacter bawmannii; carbapenem resistance; insertion sequences; molecular basis of
antimicrobial resistance; oxacillinases

1. Introduction

Acinetobacter baumannii belong to glucose-non-fermentative, non-motile, non-fastidious,
aerobic Gram-negative coccobacilli. They are a part of the Actnetobacter calcoaceticus—A. hau-
mannii complex (Acb, consisting of A. baumannii, A. calcoaceticus, and Acinefobacter genomic
species 3 and Acinetobacter genomic species 13TU (Tjemberg and Ursingp—two of the most
clinically relevant genospecies in the Acb complex), associated with a number of infections
in clinical practice [1]. Antimicrobial resistance among Gram-negative rods currently is a
major global healthcare threat [2,3]. Carbapenem-resistant A. baumannii is one of the most
frequently isolated pathogens from hospitalized patients, especially in intensive care units
(ICUs) worldwide [4,5].

A. baumannii are isolated from various types of infections, mostly ventilator-associated
pneumonia (VAP), wounds, skin and soft tissue, urinary tract infections, meningitis and
bloodstream infections [6-8]. The presence of multiple virulence factors (e.g., biofilm forma-
tion) results in bacteria persistence in the hospital environment and facilitates transmission
between patients [9,10]. Nosocomial infections caused by A. bawmannii are also the most
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prevalent among critically ill patients, as their risk factors include prolonged hospital stays,
advanced age, invasive procedure application and mechanical ventilation introduction [11].

The choice of an effective treatment for infections with A. baumannii etiology is very
difficult. A. baumannii rods are naturally resistant to ampicillin, amoxicillin (and its com-
bination with clavulanic acid), cefazolin, cefotaxime, ceftriaxone, aztreonam, ertapenem,
trime thoprim and fosfomydn [12]. Hence, A. baumannii has been included in the ESKAPE
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pnewmoniae, A. baumannii, Pseudomonas
aeruginosa, and Enterobacter spp.) group of pathogens that has been described to emphasize
the ability of these pathogens to avoid antimicrobial effect [13]. Of note, carbapenems
(imipenem, meropenem) are often used in empirical therapy when infection with Gram-
negative coccobacilli is suspected. According to various reports, up to 90% of A. bawmannii
strains derived from patients with different kinds of infections are unfortunately resistant
to carbapenems [4,14].

A. baumannii has three main antibiotic resistance mechanisms: (i) control of antimi-
crobial transportation through bacterial membranes, (ii) modification of antibiotic targets
and (iii) enzymatic inactivation of the antimicrobials [3,15]. However, the structure of
their cells and the plasticity of the genome additionally enable the acquisition of new
resistance mechanisms, e.g., genes encoding enzymes that hydrolyze antibiotics—mostly
B-lactamases.

All four classes of B-lactamases (according to Ambler’s classification) have been iden-
tified among A. baumannii isolates, including a large number of carbapenem-hydrolyzing
enzymes (carbapenemases). A. baumannii isolates produce various types of carbapene-
mases: KPC, GES, NDM, VIM, IMP and SIM [6,15]. However, the most common are
carbapenem-hydrolyzing class D 3-lactamase groups (CHDLs, oxacillinases—OXA). The
major oxacillinases families found in A, bawmannii isolates are as follows OXA-51 (chromo-
somally encoded), OXA-23, OXA-24/40, OXA-58, OXA-143 and OXA-235.

The most widespread resistance mechanisms among A. bawsiannii worldwide areOXA-
23-like carbapenemases [16,17]. The location of the genes encoding these enzymes in A.
baumannii relates to mobile genetic elements (i.e., transposons and insertion sequences,
IS) [18,19].

CHDLs are enzymes with relatively weak activity that hydrolyze carbapenems with
low efficiency. An occurrence of IS, additional nucleotide sequences upstream of blagya-
like genes, promotes the expression of these genes [15]. The most prevalent IS among
A. baumannii genomes are: [SAbal, [SAba2, ISAba3 or 1518, and they occur along with
transposases genes and could be transferred between A. baumannii strain genomes [20].
ISAbBal is the most common IS among A. baumannii isolates and occurs in association with
Blagya-23 Plagxa-s) and Blagya.sg genes. The genome of these bacteria also contains genetic
structures covering important resistance genes—transposons (ITn). Three transposons have
been described as related with blagy 23— Tn2006, Tn2007 and Tn2008. The structure of
transposons is based on the presence of a resistance gene flanked by insertion sequences,
e.g., in Tn2006, the blagxa o3 gene is flanked by two copies of the insertion sequence ISAbad,
which are located in opposite directions [21].

The aim of this study was to determine the occurrence of blagxa-23, Blagxa-40 and
blagxa-s1 genes among A, baumannii strains susceptible to one of the carbapenems
(meropenem) and to examine the occurrence of ISAbal upstream of the blagya.2; gene
among blagya.23-positive A, baumannii clinical isolates with their present impact on the
carbapenem-resistance phenotype.

2. Materials and Methods
2.1. Bacterial Isolates Origin and Their Selection Criteria
In total, 35 A. bawmannii clinical isolates, susceptible to meropenem, and 53 carbapenem-

resistant (both imipenem and meropenem) bliaoxa-23-positive A. baumannii were included
in this study.
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The species identification of the tested strains was determined using a MALDI-TOFMS
instrument (Bruker, Mannheim, Germany) and MALDI Biotyper software (version 4.2.28),
according to the manufacturer’s instructions. In order to ensure intra-laboratory quality
control of identification during investigation, the bacterial test standard (BTS, Bruker,
Mannheim, Germany) was used. For all the studied strains, an identification coefficient of
>2.0 was obtained, whidh indicates a reliable assignment to the spedes.

Initially, all the tested strains were also checked for the presence of clinically impor-
tant carbapenemase genes (types NDM, VIM, KPC, IME, OXA-181 and OXA-48) using a
commercially available kit (eazyplex“’ SuperBug complete, AmplexDiagnostics GmbH,
Gars-Bahnhof, Germany), and their results were negative for each isolate. Strain selection
was set to include only isolates with a carbapenem resistance mechanism resulting at most
from the presence of OXA-like enzymes. Therefore, the criteria for including isolates in
this study were at most the presence of oxacillinases as the only one possible among the
already known broad-spectrum beta-lactamases.

The isolates were stored in Brain Heart Infusion (Becton, Dickinson and Company,
Sparks, MD, USA) with an addition of 15% glycerol (Sigma-Aldrich, 5t. Louis, MO, USA)
at —80°C. Before testing, they were grown on MacConkey Agar (Becton, Dickinson and
Company, Sparks, MD, USA) at 37 °C for 24 h and re-passaged.

The A. bawmannii DSMZ 102930 strain, purchased from Deutsche Sammlung von
Mikroorganismen und Zellkulturen, Germany, served as the carbapenemase-positive con-
trol isolate, while the A. baumannii DSMZ 30008 isolate served as the carbapenemase-
negative control strain. Escherichia coli ATCC 25922 (American Type Culture Collection);
P aeruginosa ATCC 27853 and both A. baumannii DSMZ isolates were also applied for the
quality control of the applied methods.

2.2. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing (AST) of the studied isolates was performed in
duplicate using a BD Phoenix™ M50 instrument (Becton, Dickinson and Company, Sparks,
MD, USA) using BD Phoenix™ NMIC-402 panels (Becton, Dickinson and Company, Sparks,
MD, USA). The first AST was carried out as part of a routine laboratory diagnostic scheme
and the second for research purposes, obtaining the same results each time.

Briefly, a dedicated AST indicator and 25 uL of 0.5 McFarland bacterial suspension
were added into Mueller-Hinton broth (Becton, Dickinson and Company, Sparks, MD,
USA). These suspensions were subsequently added to panels that were placed ina BD
Phoenix™ M50 instrument, and the results were obtained automatically after less than
18 h. They were interpreted according to the European Committee on Antimicrobial
Susceptibility Testing recommendation v. 13.0 (EUCAST) [22]. Quality control of AST was
ensured by using the reference strains P. aeruginosa ATCC 27853 and E. coli ATCC 25922,
also according to EUCAST recommendations.

The classification of the resistance phenotypes of the strains was as follows: multidrug-
resistant (MDR)}—strains resistant to at least three of the tested antimicrobial agents belong-
ing to separate antibiotic groups; extensively drug-resistant (XDR)—strains resistant to all
the tested antimicrobial agents except for two antimicrobial groups; pan-drug-resistant
(PDR)—strains resistant to all the tested antimicrobials.

2.3. DNA Extraction

The tested and control A. bawmannii strains were initially plated on MacConkey Agar
(Becton, Dickinson and Company, Sparks, MD, USA) for 24 h at 37 °C and harvested
afterwards for DNA isolation. DNA samples from the investigated strains were isolated
using the kit for genomic DNA purification from various sources—Genomic Mini kit (A&A
Biotechnology, Gdansk, Poland) according to the manufacturer’s protocol. DNA was stored
at —20°C before the testing.
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2.4, PCR Analysis
2.4.1. blagya Gene Detection and High-Resolution Melting Analysis

Real-time PCR parameters and primers characterized in Table 1 were used to detect
Blaoxa genes. The reactions were performed in a LightCycler 480 II thermal cyder (Roche,
Basel, Switzerland). The final volume of each reaction was 20 pL, each consisting of 5 uLL
of molecular biology grade water (EurX, Gdansk, Poland), 5 uL (0.25 uM/reaction) of
each primer as previously described [19,23] (Genomed, Warsaw, Poland), 4 uL of 5« HOT
FIREPOL"™ EvaGreen™ Mix (SolisBiodyne, Tartu, Estonia) and 1 pL of DNA of the strains
incduded in this study. The following real-time PCR conditions were established: one cycle
at 95 °C for 12 min, followed by 40 cycles at 95 °C for 155, annealing tempe rature at 58 “C
for 20 s, and the final elongation with data collection at 72 °C for 20 s. Finally, the melting
curve of the DNA amplification products was determined (95 °C for 5 s and 60 °C for 1 min,
data acquisition at 0.11 °C increments between 60 “C and 97 °C) to confirm the specificity
of the detected genes.

Table 1. Sequences of primers applied for blagys and ISAbal-bla gy 2a gene detection and PCR
parameters used in the study.

. ) . af N Annealing Product
Gene Detected Primer Sequences 5'—3 Tm (°C) Temperature (°C) Length (bp) References
baoxas F: GGTTAGTTGGCCCCCTTAA 51.8 58 246 23]
R: AGTTCGAGCGAAAAGGGGATT 49.7
F: GATCCGATTGGAGAACCAGA 50.3 - - .)
blacxa.2a 58 501 [23]
- R: ATTTCTGACCGCATTTCCAT 47.7
Maoxas, F: TAATGCTTTGATCGGCCTTG 49.7 58 353 (23]
' R: TGGATTGCACTTCATCTTGG 49.7
F: AATCACAAGCATGATGAGCG 4.7 _ .
ISAbal-blacus. 23 54 962 [19]
R: CATTTCTGACCGCATTTCCAT 5.5

The data collection was enabled continuously at each increment during the tempera-
ture change (high-resolution melting variant). All the described real-time PCR procedures
were initially performed as a standard PCR to confirm the specificity of the results and the
product size confirmation using their standard electrophoretic separation in agarose gels
(an applied procedure as described below ).

2.42. ISAbal-blagya.23 Gene Detection

A PCR assay for the detection of ISAbal-blagy a3 was performed using the primers
shown above (Table 1). The final volume of the PCR was 25 uL. The following reagents
(all Promega, Walldorf, Germany) were used: MgCl,—25 mM; dNTPs—1 mM; poly-
merase GoTag—1 U/reaction; primers—200 pM; 1.5 concentrated polymerase buffer
and 2 uL of a DNA template. An amplification of the target gene was performed using
a Mastercycleru!\"l’rn (Eppendorf, Hamburg, Germany). The reaction was performed ac-
cording to the following conditions: one cycle at 94 “C for 5 min, followed by 30 cycles
at 94 °C for 25 s, 54 °C for 40 s and 72 °C for 50 s with a final elongation at 72 °C for
6 min. The PCR reaction products weme separated by electrophoresis on 1.5% agarose gel
(Bio-Rad, Feldkirchen, Germany) ina 1 concentrated Tris-Boric Acid-EDTA (TBE, Bio-Rad,
Feldkirchen, Germany) running buffer at 9 V/cm for 1 hina MINI SUB™ DNA CELL
(Bic-Rad, Feldkirchen, Germany) device.

2.5. Data Analysis

Statistical analysis was performed using the Statistica™ 13.3 (TIBCO Software Inc.,
Palo Alto, CA, USA) program. Pearson’s chi-squared test and Fisher's exact test were car-
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ried out to assess whether the differences in the strains’ origins and whether the changes in
antibiotic resistance profiles were statistically significant. p-value of <0.05 was considered
as statistically significant.

¥ contingency coefficient values were used to investigate the strength of correlation
for particular features’ coexistence and the strains’ origins (p < 0.05). An interpreta-
tion of x contingency coefficient correlation test was as follows: for x: 0—no relation-
ship; £0.01-30.19—none or insignificant relationship; +0.2-+0.29—a weak relationship;
+0.3-+£0.39—a moderate relationship; £0.4-40.69—a strong relationship; £0.7 or higher—
a very strong relationship.

3. Results
3.1. Bacterial Strains Origin

All of the tested strains were isolated between 2017 and 2023 from various patients
(one strain per patient only) hospitalized at the University Hospital No. 1 in Bydgoszcz,
Poland. The isolates were derived mainly from Anesthesiology and the Intensive Care
Unit (ICU), and of them, 22.9% (n = 8) and 79.2% (n = 42) were susce ptible and resistant to
carbapenems, respectively. Tables 2 and 3 show the detailed origin of A. bawmannii clinical
isolates used in this study.

Table 2. The detailed origin of meropenensusceptible A, baumannii clinical strains used in this study
(clinics/ departments) (1 = 35).

Clinid/Department Strain Number (%)
Department of Anesthesiology and Intensive Care 8(228%)
Clinical Unit of Anesthesiology and I.l:lll'_:l'llsi‘r'f.‘ Care with Cardiac Anesthesiology 7 (20.0%)
Division
Department of Cardiology 3 (8.6%)
Department of Neurology 3 (8.6%)
Department of General, Oncologic and Pediatric Urology 2 (5.7%)
Department of Liver and General Surgery 2 (5.7%)
Department of Nephrology, Hypertension and Internal Medicine 2 (5.7%)

Department of Otolaryngology and Laryngological Oncology with Audiology and

Phoniatrics Unit 2(57%)

Department of Dermatology, Sexually Transmitted Diseases and 1(2.9%)
Immunodermatology

Department of Emergency Medicine 1(2.9%)

Department of Endocrinology and Diabetology 1(2.9%)

Department of Ortho pedics and Traumatology 1(2.9%)

Department of Transplantation and General Surgery 1(2.9%)

Chronic Wound Care 1(2.9%)

Table 3. The origin of all blagy a.25-positive A. bauwmannii clinical strains used in this study (clin-
ics/ departments) (n = 53).

Clini¢'Department Strain Number (%)
Department of Anesthesiology and Intensive Came 42(79.2%)

Department of Endocrinology and Diabetology 3(5.7%)
Department of Ca rd iology 2(3.8%)
Department of Geria trics 2(3.8%)
Department of Liver and General Surgery 2(3.8%)
Department of Cardiac Surgery 1(1.9%)
Department of Rehabilitation 1(1.9%)
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Figures 1 and 2 show the detailed origin of A. baumannii strains used in this study with
respect to clinical specimen ty pe. Apart from four strains derived froma tracheostomy swab,
an ear swab and organ preservation fluid, regardless of group belonging and strain charac-
teristics, all the remaining bacterial strains were isolated from various types of infections,
mainly from the cases of respiratory tract infections, wound swabs and blood samples.
T 1(29%)

I 1(2.9%)

. 1(2.9%)

I 1(2.9%)

B 1(29%)

B 1(2.9%)

— 3(8.6%)
E——— 6 (17.1%)
I 8(22.9%)
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=
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Strain number (%)

Figure 1 The origin of meropenem-susceptible A. bautmannii strains used in this study, with respect
to clinical specimen type (1 = 35).
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Figure 2. The detailed origin of Wagxa -23-positive A. bauntannii strains used in this study, with respect
to clinical specimen type (n = 53).
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3.2. Bacterial Strains Antimicrobial Susceptibility

Table 4 shows the antimicrobial susceptibility testing results among 35 meropenem-
susceptible A. bawmannii isolates. All of the strains, resistant simultaneously to quinolones
and trimethoprim/sulfamethoxazole (n = 12, 34.3%), were also classified as multidrug-
resistant (MDR) isolates. The majority of these strains were susceptible to colistin (n = 33,
94.3%). Nearly half (n = 16, 45.7%) of the isolates were susceptible with increased exposure
to dprofloxadn.

Table 4. Antimicrobial susceptibility of A. baumannii meropenem-susceptible isolates (1 = 35).

Number (%) of Strains

Antimicrobial Susceptible Susceptible, Increased Exposure Resistant
IMP 30 (85.7) 2(57) 3(8.6)
MEM 35 (100) 0 0
TOB 25(71.4) 0 10(28.6)
AMK 28 (80.0) 1(29) 6 (17.1)
cIp 7 (20.0) 16 (45.7) 12(34.3)
LEV 23 (65.7) 0 12(34.3)
SXT 22 (62.9) 0 13(37.1)
CcoL 33(94.3) 0 2(5.7)

IPM—Imiperem, MEM—Meropenem, TOB—Tobramycin, AMK—Amikacin, CIP—Ciprofloxacin, LEV.
Levofloxacin, SXT—Trimethoprim,/ sulfamethoxazole, COL—Colistin.

Antimicrobial susceptibility testing for carbapenem-resistant blagy a.23-positive A.
bawmannii isolates also revealed the majority of isolates susceptible to colistin (n = 43, 86.8%).
All of the tested isolates were resistant to carbapenems and quinolones (Table 5). All of
the studied isolates were classified as extensively drug-resistant (XDR), and among these,
nine (25.7%) isolates were pan-drug-resistant (PDR). Some of the strains were susceptible
to amikacin and tobramycin exclusively—one (1.9%) and five strains (9.4%), respectively
(Table 5).

Table 5. Antimicrobial susceptibility of carbapene m-resistant Waox a.23-positive A, baumannii (n = 53).

Number (%) of Strains

Antimicrobial Susceptible Susceptible, Increased Exposure Resistant
IMP 0 0 53 (100)
MEM 0 0 53 (100)
TOB 5(9.4) 0 48 (90.6)
AMK 1(19) 0 52(98.1)
CIP 0 0 53 (100)
LEV 0 0 53 (100)
SXT 0 2(37) 51(96.2)
COL 42(79.2) 0 11(20.8)

IPM—Imipenem, MEM—Meropenem, TOB—Tobramycin, AMK—Amikacin, CIP—Ciprofloxacin, LEV.
Levofloxacin, SXT—Trimethoprim/ sulfamethoxazole, COL—Colistin.

A very strong relationship (x = 0.768, p < 0.05) was found between the occurrence of
MDR A. bauwmannii isolates and the presence of the blagy .23 gene. Meanwhile, there was
no statistical relationship between colistin resistance and the presence of the blagx .23 gene
(p= 0.05).
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3.3. Presence of blapxa Genes among Meropenem-Susceptible A. bawmannii Isolates

In total, 35 A. baumannii strains were tested for the presence of blagxa genes. Among
these bacteria, 100% of the isolates carried the blagxa-5 gene. The blagy -2z and Blagxa 40
genes were detected only in two (5.7%) and three (8.6%) isolates, respectively. 1SAbal
fragments were detected upstream of blagxa-23 in both isolates. Table 6 shows the drug
susceptibility of A. baumannii isolates with confirmed blagy s gene presence. Two of the
isolates werne susceptible to imipenem. In addition, four of the studied strains were MDR.

Table 6. Antimicrobial susceptibility among meropenem-susceptible A, haumannii isolates carrying
blapya genes (n=5).

Specimen Origin

Unit  Gene Detected 1SAbal IMP MEM TOB AMK CIP LEV SXT COL

Bronchoalveolar lavage cu blaca-23 + R S R S R R R S
Wound swab Icu Blaca. 2 + S S R S R R R S

Pus cu bla cacae 40 n/a R 5 S S R R R R

Urine Icu bla gacaan n/a S S S S I S S S
Vascular catheter NEU Blaca-40 n/a R S R S R R R S

S—susceptible, [=-susceptible with increased exposure, R—resis tant, ICU—Anesthesiology and Intensive Care
Unit, NEU—Department of Neurclogy, IPM—Imiperem, MEM—Meropenem, TOB—Tobramycin, AMK—
Amikacin, CIP—Ciprofloxacin, LEV—Levofloxacin, SXT—Trimethoprim,/sulfamethoxazole, COL—Caolistin,
+—paositive result, n/a—not applicable.

3.4. Presence of ISAbal-blagy 423 among Carbapenem-Resistant A, baumannii Isolates (n = 53)

ISAbal were altogether detected upstream of blagx a3 genes in 52 (98.1%) isolates. In
the remaining A. baumannii strains, a PCR product with a different product length was
detected. The only negative isolate for ISAbal-blagy a.23 with a product length of more
than 962 bp was classified as XDR and was also susceptible to colistin. This mentioned A.
bawmannii isolate was isolated from bronchoalveolar lavage collected from an ICU patient.

A moderate relationship (x = 0.526, p < 0.05) was found between multidrug resistance
and strains’ origins—the ones derived from ICU patients.

4. Discussion

Infections caused by multidrug-resistant bacteria are an alarming problem world-
wide [24,25], although the last few decades have been associated with a great development
in medicine. In developed countries, access to healthcare systems is evident, but this is
associated with an excessive drug uptake, use of biomaterials and invasive procedures that
often cause nosocomial infections [26,27].

At the beginning of antibiotic therapy implementation, it was unpredictable that
70 years later, bacteria resistant to all treatment options would emerge [28]. In 2017, the
World Health Organization published a list of priority pathogens for research and the
development of new antibiotics, in which it was emphasized that carbapenem-resistant
A, baumannii strains are a critical pathogen [29]. However, the understanding of the
molecular basis of bacterial antimicrobial drug resistance is of fundamental importance
in terms of their elimination purpose. Therefore, we aimed to decipher the carbapenem-
resistant determinants resulting from insertion sequence presence among MDR A, bawmannii
clinical strains.

A, bawmannii forms biofilms on both biotic and abiotic surfaces, facilitating survival on
medical devices, hospital surfaces, etc. [6]. This is one of the reasons why these bacteria
cause a number of VAP infections. In our study, most of the A. bmomannii isolates (n = 38,
43.2%) were derived from specimens collected from the respiratory tract—bronchoalveolar
lavage. Other researchers have also demonstrated the significant importance of A. bawmannii
strains on the development of respiratory tract infection, emphasizing VAF. Bandit-Pavlovié
etal (2020) showed that 23.7% (n = 23) of A. baumannii isolates are associated with VAP
infections, and 87.0 % (n = 20) among them belong to XDR strains [30].
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Antimicrobial susce ptibility testing among meropenemrsusce ptible isolates included
in this present study shows that most of the antibiotics tested still had in vitro activity
against A, bawmmannii, but even among those isolates, 12 (34.3%) were MDR and 16 (45.7%)
were susceptible with increased exposure to ciprofloxacin. It shows that among these
isolates, a choice of the appropriate therapy is also difficult. The hospital environment
favors the persistence of MDR, often carbapenem-resistant strains [4,14,31].

Meanwhile, a global threat is the spread of carbapenem-resistant isolates among pa-
tients in hospitals. In this study, all the carbapenem-resistant isolates were classified as
XDR, including recognition of nine (25.7%]) of them as PDR isolates. The occurrence of car-
bapenem resistance is often associated with resistance to other antibiotic groups. All (n = 53,
100%) of the carbapene m-resistant bla oy o 23-positive A. baumannii strains included in this
study were additionally resistant to quinolones. Moreover, other researchers have also
shown that ciprofloxacin and levofloxacin combination is nota good choice for a treatment
due to widespread resistance to fluoroquinolones among A. haunannii representatives [32].

The last-resort therapy with colistin is often the only treatment option for A. baumannii
infections, yet, in our study, 11 (20.8%) strains were resistant to this antimicrobial also. Other
studies have also shown worrying results regarding the emergence of colistin-resistant
A, bawmannii strains [33]. Almutairi et al. (2022) showed, as an actual necessity, the
in vitro synergistic effect of using colistin with other antimicrobials, e.g., with vancomycin,
rifamycin or beta-lactam, which is a quite surprising, however interesting and promising
observation [34].

The focus of our study was carbapenemases, which are the most prevalent among
A, baumannii bacteria worldwide: blagxa.za, Blagya-q0 and Blagxa.s. OXA-like enzymes
are considered relatively weak enzymatic carbapenem hydrolyzers. Therefore, in our
study, meropenem-susceptible isolates of A. baumannii were also tested for the presence
of Blagy a-like genes. In all of the tested strains, blagya.s) genes were present. This gene is
an intrinsic representative of oxacillinases, localized in the chromosomal genome as has
been previously described [35]. This gene has also been successfully used as a genetic
marker for A, bawmannii identification in a previous study [36]. blagxa-23 and blagxa-ao
genes were not detected among a number of isolates (n = 30, 85.7%) in this study, with
only two (5.7%) and three (8.6%) A. baumannii strains being positive for blagya. o3 and
blagxa-q0 genes, respectively. Three of these isolates were imipenem-resistant but two
of them were surprisingly susceptible to both carbapenems. In both blagya-23-positive
isolates, ISAbal was detected. Noteworthily, one ISAbal- blagya o3-positive isolate was also
susceptible to imipenem. These results indicate the necessity of investigating the presence
of various resistance mechanisms among A. bawmannii or different expression levels among
ISAbal-blagya 23 genes for the phenotypic emergence of carbapenem resistance.

Analyzing isolates sensitive to meropenem, the authors identified isolates that pre-
sented the blagxaao gene and the ISAbal-Flagx a3 set of genotypes associated with re-
sistance to meropenem. This interesting fact could be elucidated by the investigation of
possible differences in the mentioned gene sequences or expression levels for these genes
between sensitive and resistant isolates. Hence, the suggested approach could explain
the fact that even though these bacteria had genes associated with resistance, they were
sensitive to the mentioned carbapenem. Therefore, in the next research step, the authors are
planning to perform the DNA sequencing of the mentioned genes for the selected strains
and to determine their relative expression levels. Through real-time PCR assays of the
resistance genes found in isolates sensitive to meropenem, a comparison of them with those
found in resistant strains should be possible. This could shed more light on the problem,
providing more robust and obvious observations and conclusions.

The authors of this research paid attention the most to the strain selection and made
an effort to choose non-repeatable strains for this analysis, e.g., only one strain per patient,
different antimicrobial susceptibility profiles (if possible), different patient locations at the
time of specimen collection and relatively long time periods between the strains’ isolations.
However, we cannot be sure that the isolates are unique in molecular meaning and it
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would be beneficial to perform clonality testing, using multilocus sequence typing and
comparative whole-genome sequencing in the ongoing research. In addition, it is planned
to detect the molecular basis of resistance to antibiotics other than carbapenems.

Other researchers have shown that additional genetic elements, such as [5s, are needed
to enhance the ability to hydrolyze carbapenems due to ISs acting as promoters of blagya-
like gene expression. Several types of IS have been described so far, with ISAbal, ISAba2,
15Aba3, 15Abad, 15Aba9, 15Abal0, 1518 and 15Aba825 among them, and ISAbal as one of
the most common in A. bawmannii [21]. The presence of ISAbal among blagya-25-positive
isolates is also rather common. This has been also confirmed in our study, showing 98.1%
(n = 52) of isolates carried I5Abal upstream of the blaoxa-23 gene. These results are in
consistence with some other research studies. Stoczynska et al. (2021) showed the presence
of ISAbal-blacx a-23 among 100% (n = 39) of the studied strains [19], while in 2015, Bahad or
etal (2015) showed the occurrence of ISAbal upstream of the blaoxa-23 gene in 67% (n = 34)
of isolates only [37]. In this present study, for one isolate, an ISAbal upstream blagya-23
gene was found but with a different product length. More research, e.g., DNA sequencing
is needed to clarify the sequence of this particular product, but it is possible that there
are more [SAll repeats in the genome of this particular isolate or that some genetic
insertion within gene sequence appeared. Another limitation of this study was that the
whole genome sequencing of the strains studied was not conducted to better characterize
the isolates.

A, barmannit is one of the major nosocomial pathogens, causing severe infections in
critically ill patients, hospitalized mostly within ICUs Carbapenem-resistant A. bawmannii-
involved infections showed a significant association with length of ICU stay, increased
treatment costs and antibiotic use [38]. Other studies have shown that Acinefobacter spp.
infections represent 7.9% of VAP in the ICUs [39]. In this study, we showed that the isolation
of A. bawmannii from ICU had a moderate relationship with multidrug resistance among
the strains of this spedes. Moreover, the resistance to carbapenems has been shown to
also be associated with resistance to other treatment options. This was also described by
Konca etal. (2021) in their study, showing A. bawmannii clinical isolates resistant to all the
treatment options, except for colistin and trimethoprim /sulfamethoxazole [40].

The characterization of isolates and epidemiological studies are also very important
to track the transmission of A. baumannii between patients, especially in intensive care
units. In this aspect, education, control and compliance with hygiene rules by staff are
extremely important. Therefore, the comprehensive understanding of the molecular basis
of carbapenem resistance is of great importance.

5. Conclusions

Carbapenem resistance among A. baumannii strains is a complex problem butis most
often associated with the presence of CHDL, especially in the presence of IS. The clinical
implications of these findings include the fact that the isolation of blagx-positive A.
bawmannii strains does not exclude completely the possibility of using carbapenems (or at
least meropenem) in the treatment of infections caused by some such strains. Furthermore,
in some cases, carbapenems with laboratory-proven in vitro activity should be considered
active drugs against strains, re gardless of the presence of insertion sequences in their DNA.
However, in the case of empirical therapy for infections caused by strains with a high risk
of oxadllinases presence, some other antimicrobial options should be considered safer (e.g.,
combination with aminogly cosides or colistin) and used successfully.

Although among the meropenem-susceptible isolates, only blagya.5) genes are identi-
fied, we show that it is important to monitor the susceptibility of A. baumannii isolates to
antimicrobial agents and to study the molecular basis of resistance mechanisms, especially
among endemic outbreaks. Of note, within A. haumannii isolates, the different expression
levels of the ISAbal-blagx a-23 genes may influence the phenotypic manifestation and emer-
gence of carbapenem resistance. Moreover, the same antimicrobial susceptibility pattern
between the strains may result from a combination of different molecular determinants.
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The presence of ISAbal among blaoxa-23-positive isolates is rather common. Although
carbapenem-resistant A. baumannii clinical strains from Poland have a similar antimicro-
bial resistance profile as worldwide, this study demonstrated the need to investigate the
presence of various bases and modes of these particular resistance mechanisms.
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Abstract: Multidrug-resistant Acinetobacter baumarnnii, particularly those producing carbapenemases,
are spread worldwide. A reliable detection of carbapenemases is essential to choose the appropriate
antimicrobial therapy and, consequently, prevent the dissemination of catbapenem-resistant strains.
The aim of this study is to examine the molecular basis of the carbapenem resistance mechanism and
estimation of conventional PCR and real-time PCR usefulness for the detection of oxacillinases when
compared to phenoty pic carba penemases detection. The following methods were evaluated: the
CarbAcineto NP test, Carbapenem Inactivation Method, CPO panels of se miautomated antimicrobial
susceptibility testing method on the BD Phoenix™ M50 system, conventional Poly merase Chain
Reaction and real-time PCR. The eazy plex™ SuperBug complete A assay was used as the reference
method. Among the tested strains, 39 (67.2%) carried the Wapxa.40 gene, while the Naoxao3 gene
was noted amongst 19 (32.8%) isolates. The diagnostic sensitivities of the studied assays were as
follows: CarbAcineto NP—65.5%; CIM—100%; CPO—100%; conventonal PCR—100%; real-time
PCR—100%.

Keywords: Acinetobacter bnumannii; cartbapenemases; carbapenem-resistant; OXA-like beta-lactamases;
OXA-like carbapenemases; OXA-23; OXA-40; resistance to carbapenems

1. Introduction

Acinetobacter bawmannii are Gram-negative nonfermenting rods, an etiological factor
of opportunistic infections among hospitalized patients [1,2]. This species mostly causes
respiratory and urinary tract infections and bacteriemia. The mentioned rods may also
be involved in meningitis, bacterial endocarditis and eye, skin and soft tissue infections [3].
A. baumannii strains are often multidrug-resistant (MDR); therefore, the treatment of in-
fections of this etiology is often quite problematic and frequently requires the inclusion of
“salvage therapy” [4].

A, bawmannii strains have a number of intrinsic resistance mechanisms, e.g., Acinetobac-
ter-derived cephalosporinases (ADC) and OXA-51-like beta-lactamases. They are naturally
resistant to ampicillin and amoxicillin and its combination with clavulanic acid, cefazolin,
cefotaxime, cefriaxone, aztreonam, ertapenem, trime thoprim and fosfomycin [5].

Additionally, the A. bawmannii genome may contain pathogenicity islands and plas-
mids, which determine the presence of genes encoding enzymes that hydrolyze different
antibiotics, such as beta-lactamases (e.g., carbapenemases) [6]. Class A, B and D car-
bapenemases (according to Ambler’s classification) are the enzymes usually detected
among these bacteria. The most prevalent amongst them are class D beta-lactamases,
including CarbapenenmrHydrolyzing class D Beta-Lactamases (CHDLs and oxacillinases).
The following oxacillinases groups have been previously identified among A. baumannii
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strains: OXA-51-like, OXA-23like, OXA-40-like, OXA-58like, OXA-143-like and OXA-235
like [7,8]. CHDLs usually present a weak hydrolytic activity of carbapenems, unless other
resistance mechanisms are involved simultaneously, including efflux pumps, the loss of
porins or other properties connected with the presence of insertion sequences (ISs) in their
genome [5].

ISs have been detected upstream of blagxa genes. They serve as particular gene
promoters, which lead to their overexpression [9]. ISs have the ability to relocate within the
bacterial genome because the transposase enzyme gene can also be found in their structure.
I5Abal insertion sequences are the most commonly identified in A. baumannii genomes.
It has been previously detected upstream of blagxa-oatikes Plroxa-aoiike OF Haoxa-sslike
genes [9]. In turn, blagya sslike genes occur more frequently within a different IS, called
Aba3 [10].

The reliable detection of carbapenemases is essential to prevent the spread of carbapenem-
resistant strains and to choose the appropriate antimicobial therapy [11]. Therefore, the aim of
this study is to evaluate the molecular basis of the carbapenem resistanos mechanism among,
A. lnymannii strains and the evaluation of conventional PCR and real-time PCR usefulness for
the detection of oxadllinases when compared to phenotypic detection methods. The follow-
ing methods were evaluated: CarbAcineto NE, the Carbapenem Inactivation Method (CIM),
CPO panels (Carbapenemase-Producing Organisms, CPO—GN-502 Panels, Becton Dickinson,
Franklin Lakes, New Jersey, USA) of semiautomated antimicrobial susceptibility testing (AST)
method on the BD Pheenix™ M50 system, and molecular biology-based approach: conventional
Polymerase Chain Reaction (PCR), real-time PCR and eazyplex™ SuperBug complete A assay
(AmplexDiagnostics GmbH, Gars am Inn, Germany) accompanied with the Genie™ [T device
(OptiGene). The latter, the in vitro diagnostic (IVD)-certified kit, was chosen to be dedicated to
MDR Gram-negative rods and used as the reference method. It is a molecular assay based on
the loop-mediated isothermal amplification (LAMP) real-time PCR method, which determines
the presence of the most dinically important carbapenemases genes (KPC, NDM, VIM, OXA-48,
OXA-23, OXA-40 and OXA-58) in bacteria cultures or directly in clinical specimen samples [12].

2. Results
2.1. Antimicrobial Susceptibility

A. baumannii strains presented a high percentage of resistance to all of the examined
antimicrobials. All of the studied isolates (n = 58) were also resistant to both of the
carbapenems. A total of 54 (93.1%) isolates was extensively drug-resistant (XDR), and
4 (6.9%) were pandrug-resistant (FDR). Most of the strains were susceptible to colistin only
(91.4%; n = 53) (Table 1).

Table 1. Antimicrobial susce ptibility profiles of the tested isolates (n = 58).

Antimicrobial Resistant Strains (r = 58)

Number (%)
Imipenem 58 (100%)
Meropenem 58 (100%)
Gentamicin 43(74.1%)
Amikacin 55 (94.8%)
Tobramycin 56 (96.6%)
Ciprofloxacin 58 (1009%6)
Levofloxacin 58 (100%)
Trimethoprim/sulfamethoxazole 57 (98.3%)

Colistin 5(8.6%)

2.2. Results of the Reference Method of Carbapenemase Genes Defection
Among the examined strains, 39 (67.2%) carried the blaoxa-40 gene, while the blaoxa-23
gene was noted among 19 (32.8%) isolates using the eazyplex™ SuperBug complete A assay.
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2.3. Results Comparison

Using CPO panels, the antimicrobial susceptibility profiles of all the studied strains
were investigated, while classes of beta-lactamases were not determined for five (8.6%) of
them (Table 2). Three of these isolates in the reference methods were blaox a-a0-positive and
two werne blagya.o5-positive. Using the molecular biology-based approach, 100% (n = 58) of
the strains were dassified into a particular dass of beta-lactamases.

Table 2. Detection of a particular carbapenemase class by phenotypic and genotypic methods.

No. of Isolates Positive for a Particular Class of Beta-Lactamases/

Strains Number (%)
Assay Class D carbapenemase
CPO 53/58 (91.4%)
Real-time PCR 58,/58 (100%)
Conventional PCR 58/ 58 (100%%)

The sensitivity of the studied assays is presented in Table 3. Among the 20 negative
results obtained in the CarbAcineto NP test, 12 (60.0%) isolates were blagy .25 positive and
8 (40.0%) blagyx a-4g-positive, with an application of the reference method.

Table 3. Number of isolates producing carbap enemases detected by the tested methods compared to
the reference method.

Assay No. of Positive Results of Carbapenemase Detection/Strains Number (%)
CarbAcineto NP 38/58 (65.5%) *
CIM 58,58 (100%)
Cro 58/58 (100%)
Real-time PCR 58,58 (100%)
Conventional PCR 58/58 (100%)

* statistically significant difference p > 0.05.

In one isolate, the blagx a2z gene was detected using molecular methods (conventional
PCR and meal-time PCR), as opposed to the reference method, in which the Blagya.4n
gene was detected. The carbapenemases genes/ classes were correctly determined in the
remaining 57 (98.3%) isolates (see Figures 1 and 2 for the conventional PCR and Figures 3
and 4 for the real-time PCR results).

The time required to obtain the culture was the same for all the methods, but a further
detection time varied significantly with the methods tested: the ap plication of phenotypic
methods required approximately 2 h, 18 h and 20 h for CarbAcineto NE, CPO and CIM,
respectively. The real-time PCR results were obtained after approximately 2 h, while by
conventional PCR after 3 h.
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M 38 39 40 41 42 43 44 47 ()

1000bp —»

500bp —»

Figure 1. Picture of anelectrophoretic gel showing the PCR amplicons for blapxa-40 gene; product
size of 246 bp (M—DNA size marker 100-1000 bp; 38-44—numbers of the examined strain positive
for blacxa-40 gene except for number 41; 47—positive control; (-}—negative PCR control).

M 29 30 31 32 33 34 35 36 ()

1000bp —»

S00bp —»

Figure 2. Picture of anelectrophoretic gel showing the PCR amplicons for blapxa-2; gene; product
size of 501 bp (M—DNA size marker 100-1000 bp; 29-36—numbers of the examined strain, with 31,
33 and 35 positive for blagya.23 gene; (-}—negative PCR control).

Amplification Curves
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Figure 3. Picture of amplification curves showing results of real-time PCR for blapxa-40 gene (red
curves—positive results; green curves—negative results).
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Figure 4. Picture of amplification curves showing results of real-time PCR for blaox a-23 gene (red
curves—positive results; green curves—negative results).

3. Discussion

Infections caused by A. bawmannii, most often resulting from MDR strains, are a global
threat and cause serious treatment difficulties [2,13,14]. Carbapenems are usually the drugs
of choice in the treatment of A. bawmannii infections. However, the high plasticity of the
A. baumannii genome allows for the easy acquisition of resistance genes, as well as those
encoding enzymes that hydrolyze carbapenems [15]. The scientific literature underlines
that the most common acquired carbapenem resistance mechanisms among A. bawmannii
isolates are class D beta-lactamases [13,16], which is in accordance with the results of our
study (all of the strains synthesized OXA-like enzymes).

It is of great importance to trace the spread and dissemination of CHDLs [17,18]. As
there is no selective inhibitor for CHDL and there is no possibility of a selective phenotypic
determination of these carbapenemases producers among A. baumannii isolates, different
methods are used to detect the mechanisms of enzymatic resistance to carbapenems. In
this study, five methods of CHDL detection were evaluated: CarbAcineto NE, CIM, parels
compatible with the BD Phoenix™ M50 system (CPO Panels, Becton Dickinson, Franklin
Lakes, NJ, USA), conventional Polymerase Chain Reaction and real-time PCR. The IVD-
certified eazyplexﬂf" SuperBug complete A assay (AmplexDiagnostics GmbH, Gars am Inn,
Germany), which allows for the detection of the most important beta-lactamases genes
amongst Gram-negative rods, was used as a reference method.

CarbAcineto NP is a phenotypic test that detects the hydrolysis of carbapenem
(imipenem), so it does not specify a type of carbapenemase [19]. In the present study,
the sensitivity of this method, compared with the reference test, reached 65.5% (n = 38).
Dortetet al., in turn, showed a high sensitivity and specificity of this method: 94.7% and
100%, respectively [19]. In other studies performed in Poland among Acinefobacter spp.
(n = 58), the isolates” sensitivity to CarbAcineto NP was 889%. In total, 46 (79.3%) of
the strains in the mentioned study were CHDL producers [20]. In the present study, the
corresponding value reached 100%. Taking into account that oxacillinases usually present a
weak hydrolytic activity of carbapenems, even a slight color change should be considered
as a positive result. Itis unlikely for the CarbaNP results obtained for other Gram-ne gative
rods, for which the color change is usually more significant. The highest advantage of this
method is relatively the shortest time to obtain results, compared to the remaining tested
methods. However, an interpretation of the CarbAcineto NP test results is sometimes
quite difficult.

CIM is another phenotypic method, for which, in the present study, positive results
were obtained for all (n = 58) of the examined strains. It showed a higher sensitivity than the
CarbAcineto NP test, possibly due to the clear, simple and objective results interpretation
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criteria. CIM results are based on the measurement of the size of the bacterial growth
inhibition zones. Results similar to ours were also obtained in another study, in which
the sensitivity of CIM was 88.1% (n = 37) among CHDL-positive A. bawmannii strains
(n = 42)[21]. The opposite results were obtained by Simner et al., in which the sensitivity of
the CIM test was 29.0%, but for the mCIM version, the corresponding value was 71.0% [22].
These results arose from the incubation time of the meropenem disc (CIM-2 h, mCIM-4 h)
in bacterial suspensions. Thus, in our study, the incubation time was also extended to4 h
to increase the sensitivity of the results.

For a better understanding of phenotypic methods, it should be noted that CHDLs
are synthesized at a low level by bacteria which do not provide the efficient carbapenem
hydrolytic effect [23]. A particular advantage of phenotypic methods is the ability to
determine the actual presence of carbapenemase and confirm in vitro the hydrolysis of
carbapenem by the synthesized enzyme.

For all of the studied isolates, carbapenemases were detected using CPO panels
(sensitivity 100%, n = 58); additionally, for 91.4% of the strains (n = 53), the beta-lactamase
class was also determined correctly. These results were similar to those obtained in previous
studies. Whitley et al. showed that out of 70 carbapenemase-producing A. bawmannii, 91.7%
were true positive [24]. Other studies also showed a sensitivity of 100% for the detection of
carbapenemases with CPO panels, while 88.6% of the AST profiles were correctly classified
to a particular beta-lactamases class [25]. An advantage of CPO panels is the simultaneous
determination of antimicrobial susceptibility and automatic classification of beta-lactamases
class. This allows for a faster detection of a particular resistance mechanism and choice of
the appropriate therapeutic option at an earlier stage of the infection.

Since the cost of methods used in routine practice is one of the most important factors
in selecting tests for use ina particular laboratory, a comparison of the compared methods
was also summarized. Carb Acineto NF, CIM, the conventional PCR and real-time PCR were
relatively inexpensive (around 1-2 EUR per strain, using the mentioned reagents). CPO
panels were the most expensive, with a cost of around 6 EUR per strain (all calculations
excuded the cost of the reference strains).

The detection time was another important factor of the chosen labaratory procedure.
Results could be obtained in the shortest and comparable time using CarbAcineto NF,
conventional and real-time PCR. The detection time for CIM and CPO panels was approx-
imately 18-20 h, but in the CPO panel, the detection of carbapenemases was performed
simultaneously with the antimicrobial susceptibility testing.

One of the biggest limitations of the study was that when describing or comparing
the efficacy of the methods of carbapenemases sy nthesis, carbapene mase-negative isolates
should have been included, as well as positive ones. We only applied the carbapenemase-
negative reference strain as quality control in each method. The second was that we only
investigated a limited number of 58 strains, because our goal was to use the uniform
group of strains with similar susceptibility profiles and with the confirmed synthesis of
oxacillinases. In our region, as well as in our unit, OXA-23 and OXA-40 producers are the
most often isolated from clinical material. Moreover, this study was planned for the reliable
detection of CHDL enzymes. Therefore, the strains with other resistance mechanisms were
neither available nor the main topic of the study.

This study demonstrated that CHDL dete ction using molecular biology-based methods
is the most reliable. The results obtained by the conventional PCR and real-time PCR
showed the highest sensitivity in the determination of a carbapenemase type. In one
isolate, another blagy, gene was detected, which may indicate the heterogeneity of a given
strain, coculture ora simple laboratory mistake. Studies by other authors also show a high
sensitivity of the PCR (100%) applied for this particular purpose [26]. We preceded the
real-time PCR by thermal DNA isolation. Thus, using our approach for the detection of
the carbapenemases gene, results could be obtained in an even shorter amount of time
(up to 2 h for the laboratories working around the clock). The difference in time to obtain
the results between the conventional PCR (3 h) and real-time PCR (2 h) resulted from
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the necessity for the electrophoretic separation of amplicons to visualize the results in
conventional PCR. Nevertheless, molecular methods are probably the most reliable and the
fastest tools to detect carbapenemases. This is of particular clinical and e pidemiological
importance.

4. Conclusions

OXA-like enzymes were the most prevalent carbapenemases amongst A. baumannii
isolates, but could not be precisely and easily determined with the application of phenotypic
methods. In contrast, only phenotypic methods allowed the determination of the actual
in vitro hydrolysis of an antibiotic. However, their sensitivity may be lower due to a
decreased enzyme synthesis level. The CPO panels presented the ability to evaluate the
susceptibility of the strains to several antimicrobial agents simultaneously in one panel
as routine procedure and, additionally, to detect carbapenemases types at the same time.
In turn, molecular methods allowed for the determination of a specific gene encoding
CHDLs and presented the highest sensitivity and specificity for that particular purpose. In
summary, the compared methods are applicable for the detection of CHDLs, but require an
experienced investigator to obtain an appropriate read out of the results (e.g., CarbAcineto
NP test). However, the sensitivity of the investigated methods may be lower and the
carbapenemases assignation may be less reliable when compared to molecular biology-
based methods.

5. Materials and Methods
5.1, Bacterial Strains and Their Origin

This study involved 58 A, baumannii strains, each isolated from a different patient of
Antoni Jurasz University Hospital No. 1 in Bydgoszcz, Poland, between 2017 and 2019. In
total, 40 (69.0%) were derived from the patients of the Anesthesiology and Intensive Care
Unit (for the detailed origin of the strains, see Table 51).

The examined strains were isolated from various clinical spedmens. The majority, 26
(44.8%), of A, bmwmannii strains were derived from bronchoalveolar lavage samples, and 13
(22.4%) from wound swabs (Table 52).

A. baumannii DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen,
Germany) 30008 (carbape nemase-ne gative control strain) and A. bawmannii DSMZ 102930
(carbapenemase-positive control for phenotypic tests) weme used as the quality control
strains for the applied methods. Escherichia coli ATCC (American Type Culture Collection)
25922 was applied for CIM test as an indicator strain.

5.2, Antimicrobial Susceptibility
Antimicrobial susceptibility tests (AST) were determined with BD Phoenix™ M50
NMIC-402 panels (Becton Dickinson, Franklin Lakes, NJ, USA) in a routine laboratory

diagnostic scheme. The results of AST were interpreted according to European Committee

on Antimicrobial Susceptibility Testing recommendation v 10.0 (EUCAST, 2020) [27].

5.3. Carbapenemases and Carbapenemase Genes Detection
Five methods (CarbAcineto NE, Carbapenem Inactivation Method, BD Phoenix™ M50

with GN-502 panels, conventional PCR and real-time PCR) were performed to evaluate
carbapenemases or their gene presence among the studied strains.

5.4. Phenotypic Tests

CarbAcineto NI: a full inoculation loop (10 uL) of the overnight culture of the ex-
amined strain was collected from Columbia Agar with 5% Sheep Blood (CAB, Becton
Dickinson, Franklin Lakes, NJ, USA) plates and suspended in two 1.5 mL tubes (named
A and B) each containing 100 pL of 5 M NaCl and pH indicator (phenol red). B tube was
supplemented with imipenem at the final concentration of 6 mg/mL (Fresenius Kabi, Bad
Homburg, Germany). Both solutions were then incubated at 37 “C for a maximum of
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2 h. An optical read-out of the color change of each solution was conducted afterwards.
Carbapenemase activity was detected by a color change (red to orange/yellow) of phenol
red in the B tube and the absence of color changes in the A tube [19].

CIM: a full inoculation loop (10 uL) of the overnight culture of the tested strain was sus-
pended in 1.5 mL tube containing 400 uL of a distilled water. The meropenem disc (10 ng)
(Oxcoid Ltd., Basingstoke, UK) was added afterwards. The suspension with meropenem
disc was incubated for 4 h at 35 °C. After the incubation step, the meropenem disc was
removed from suspension and placed on Mueller-Hinton agar (MHA, Becton Dickinson,
Franklin Lakes, NJ, USA) plate inoculated with carbapenem-susceptible E. coli ATCC 25922,
The culture was incubated for 18 h at 35 “C. The CIM results were interpreted based on
the inhibition zone diameter size and considered positive if <17 mm, indeterminate if
18-19 mm, and negative if >20 mm [28].

BD Phoenix™ M50 with GN-502 panels ( Becton Dickinson, Franklin Lakes, NJ, USA):
AST indicator and 25 L of bacterial suspension prepared initially in the dedicated solution
(both provided by a manufacturer, BD Phoenix™ ID Broth) were added into Mueller-
Hinton broth (MHB, Becton Dickinson, Franklin Lakes, NJ, USA). The panels were inocu-
lated with these suspensions subsequently and placed in BD Phoenix™ M50 device. The
results with their interpretation were obtained automatically within 18 h.

5.5. Molecular Biology-Based Approach
5.5.1. DNA Template Extraction

A loopful (1 puL) of an overnight culture of bacteria was added to 300 pL of pure
molecular biology-grade water (EurX, Gdarisk, Poland) and boiled for 10 min in 100 “Cin
1.5 mL tube. The bacterial suspension was then vortexed and centrifuged at 12,800 rpm for
1 min. The supernatant was used for the reaction as DNA template, as previously described
by Abrar etal. [29].

5.5.2. Conventional “In House” PCR for the Detection of blagy s, Genes

PCR assay was performed using the primers described previously by Woodford et al. [30]
for Blagx aan F: 5'-GGTTAGTTGGCCCCCTTAAA—3'; R: 5-AGTTGAGCGAAAAGGGGATT
—3' (product size—246 bp); for blagya.zn F: 5-GATCGGATTGGAGAACCAGA—3; R: 5/-
ATTTCTGACCGCATTTCCAT—3' (product size—501 bp) (both manufactured by Genomed,
Warsaw, Poland). The final volume of the PCR was 25 pL. The following reagents (all Promega,
Walldorf, Germany) were used: MgCl,—2.5 mM; dNTPs—1 mM; polymerase GoTag—1
U/reaction; primers—200 pM, 1.5 x concentrated polymerase buffer and 2 pL of a DNA
template. An amplification of each target gene was performed using a GeneAmp™ PCR System
2700 (Applied Biosystems, Foster City, CA, USA). Both reactions were performed according to
the following conditions: 1 cycle at 94 °C for 5 min, followed by 30 cydles at 94 “C for 255, 52°C
for 40 s, and 72 “C for 50 s with a final elongation at 72 °C for 6 min. The PCR reaction products
were separated by electrophoresis on 1.5% agarose gel (Bio-Rad, Feldkirchen, Germany) in a
1 x Trs-Boric Acid-EDTA (TBE, Bio-Rad, Feldkirchen, Germany ) running buffer at 9 V/cm for
1 h ina MINISUB™ DNA CELL (Bio-Rad, Feldkirchen, Germany) device.

Real-time PCR was performed using the same primers. The final volume of the
reaction was 20 L. Reagents per reaction were used as follows: 4 uL of 5 < HOT FIREPOL"
EvaGreen® (SolisBiodyne, Tartu, Estonia), 5 uL. of molecular biology grade water (EurX,
Gdanisk, Poland), 5 uL of each primers (0.25 pM/reaction) and 1 uL of a DNA template.
The following conditions were applied: 1 cycle at 95 “C for 12 min, followed by 40 cycles
at95 °C for 15 s, 58 °C for 20 s, and the final elongation—72 “C for 20 s. Data collection
was enabled at each extension step. The melt curve protocol was added afterwards—95 °C
for 5s and 60 °C for 1 min—, followed by data acquisition at 0.11 “C increments between
60 °C and 97 °C to confirm the spedificity of the amplification product (for the results,
see Figure S1). Data collection was enabled continuously at each increment during the
temperature change (high-resolution melting). Reactions were performed on cobas 2480
analyzer (Roche, Basel, Switzerland).
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eazyplex""\’ SuperBug complete A assay (AmplexDiagnostics GmbH, Gars am Inn, Ger-
many), performed according to manufacturers’ instruction, was used as a reference method.

5.6. Data Analysis

The data were analyzed by comparison of the results with the reference assay. The
results were assessed in three categories: detection of enzyme,/ carbapenemase, assignation
to a carbapenemase class and differentiation to the type of carbapenemase. Statistical
analysis of the results was performed using chi-square test.

Supplementary Materials: The following are available online at https://www. mdpi.com/article /10
3390 fantibiotics 11040455 /51, Table S1: the origin of A, baumannii (n = 58) strains used in the present
study, Table S2: the origin of A. baumannii (1 = 58) strains used in the present study with respect to
clinical specimen type, Figure 51: an example of melting curves and melting peaks picture showing
specificity of the real-time PCR product for Wapxa.23 gene.
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Table S1. The origin of A. baumannii (n = 58) strains used in the present study.

Clinic/Unit Strains number (%)
Anesthesiology and Intensive Care 40 (69.0%)
Cardiology and Internal Diseases 5 (8.6%)
Liver Surgery and General Surgery 4 (6.9%)
Vascular Surgery and Angiology 4 (6.9%)
Other* 5 (8.6%)

* one strain isolated from each of the following: Cardiac Surgery, Intensive Unit of Cardiac Surgery,
Geriatrics, Endocrinology and Rehabilitation Clinics

Table S2. The origin of A. baumannii (n = 58) strains used in the present study with respect to clinical
specimen type.

Clinical material Strains number (%)
Bronchoalveolar lavage 26 (44.8%)
Wound swabs 13 (22.4%)
Blood 7(12.1%)
Urine 3(5.2)
Vascular catheter 2 (3.4%)
Peritoneal swabs 2 (3.4%)
Other* 5 (8.6%)

* one strain was isolated from each of the following: cerebrospinal fluid, pus, tissue sample,
discharge from respiratory tract, granulation tissue
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merytorycznym podczas realizacji badan oraz recenzji i korekcie manuskryptu na etapie
przygotowania publikacji.

Moj udzial w powstaniu pracy wynosi 20%.

PODPIS ZAUFANY

TOMASZ
BOGIEL

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Torun, dnia 10.06.2026 r.

Mgr Mateusz Rzepka
Katedra Mikrobiologii

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy:

Depka Dagmara, Bogiel Tomasz, Rzepka Mateusz i Gospodarek-Komkowska Eugenia, 2023, The
prevalence of virulence factor genes among carbapenem-non-susceptible Acinetobacter baumannii
clinical strains and their usefulness as potential molecular biomarkers of infection. Diagnostics, 13:
1-11, moj udzial polegat na wykonaniu analizy statystycznej uzyskanych wynikow oraz na recenzji i
korekcie manuskryptu na etapie przygotowania publikacji.

Méj udziat w powstaniu pracy wynosi 10%.

(podpis)

Q\Lﬁbﬁl Q’ks"/\u
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Torun, dnia 10.06.2026 r.

Prof. dr hab. n. med. Eugenia Gospodarek-Komkowska
Katedra Mikrobiologii

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy:

Depka Dagmara. Bogiel Tomasz, Rzepka Mateusz i Gospodarek-Komkowska Eugenia, 2023, The
prevalence of virulence factor genes among carbapenem-non-susceptible Acinetobacter baumannii
clinical strains and their usefulness as potential molecular biomarkers of infection. Diagnostics, 13:

1-11, moj udzial polegat na recenzji i korekcie manuskryptu na etapie przygotowania publikacii.
Mo¢j udziat w powstaniu pracy wynosi 5%.

prof. dr hak,
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Zafgcznik nr 5 do uchwafy Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikolaja Kopernika w Toruniu

Torun. dnia 09.06.2026 1.

Dr n.med. Tomasz Bogiel

Katedra Propedeutyki Medycyny i Profilaktyki Zakazen

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam. ze w pracy:

Depka Dagmara, Bogiel Tomasz. Rzepka Mateusz i Gospodarek-Komkowska Eugenia. 2024,
Insertion sequences within oxacillinases genes as molecular determinants of Acinetobacter
baumannii resistance fo carbapenems — a pilot study. Microorganisms, 12: 1-12, mdj udzial polegal
na udziale w projektowaniu zastosowanych metod. wsparciu merytorycznym podczas realizacji
badan, recenzji i korekcie manuskryptu na etapie przygotowania publikacji oraz zgloszeniu
manuskryptu do czasopisma.

MG¢j udzial w powstaniu pracy wynosi 25%.

PODPIS ZAUFANY

TOMASZ
BOGIEL

09,06.2026 10:12:15 GMT+0200
Dok podpisany elektronicznie
raUTaRy

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Torun, dnia 10.06.2026 .

Mgr Mateusz Rzepka
Katedra Mikrobiologii

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika w Toruniu

OsSwiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy:

Depka Dagmara, Bogiel Tomasz, Rzepka Mateusz i Gospodarek-Komkowska Eugenia, 2024,
Insertion sequences within oxacillinases genes as molecular determinants of Acinetobacter
baumannii resistance to carbapenems — a pilot study. Microorganisms. 12: 1-12, méj udziat polegat
na wykonaniu analizy statystycznej uzyskanych wynikéw oraz na recenzji i korekcie manuskryptu na
etapie przygotowania publikacji.

Moj udzial w powstaniu pracy wynosi 20%.

@\c&ma@wk&

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Torun, dnia 10.06.2026 r.

Prof. dr hab. n. med. Eugenia Gospodarek-Komkowska
Katedra Mikrobiologii

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy:

Depka Dagmara, Bogiel Tomasz, Rzepka Mateusz i Gospodarek-Komkowska Eugenia, 2024,
Insertion sequences within oxacillinases genes as molecular determinants of Acinetobacter
baumannii resistance to carbapenems — a pilot study. Microorganisms, 12: 1-12, moj udziat polegat
na recenzji i korekcie manuskryptu na etapie przygotowania publikacji.

Moj udzial w powstaniu pracy wynosi 5%.
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Zalqcznik nr 5 do uchwafy Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kepernika w Toruniu

Torun, dnia 09.06.2026 1.

Drn.med. Tomasz Bogiel

Katedra Propedeutyki Medycyny i Profilaktyki Zakazen

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy:

Depka Dagmara. Mikucka Agnieszka, Bogiel Tomasz, Rzepka Mateusz. Zawadka Patryk i
Gospodarek-Komkowska Eugenia, 2022. Conventional and real-time PCR targeting blaoxa genes as
reliable methods for a rapid detection of carbapenem-resistant Acinetobacter baumannii clinical
strains. Antibiotics. 11: 1-10. moj udzial polegal na udziale w projektowaniu zastosowanych metod.
wsparciu merytorycznym podczas realizacji badan oraz recenzji i korekcie manuskryptu na etapie
przygotowania publikacji.

Moj udzial w powstaniu pracy wynosi 10%.

PODPIS ZAUFANY

TOMASZ
BOGIEL

09.06.2026 10:15:52 GMT+0200
Dokument podpisany elektronicznie
POEBEem ZaUTaRy

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Torun, dnia 10.06.2026 r.

Mgr Mateusz Rzepka
Katedra Mikrobiologii

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy:

Depka Dagmara, Mikucka Agnieszka, Bogiel Tomasz, Rzepka Mateusz, Zawadka Patryk i
Gospodarek-Komkowska Eugenia, 2022, Conventional and real-time PCR targeting blaoxa genes as
reliable methods for a rapid detection of carbapenem-resistant Acinetobacter baumannii clinical
strains. Antibiotics, 11: 1-10, mdj udzial polegal na wykonaniu analizy statystycznej uzyskanych
wynikow oraz na recenzji i korekcie manuskryptu na etapie przygotowania publikacji.

Moj udziat w powstaniu pracy wynosi 5%.

A

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK zdnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Torun, dnia 10.06.2026 r.

Mgr Patryk Zawadka
Katedra Histologii i Embriologii

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy:

Depka Dagmara, Mikucka Agnieszka, Bogiel Tomasz, Rzepka Mateusz, Zawadka Patryk i
Gospodarek-Komkowska Eugenia, 2022, Conventional and real-time PCR targeting blaox, genes as
reliable methods for a rapid detection of carbapenem-resistant Acinetobacter baumannii clinical
strains. Antibiotics, 11: 1-10, moj udziat polegat na przeprowadzeniu czesci badan, opracowaniu
czgsci uzyskanych wynikow oraz recenzji i korekcie manuskryptu na etapie przygotowania publikacji.

Méj udziat w powstaniu pracy wynosi 15%.

(podpis)

~ Katedry Mikkobi

Kierc\i\inik
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora
na Uniwersytecie Mikotaja Kopernika w Toruniu

Torun, dnia 10.06.2026 .

Prof. dr hab. n. med. Eugenia Gospodarek-Komkowska
Katedra Mikrobiologii

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy:

Depka Dagmara. Mikucka Agnieszka, Bogiel Tomasz, Rzepka Mateusz, Zawadka Patryk i
Gospodarek-Komkowska Eugenia, 2022, Conventional and real-time PCR targeting blaoxa genes as
reliable methods for a rapid detection of carbapenem-resistant Acinetobacter baumannii clinical
strains. Antibiotics, 11: 1-10, moj udzial polegal na recenzji i korekcie manuskryptu na etapie
przygotowania publikacji.

Moj udzial w powstaniu pracy wynosi 5%.

/ Kat
/

orof. dr kab. E a Gosp

(podpis)
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15. ZGODA KOMISJI BIOETYCZNE)J

Badania prowadzono zgodnie z decyzjami Komisji Bioetycznej nr KB 573/2019 oraz KB

560/2022.
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